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ABSTRACT

IL-17-producing helper T (Th17) cells are critical for host defense against extracellular pathogens
but also drive numerous autoimmune diseases. Th17 cells that differ in their inflammatory
potential have been described including IL-10-producing Th17 cells that are weak inducers of
inflammation and highly inflammatory, IL-23-driven, GM-CSF/IFNy-producing Th17 cells.
However, their distinct developmental requirements, functions and trafficking mechanisms in vivo
were poorly understood. The results presented in chapter two of this thesis describe a temporally
regulated IL-23-dependent switch from CCR6 to CCR2 usage by developing Th17 cells that is
critical for pathogenic Thl7 cell-driven inflammation in experimental autoimmune
encephalomyelitis (EAE). This switch defines a unique in vivo cell surface signature (CCR6(-
)JCCR2(+)) of GM-CSF/IFNy-producing Th17 cells in EAE and experimental persistent
extracellular bacterial infection, and in humans. Using this signature, this work describes an IL-
23/IL-1/TFNy/TNFo/T-bet/Eomesodermin-driven circuit driving GM-CSF/IFNy-producing Th17
cell formation in vivo. Thus, these results identify a unique cell surface signature, trafficking

mechanism and T-cell intrinsic regulators of GM-CSF/IFNy-producing Th17 cells.

Activated B cells can initially differentiate into three functionally distinct fates-early plasmablasts
(PBs), germinal center (GC) B cells, or early memory B cells by mechanisms that remain poorly
understood. Here, the results presented in chapter three of this thesis identify atypical chemokine
receptor 4 (ACKR4), a decoy receptor that binds and degrades CCR7 ligands CCL19/CCL21, as
a regulator of early activated B cell differentiation. By restricting initial access to splenic
interfollicular zones (IFZs), ACKR4 limits the early proliferation of activated B cells, reducing the
numbers available for subsequent differentiation. Consequently, ACKR4 deficiency enhanced
early PB and GC B cell responses in a CCL19/CCL21-dependent and B cell-intrinsic manner.
Further, aberrant localization of ACKR4-deficient activated B cells to the IFZ was associated with
their preferential commitment to the early PB linage. These results reveal a regulatory mechanism

of B cell trafficking via an atypical chemokine receptor that shapes activated B cell fate.
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CHAPTER ONE:
INTRODUCTION
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1.1 Introduction

The adaptive immune system mobilizes highly specific and tailored humoral and cellular defense
mechanisms to defend the threat to homeostasis posed by invading pathogens. The ability of this
system to respond against a theoretically infinite number of pathogens broadly stems from the
diversity of V, (D) and J gene segments that encode antigen-specific receptors and the randomness
by which these genes are recombined in the germline during B and T lymphocyte development.
These processes give rise to a diverse, clonally-distinct repertoire of B and T lymphocytes which
express unique antigen receptors, known as the B cell receptor (BCR) and T cell receptor (TCR)
respectively, specific for a single antigenic epitope. Upon pathogen encounter, B and T cell clones
that bear an antigen receptor specific to foreign antigens are selectively activated and expanded.
The diversity generated as a result of V(D)J recombination coupled with the processes of selection
and expansion of rare clones specific to the invading pathogen broadly underlies the ability of this
system to elicit these defense mechanisms against pathogens in an incredibly specific manner.
Adaptive humoral and cell-mediated immune responses are not only specific in nature but can be
tailored in their functional properties to efficiently and appropriately deal with the nature of the
pathogenic threat encountered. For example, antibody responses can be tailored via the mechanism
of class switch recombination which genetically combines the clonally-selected paratope of an
antibody with a specific class of antibody isotype, which tailors the physiological outcome of this
response to the nature of threat encountered. Further, pathogen-specific CD4" T cells orchestrate
immune responses by differentiating into discrete subsets of effector T helper cells defined by their
production of distinct cytokine signatures that elicit pathogen-tailored innate immune responses.
The tailored nature of adaptive immunity results from a complex web of bidirectional intercellular
communication events between innate and adaptive immune cells. Activation and fate of clonally
selected adaptive immune cells is strongly influenced by innate effector cells, and orchestration of
adaptive responses to pathogens require synergistic collaboration with the innate immune system

to efficiently resolve infection.
Success of adaptive immunity relies on seemingly statistically improbable cellular encounters

between rare antigen-specific lymphocytes and cells of the innate immune system. Complex

mechanisms of cellular migration have evolved to facilitate these rare cellular encounters. These
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mechanisms operate both at the level of immune priming in secondary lymphoid organs, to guide
the processes of clonal selection and enable innate immune cell-mediated control over the
developing adaptive response; and at site of infectious encounter where antibodies and cell-
mediated immunity execute their effector function (/). Central to the molecular mechanisms that
coordinate immune cell trafficking are chemokines, a family of structurally related cytokines
specific for G-protein-coupled serpentine transmembrane receptors predominantly expressed on
the surface of immune cells. The chemokine and chemokine receptor system apparently displays
a large degree of functional redundancy, with multiple ligands for several receptors, and some
receptors able to respond to multiple chemokine ligands. In humans 18 signaling chemokine
receptors and over 50 chemokine ligands are present to provide robust co-ordination of the vast
array of cellular trafficking events in the immune system (2). How this family of molecules
controls the complex migration patterns of multiple leukocyte subsets in both homeostasis and

during immune responses remains a key question in immunology.

1.2 Th17 cell differentiation, migration and function

Th17 cells were first described in 2005 when the research of two independent laboratories
identified a population of effector Th cells that developed independently of Thl and Th2 cell
lineages and expressed the inflammatory cytokines IL-17A and IL-17F (3, 4). Th17 cells are
characterized by the expression of their master transcriptional regulator RORyt (5, 6) and have
since been described to possess a diverse cytokine-secreting potential including IL-2, IL-9, IL-10,
IL-22, IFNy, GM-CSF and TNF (7). Th17 cells have been shown to form an important component
of protective immunity in the context of extracellular bacterial and fungal pathogens. Through the
induction of the inflammatory chemotactic factors CXCL1, CXCL2, CXCLS5, and CXCLS at sites
of inflammation via production of IL-17A/F, IL-22, and GM-CSF, Th17 cell-mediated responses
are dominated by the inflammatory and phagocytic functions of neutrophils (8). Other Th17 cell-
mediated functions include induction of antimicrobial peptides (including S100 proteins and [3-
defensins), promotion of granulopoiesis via induction of G-CSF, and enhancement of monocyte
and neutrophil activation to promote their phagocytic activity. However, when misdirected, Th17
cells have been shown to be key drivers of pathogenesis in numerous models of autoimmune

pathology including experimental autoimmune encephalomyelitis (EAE) and collagen-induced
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arthritis (CIA), mouse models of multiple sclerosis (MS) and rheumatoid arthritis, respectively,
where production of Th17 cell-derived inflammatory factors promotes pathological destruction of

host tissue (2).

An emerging concept in the field of Th17 cell biology is the existence of a spectrum of Th17 cell
phenotypes that differ in their inflammatory potential and differentiation requirements (9).
Differentiation of Th17 cells from naive CD4" T cell precursors in vitro can be induced by the
polarizing cytokines IL-6 and transforming growth factor (TGF)-B1 (/0-12). Signal transduction
downstream of these cytokines, including nuclear translocation of STAT3 and induction of
transcription factors IRF4 and BATF, ultimately induces expression of RORyt which directly
transcribes //17a and Il17f (5, 6, 13-15). IL-6 mediated induction of IL-21 during Th17 cell
differentiation reinforces Th17 lineage commitment via amplification of STAT3 activation via IL-
21 receptor signaling in an autocrine manner (/6, /7). TGF-B1/IL-6-driven Th17 cells co-express
the immunoregulatory cytokine IL-10 via the transcription factors c-Maf and aryl hydrocarbon
receptor (AHR) (/8-21), are relatively weak inducers of inflammation (/8-20) and can possess
regulatory function (78, 22). Conversely, differentiation of highly inflammatory subsets of Th17
cells is critically dependent on the function of IL-23 (19, 20, 23-28) which induces expression of
the inflammatory cytokines GM-CSF and IFNy (23, 25, 27-29). Numerous lines of evidence have
demonstrated that IL-23-driven Th17 cells drive pathogenesis of CD4" T cell driven autoimmune
pathologies in mice including EAE and CIA (7). Specifically, IL-23-dependent induction of GM-
CSF in Th17 cells was recently identified as the critical disease-initiating cytokine in EAE via the
mobilization of inflammatory CCR2 Ly6C" monocyte responses in the CNS (23, 25, 27, 30). In
humans, Th17 cells that express GM-CSF or IFNy are enriched in CNS lesions of patients with
multiple sclerosis, suggesting that these cells are relevant in the context of human autoimmunity
(31, 32). Th17 cells with pathogenic function can be generated in vitro from naive CD4" T cell
precursors in the absence of TGF-B1, in an IL-6-, IL-1B- and IL-23-dependent manner (/9). Using
IL-23R-deficient antigen-specific CD4" T cells, McGeachy et al. demonstrated that IL-23 was not
required for the initial specification of Th17 cells from naive precursors in vivo (33). Instead,
absence of 1L-23 signaling limited their subsequent expansion, maturation and acquisition of an
inflammatory cytokine-secreting repertoire (33). These data support a step-wise model of

inflammatory Th17 cell differentiation wherein initial commitment to the Th17 cell linecage
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differentiation occurs independently of IL-23, which subsequently drives committed Th17 cell
precursor expansion and amplification of inflammatory function. Thus, it is likely that Th17 cells
in any given response may comprise a heterogeneous population of distinct types of Th17 cells
that arise in discrete cytokine microenvironments, possess distinct but similar transcriptomes, and
subsequently possess distinct cytokine-secreting repertoires and functions. Th17 cells of differing
inflammatory potential have been studied predominantly using in vitro-based systems in the
context of autoimmune reactions. Thus, evidence for the existence of these Th17 cell phenotypes
in vivo 1s limited. Further, how Thl17 cells with distinct phenotypes contribute to protective

immunity remains poorly defined.

Consistent with the recent description of a spectrum of activities ranging from regulatory to highly
inflammatory, Th17 cells migrate to diverse functional sites within the body ranging from
anatomical barriers to sites of chronic infection/inflammation. Migratory properties of effector Th
cells are imprinted during differentiation with induction of chemokine receptors that enable their
trafficking from secondary lymphoid tissue to effector sites. Th17 cells, together with regulatory
T cells (Treg) characteristically express the chemokine receptor CCR6, which binds its sole ligand
CCL20 that is present at mucosal surfaces including skin and intestine at rest, but is also rapidly
induced in the context of inflammation (34). CCR6 induction is closely linked with TGFB1/IL-6-
driven Th17 cell differentiation and has been shown to be transcriptionally regulated by RORyt in
both mice and human (35, 36). In EAE, a two-wave model for Th17 cell migration to the CNS
has been described where, in the first wave, CCR6 facilitates the entry of Th17 cells into the
uninflamed CNS via CCL20 that is constitutively expressed in the lateral ventricles of the choroid
plexus, followed by subsequent waves of CCR6-independent Th17 cell trafficking into the
inflamed CNS (37). In that study, CCR6-deficient mice were shown to be resistant to the induction
of EAE, suggesting that CCR6/CCL20 is the sole and critical chemokine receptor axis driving
Th17 cell trafficking to the CNS in this model. However, more recent evidence has revealed that
CCRG6 is largely dispensable for EAE pathogenesis (38, 39), with a report indicating that absence
of CCR6 results in the exacerbation of disease due to defective CCR6-dependent Treg CNS
infiltration (39). These studies indicate the existence of other, perhaps more critical, trafficking
receptors that coordinate Th17 cell trafficking to sites of inflammation in vivo. At the time this

research was conducted, the molecular basis of CCR6-indepednent mechanisms of Th17 cell
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trafficking was unknown and migratory receptors that differentially recruited Th17 and Treg cells

were not yet identified. These questions were addressed in chapter 2 of this thesis.

1.3 B cell migration after antigen encounter

Upon encounter with their cognate antigen, B cells dynamically regulate expression of
chemoattractant receptors, coordinating their migration to distinct lymphoid niches that promote
their expansion and differentiation (40, 41). Experimental evidence, flowing predominantly from
the study of monoclonal immunoglobulin (Ig) transgenic B cell responses to model antigens of
defined initiating affinities and avidities, has indicated that the coordinated movements of B cells
within lymphoid organs following antigen-engagement are regulated by their spatio-temporal

responsiveness to ligands of the chemoattractant receptors EBI2, CCR7 and CXCRS.

Within an hour of BCR-engagement, Ebi2 transcript is upregulated resulting in the initial
migration of B cells toward the oxysterol-rich outer regions of the B cell follicle (42-47). EBI2-
dependent positioning in the outer follicle occurs as early as 3 hours after antigen-engagement and
is hypothesized to draw cells nearer the source of antigen to consolidate their activation (marginal
sinuses in the spleen where blood flows; supcapsular sinus conduits where antigen drains) (42, 43,
48). Within 6 hours, CCR7 is induced, driving the migration of antigen-engaged B cells toward
the T cell zone where an FRC-derived CCL21 gradient emanates into the B cell follicle from the
T cell zones (49, 50). EBI2, CXCRS5 and CCR7 function in concert to promote the lateral spreading
of activated B cells along the T cell zone/B cell zone (T/B) boundary, hypothesized to maximize
their interactions with cognate pre-T follicular helper (TFH) cells (42, 43, 46, 47, 49, 50) which
have localized to this boundary via CXCRS5 and EBI2 following DC-mediated activation in the T
cell zones (57-54). Cognate interactions with T cells at this boundary results in CD40-dependent
and EBI2-driven migration of B cells to the outer regions of the follicle and within interfollicular
zones (in LN defined as the lateral poles of B cell follicles; in spleen the lateral poles of B cell
follicles that are proximal to marginal zone bridging channels) within 48 hours of antigen
encounter (42, 43, 46, 47). Intravital microscopy and detailed histological mapping of activated B
cell migration during the early stages after activation have indicated that responding B cells initiate
their proliferation in this region of the follicle (47, 50, 55). Proliferating B cells then trifurcate their

differentiation trajectories down early plasmablast (PB), germinal center (GC) B cell and/or GC-
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independent early memory (EM) B cell pathways (56-58). Differentiation into these cell fates is
coupled with the induction of a unique migratory program that facilitates their movement to

defined microenvironments in the SLOs that support their effector function.

1.3.1 Germinal center B cells

Differentiation of GC B cells from activated B cell precursors is coupled with the downregulation
of EBI2, drawing cells from the interfollicular zones and outer follicular regions into the follicle
center (46, 47). Ebi2 downregulation is mediated by the transcriptional repressor B cell lymphoma
(BCL)6 (59), a critical transcriptional regulator of the GC B cell program (60). Expression of
BCL6 can be detected in blasting B cells localized in interfollicular and outer follicular areas (617,
62), suggesting that cells committed to the GC B cell fate reduce their ability to respond to
oxysterol ligands present in this zone (44, 45), and subsequently migrate toward the FDC-rich
follicle center via CXCRS, S1PR2 and CXCR4 (63, 64). This event marks the formation of the

GC structure.

GCs are the site of antibody affinity maturation, a process that results in an increase in affinity of
serum antibody to the initiating antigen over time (65-68). GCs can be separated into two
anatomically-distinct compartments: 1) the light zone (LZ), the site of T cell-mediated affinity-
based selection of GC B cells; and 1) the dark zone (DZ), where GC B cells rapidly proliferate and
diversify their Ig genes via the processes of activation-induced cytidine deaminase (AID)-mediated
somatic hypermutation (65, 68). Contemporary views of GC dynamics describe a T cell-centric

governance of affinity maturation in a model known as ‘cyclic re-entry’ described below.

In the LZ of the GC, B cells compete for antigen displayed in the context of immune complexes
on the surface of follicular dendritic cells (69-71). The amount of antigen captured by a LZ B cell
clone reflects their intrinsic BCR affinity to the initiating antigen, wherein high affinity B cells
capture, endocytose, process and present more peptide in the context of MHC-II than neighboring
LZ B cells of lower affinity (72, 73). Tth cells, which localize to the GC LZ following further
upregulation of CXCRS and S1PR2 as a result of B cell interactions at the T/B boundary (51, 74),
are limiting in the GC and preferentially interact with LZ B cells with high surface peptide-MHC-
IT abundance (75-78). B-T-cell interactions in the LZ occur through feed-forward receptor-ligand
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interactions and T cell secretion of cytokines (79-81), prompting selected B cells to enter the cell
cycle and migrate to the DZ of the GC (78, 82-84). Here, selected cells randomly introduce
mutation(s) in their Ig genes and rapidly proliferate in a manner that is proportional to the strength
of T cell help received (82, 83). As a result, daughter cells of DZ B cells express variations of their
parental Ig and re-enter the LZ to test their new BCR (75, 78). Iterative rounds of Darwinian-like
selection of high affinity mutants in the LZ, and further Ig diversification of selected cells as a
result of SHM in the DZ increases the net affinity of B cell clones per GC with time (65). Though
the cues governing post-GC fate decisions remain unclear, GC B cells can exit this reaction as
long-lived plasma cells, which seed bone marrow niches and elicit long-term antibody with
increased neutralization properties, or GC-dependent memory B cells, which possess the ability to
rapidly form plasma cells or re-enter GCs for further antibody diversification upon re-exposure to

antigen (85).

1.3.2 Early plasmablasts

Commitment of activated B cells to the early PB fate is coupled with the downregulation of
CXCRS5 and induction of CXCR4 (86). As a result, antigen-engaged B cells committed to the early
PB lineage lose responsiveness to CXCL13-rich follicle retention cues and migrate toward a
CXCLI12 gradient that emanates from the splenic red pulp via marginal zone bridging channels, or
the medullary chords of reactive LNs via the T cell zone (86, 87). Early PBs are short-lived and
elicit the first line of antigen-specific antibody (57). In the majority of cases, early PB-elicited
antibody is germline-encoded and is qualitatively of lower affinity to somatically-mutated GC-

dependent antibody (57).

Differentiation of early PBs have been shown to be critically dependent on EBI2 (40, 47). EBI2-
deficient monoclonal Ig transgenic B cells, which are defective in their ability to access splenic
interfollicular zones and bridging channels, fail to form early PBs, whereas activation of B cells
that transgenically overexpress EBI2 cells greatly enhances this response (47). The cellular and
molecular events that promote early PB responses in this niche remain poorly defined, although
DCIR2" dendritic cells which localize to splenic interfollicular zones are implicated as potential

regulators of this process (88, §9).
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1.3.3 Early memory B cells

More recently it has been shown that activated B cells can exit the reaction at an early stage of the
response as GC-independent early memory (EM) B cells (56). These cells have been shown to
have proliferated extensively but have exited the cell cycle, lack Ig mutations or class switch
recombination, exit the reaction independently of BCL6 expression (i.e. are of non-GC origin) and
can be found in distal lymph nodes after immunization (55, 90-93). Little is known about the
migratory receptors expressed by these cells, but it is thought that EMB cells adopt a similar
trafficking receptor expression profile to naive follicular B cells, enabling their recirculation
through lymphoid organs. To date, the role of EMB cells in the context of memory responses
remains to be definitively determined as these cells have been shown to expand and differentiate

with similar kinetics to bona fide naive Fo B cells upon antigen re-encounter (94, 95).

1.3.4 Atypical chemokine receptor 4 (ACKR4)

A subfamily of chemokine receptors known as ‘atypical’ or ‘decoy’ receptors has been described
(96). These atypical chemokine receptors lack demonstrable signaling function and do not mediate
chemotactic migration (96). The reported function of these receptors is chemokine scavenging or
transportation (96, 97). The focus of chapter 3 of this thesis is ACKR4 (gene name: Ccril), the
least well characterized member of this family. Ligands for ACKR4 are the homeostatic
chemokines CCL19, CCL21 and CCL25, which collectively, control leukocyte homing to, and
within SLOs, direct thymocyte migration, and direct leukocyte migration to the small intestine
through interactions with one of their signaling chemokine receptors CCR7 (CCL19/21) or CCR9
(CCL25) (2, 98). Unlike most typical chemokine receptors, ACKR4 is expressed primarily by
stromal, epithelial and endothelial cells and has been reported to be absent on hematopoietic

lineages in unimmunized mice (99).

ACKR4 constitutively internalizes and degrades CCL19 in vitro (100), regulates CCL19/CCL21
abundance in vivo (101), plays an important role in thymocyte development (/02), alters adaptive
immune responses in EAE (101), shapes skin CCL19/CCL21 abundance required for activated DC
migration into lymphatic vessels (/03) and establishes a functional CCL21 gradient in LNs
facilitating the emigration of DCs (/04). Despite a previous study indicating that ACKR4 is
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exclusively expressed in cells of non-hematopoietic origin from unimmunized mice (99), genome
wide comparisons of gene expression between FoB cells and GCB cells revealed Ccrll as one of
the most strongly induced genes in GCB cells (105, 106). However, despite the important role of
CCR7 on B cells in the development of T-dependent antibody responses, at the time research
presented in chapter 3 of this thesis was conducted, the function of ACKR4 in this context was

unknown.

1.4 Summary and rationale for this study:

The goal of the research presented in this thesis is to ascertain a more complete understanding of
trafficking mechanisms utilized by two important cells of the adaptive immune system: 1) a subset
of effector helper T (Th) cells known as Th17 cells which form an important component of antigen-
specific cellular immunity to extracellular pathogens, but when misdirected can drive pathogenic
inflammation; and 1i) B cells, which elicit pathogen-specific antibody responses. Questions
regarding the migratory mechanisms of these cell types were incompletely understood at the time
research presented in this thesis was conducted. Specifically, 1) trafficking mechanisms of Th17
cells from sites of immune priming to sites of inflammation, in particular, the CNS during ongoing
autoimmune neuro-inflammation were poorly understood, and ii) whether atypical chemokine
receptor 4, a receptor identified in this study to be expressed in the B cell compartment, shaped
humoral immunity was unknown. These questions were addressed in chapters 2 and 3 of this

chapter respectively with the following aims:

Chapter 2: To determine which chemokine receptor(s) coordinate Thl7 cell migration during

inflammation.

Chapter 3: To determine the function of ACKR4 in humoral immunity.
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CHAPTER TWO:
RESULTS -

‘CCR?2 defines in vivo development and

homing of IL-23-driven GM-CSF-

producing Th17 cells’

Kara EE ef al. CCR2 defines in vivo development and homing
of IL-23-driven GM-CSF-producing Th17 cells. Nat. Commun.
6:8644 doi: 10.1038/ncomms9644 (2015)
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CCR?2 defines in vivo development and homing
of IL-23-driven GM-CSF-producing Th17 cells
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IL-17-producing helper T (Th17) cells are critical for host defense against extracellular
pathogens but also drive numerous autoimmune diseases. Th17 cells that differ in their
inflammatory potential have been described including IL-10-producing Th17 cells that are
weak inducers of inflammation and highly inflammatory, IL-23-driven, GM-CSF/IFNy-
producing Th17 cells. However, their distinct developmental requirements, functions and
trafficking mechanisms in vivo remain poorly understood. Here we identify a temporally
regulated IL-23-dependent switch from CCR6 to CCR2 usage by developing Th17 cells that is
critical for pathogenic Th17 cell-driven inflammation in experimental autoimmune encepha-
lomyelitis (EAE). This switch defines a unique in vivo cell surface signature (CCR6 CCR2%)
of GM-CSF/IFNy-producing Th17 cells in EAE and experimental persistent extracellular
bacterial infection, and in humans. Using this signature, we identify an IL-23/IL-1/IFNy/
TNFa/T-bet/Eomesodermin-driven circuit driving GM-CSF/IFNy-producing Th17 cell forma-
tion in vivo. Thus, our data identify a unique cell surface signature, trafficking mechanism and
T-cell intrinsic regulators of GM-CSF/IFNy-producing Th17 cells.
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ARTICLE

n emerging concept in inflammatory T cell biology is the

existence of a spectrum of T helper 17 (Th17) phenotypes

that vary in inflammatory potential. In autoimmunity,
Th17 cell subsets that differ both in their developmental
requirements and function have been described!. Transforming
growth factor f1 (TGFP1) and interleukin 6 (IL 6) drive
differentiation of IL 10 producing Th17 cells? ¢, which are
weak inducers of inflammation? * and can possess regulatory
function®®. Conversely, differentiation and effector function of
Th17 cells with pathogenic function is dependent on IL 23
(refs 3,4,6 10), which induces expression of the effector cytokines
granulocyte macrophage stimulating factor (GM CSF) and
interferon y (IFNy)®”!L Tt is widely appreciated that IL 23
dependent Th17 cell responses orchestrate numerous CD4 ™
T cell driven pathologies including experimental autoimmune
encephalomyelitis (EAE), the mouse model of multiple sclerosis
(MS)®712 It has been hypothesized that these two arms of the
Th17 cell response evolved to coordinate different domains of
protective immunity'? wherein Th17 cells with a more limited
inflammatory potential mediate maintenance of barrier tissue
integrity>>!°, whereas more inflammatory subsets of Th17 cells
amplify inflammation during persistent extracellular bacterial/
fungal infection'*!>, Although these models of Th17 cell biology
are a useful construct for conceptualizing how different Th17 cell
phenotypes participate in protective/pathological immune
responses, present knowledge of distinct Th17 cell phenotypes
has predominantly flowed from in vitro based systems and is
therefore limited. Understanding mechanisms governing
development and trafficking of Thl7 cells with pathogenic
function during autoimmune inflammation is of critical
importance as intervention of these processes presents as a
tractable target for novel therapeutics.

Migratory properties of effector Th cells are imprinted during
differentiation with induction of chemokine receptors that enable
their differential trafficking to inflammatory lesions. CCR6 is a
homing receptor shared by Th17 and regulatory T cells (Tregs)'®,
hypothesized to ensure that Th1l7 cell responses are closely
regulated by Tregs to limit superfluous, and potentially damaging,
inflammation!”.  However, emerging evidence suggests the
existence of additional, more critical receptors in Thl7
migration. In EAE, a ‘two wave’ model for encephalitogenic
Th17 cell recruitment to the central nervous system (CNS) has
been proposed where, in the first wave, CCR6 facilitates entry into
the uninflamed CNS, followed by subsequent waves of CCR6
independent Th17 cell trafficking into the inflamed CNS'$,

largely dispensable for EAE pathogenesis!®??, suggesting that

recruitment of encephalitogenic Th17 cells to the CNS is CCR6
independent. However, the molecular basis for CCR6
independent trafficking of Thl7 cells is unknown and
migratory receptors that differentially recruit Th17 and Tregs to
inflammatory lesions have not been identified.

Here we demonstrate that CCR2, not CCR®, is a key driver of
encephalitogenic Th17 cell recruitment into the CNS. Further, we
identify GM CSF/IENy producing Th1l7 cells in EAE and
persistent extracellular bacterial infection as bearing a CCR6
CCR2T phenotype in mice and in humans. Conversely, Th17
cells with an IL 10T and IL 9 cytokine profile, consistent with
published descriptions of Th17 cells of more limited pathogenic
potential, bear a CCR6 ™ CCR2 ™ phenotype in vivo. Using these
signatures, we demonstrate that an IL 23/IL 1/IFNy/tumour
necrosis factor o« (TNFo)/T bet/Eomesodermin driven circuit
drives GM CSF/IFNYy producing Th17 cell development in vivo.
Thus, we report a unique cell surface signature and novel
developmental features of GM CSF/IFNYy producing Th17 cells
in vivo and resolve the outstanding question regarding the
molecular control of encephalitogenic Th17 cell trafficking to the
CNS in EAE.

Results

Th17 cells express functional CCR2 during inflammation. To
identify CCR6 independent mechanisms mediating recruitment
of Th17 cells and to compare migratory potential of Th17 and
Tregs, we screened for the expression of all known chemokine
receptors in CCR6T and CCR6  subsets of Tregs from
B6.Foxp3°fP mice and IL 17A eYFPTCD4" T cells from
B6.1117a“"Rosa26°YFP mice, in which Cre recombinase is driven
by Il17a promoter activity to permanently mark cells that
are currently producing or have previously expressed IL 17A
(IL 17A */%%) with enhanced yellow fluorescent protein (eYFP)1!
(Supplementary Fig. 1). Notably, high levels of Ccr2 messenger
RNA were apparent in CCR6 CD4T1IL 17A 1/ cells (Fig. 1a).
CCR2 protein was minimally expressed by naive, Thl and Treg
populations from EAE induced wild type (WT) mice, whereas
IL 17A producing CD4™" T cells, hereafter termed Th17 cells,
expressed either CCR6 and/or CCR2 (CCR61TCCR2 ,
CCR61TCCR21 or CCR6 CCR2T) (Fig. 1b). Functionally,
ex vivo transmigration assays demonstrated that Th17 cells were
the most CCL2 responsive CD4 " T cell subset from EAE mice
(Fig. 1c). In the CNS during EAE, the first detectable Th17 cells

Conversely, more recent studies have demonstrated that CCR6is  (day (d)5 post immunization) were predominantly

Figure 1| Th17 cell recruitment to the CNS is temporally regulated by CCR6 and CCR2. (a) Quantitative PCR of Ccr6 and Ccr2 transcript in CCR6* and
CCR6 ™ subsets of CD4TIL-1T7A 178 (currently, or previously Th17) cells (CD3+CD4+ CD44NIL-17AeYFP  -B6.1117a%"Rosa268Y™P mice) and Tregs
(CD3*+CD4t Fo><p3GFP+—Bé.Fo><p3GFP mice) from the spleen/draining lymph node (dLN) of 5-6 mice d10 post MOG/CFA immunization. Data presented
relative to Rplp0 (mean % s.d.). (b) Representative flow cytometric analysis of CCR6/CCR2 staining on naive CD4 1 (CD3+CD4*CD44/°), Thi
(CD31CD4+CD44NIL-17A ~ IFNy ), Th17 (CD3 T CD4+ CD44NIL-17A ) and Tregs (CD3 1 CD4 * Foxp3 ™) from the spleen of B6 mice d10 post MOG/
CFA immunization. Data are representative of three independent experiments with n = 3-4 mice per experiment. (¢) Transwell chemotaxis to CCL20 and
CCL2 by indicated T-cell subsets from d10 MOG/CFA-immunized B6 mice. Th17 cells from B6.Ccr6 ~/~ and B6.Ccr2 ~/ ~ mice served as CCL20 and CCL2
controls, respectively. Data are representative of two independent experiments with n 4 mice per experiment. (d) Representative flow cytometric analysis
of CCR6/CCR2 staining on Th17 cells (CD3*tCD4*CD44"IL-17A 1) in the dLN, spleen and CNS on d5, 10 and 15 post EAE induction. Data are
representative of four independent experiments with n  4-6 mice per timepoint. (e f) EAE-immunized B6 mice were administered 100 ug of CCL2,,
(scrambled peptide control; n 5), CCL20¢_7o (CCR6 antagonist; n  4) or CCL29_7¢ (CCR2 antagonist; n  5) i.p. on days 2, 4, 6 and 7 (e) or days 8, 10, 12
and 13 (F). CNS-infiltrating Th17 cells were quantified 24 h after the final antagonist treatment. (g) Schematic of Th17 cell transfer system. (h) Number of
transferred Th17 cells (CD3 T CD4 T IL-177ATCD45.2 1) in CNS 48 h post transfer from CCL20¢g_70 (0 5), CCL2g_7¢ (n 5) or CCL2,, (n  5) treated
B6.Ly5.1 recipients pre-immunized for EAE 5 (left) or 15 (right) days prior. (i) Number of transferred CD45.2F B6 (n 5) or B6.Ccr6 =/~ Th17 cells in CNS
48 h post transfer of CCL2,, (n 6)- or CCL2g_7¢ (n  6)-treated B6.Ly5.1 recipients pre-immunized for EAE 15 days prior. (j) Number of transferred
CD45.2% Th17 cells in CNS 48 h post transfer of PBS (n 5)- or anti-CCL2 (n  5)-treated B6.Ly5.1 recipients pre-immunized for EAE 15 days prior.
(c,efh,ij) Data are presented as mean t£s.e.m. (e fh-j) *P<0.05, **P<0.01; (e,fh) one-way analysis of variance (ANOVA) with Dunnett's multiple
comparisons test relative to control CCL2,,-treated group; (i) one-way ANOVA with Bonferroni multiple comparisons test; (j) unpaired two-tailed
Student's t-test.
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CCR61TCCR2 ; however, as disease progressed, CCR2
expressing Th17  cells bearing CCR6TCCR2T  or
CCR6 CCR2T  phenotypes substantially increased in

frequency (Fig. 1d). This was mirrored in secondary lymphoid
organs (SLOs), as Th17 cells on d5 in the lymph node and spleen
were predominantly CCR6 ' CCR2 , followed by the emergence
of CCR6TCCR2" and CCR6 CCR2" Th17 cells by d10

CD47" T cell subsets in EAE, functional CCR2 expression is
restricted to Th17 cells that arise following emergence of CCR6 *
Th17 cells.

CCR2 drives Th17 recruitment to the inflamed CNS. To map
the role of CCR6 and CCR2 in temporal regulation of Th17 cell
recruitment to the CNS during EAE, we treated mice with peptide

post immunization (Fig. 1d). Thus, among the major antagonists for CCR6 (CCL204_70)?122 or CCR2 (CCL2g_56)%
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during the pre clinical or effector phases of disease. CCR6
antagonism reduced CNS accumulation of Thl7 cells when
administered during the pre clinical phase, but did not alter Th17
cell population of the CNS when administered during the effector
phase of disease (Fig. le(f). Conversely, CCR2 antagonism
administered during the effector phase, but not the pre clinical
phase of disease, reduced Th17 cell population of the CNS
(Fig. 1e,f). To extend these observations, we transferred ex vivo

expanded myelin oligodendrocyte glycoprotein (MOG) reactive
Th17 cells into B6.Ly5.1 recipients pre immunized for EAE either
5 (pre clinical) or 15 (chronic) days prior and concomitantly
antagonized CCR6 or CCR2 (Fig. 1g). CCR6 antagonism
inhibited CNS accumulation of transferred Th17 cells during
the pre clinical but not the chronic phase of EAE, whereas CCR2
antagonism only reduced transferred Th17 cell population of the
CNS when administered during the chronic phase of disease
(Fig. 1h). Furthermore, transferred Ccr6 deficient Th17 cells
accumulated normally in the CNS of dl5 pre immunized
recipients, but this was inhibited by concomitant antagonism of
CCR2 (Fig. 1i). It has been reported that CCL2 levels in the CNS
increase as EAE pathology transitions from pre clinical to peak
disease?’, and CCL2 plays an important role in Thl7
accumulation in the inflamed CNS, as transferred Th1l7 cells
were less abundant in the CNS of CCL2 neutralized recipients
(Fig. 1j). Collectively, these data indicate that CCR6 promotes
recruitment of Thl7 cells into the CNS at early phases
of EAE, whereas CCR2/CCL2 drives Th17 cells into the CNS at
later time points, during a CCR6 independent phase of their
trafficking.

Having identified CCR2, and not CCR6, as a key receptor
driving Th17 cell recruitment to the inflamed CNS in chronic
EAE, we next assessed CCR6 and CCR2 function in a model of
relapsing remitting EAE. CCL20 was detectable in the CNS at
homeostasis, increased during acute disease and remained
abundant during remission and relapse (Fig. 2a). Conversely,
CCL2 was undetectable in the uninflamed CNS and low during
remission, and was most abundant during acute disease and in
EAE relapse (Fig. 2a). In keeping with CNS chemokine
expression, frequencies of CCR6 CCR2T Thl7 cells were
highest during peak acute disease and relapse, whereas CCR6
expressing populations of Th17 cells were more abundant during
remission (Fig. 2b). To assess the function of CCR6 and CCR2 in
relapse, we treated mice during EAE remission with CCR6 or
CCR2 peptide antagonists and assessed molecular, cellular and
clinical manifestations of disease relapse. Notably, CCR6
antagonism did not alter the incidence or severity of EAE relapse
(Fig. 2¢) and led to reduced CNS levels of IL 10, fewer CNS
infiltrating Tregs and augmented CNS infiltrating Th17 cells and
Gr1™ leukocytes (mostly neutrophils based on scatter analysis)
(Fig. 2d f). In contrast, CCR2 antagonism dampened EAE relapse
severity (Fig. 2c) with less IL 17A in the CNS and reduced CNS
infiltrating Th17 cells (Fig. 2d f). Fewer CNS infiltrating

Grl™ leukocytes and other CD11b™ myeloid cells were also
detected in CCR2 antagonized mice (Fig. 2f). Thus, CCR2
drives EAE relapse and promotes Thl7 cell responses in
the CNS, whereas CCR6 supports optimal Treg responses in
these settings.

CCR2 drives GM-CSF-producing Th17 cell homing to the CNS.
CCR2 has been previously shown to drive EAE patho
genesis?® 2% however, a T cell intrinsic role for CCR2 has not
been clearly demonstrated. Thus, to specifically examine T cell
intrinsic functions of CCR6 and CCR2 in T cell trafficking during
EAE, we constructed bone marrow (BM) chimeras, reconstituting
lethally irradiated B6.Ly5.1 recipients with 80% BM from
B6.Tcra donors and 20% BM from either B6, B6.Ccr6 /
B6.Ccr2 ! or B6.Ccr6 ! .Ccr2 ! donors. Notably, T cell
specific deletion of Ccr2 reduced CNS infiltrating Th17 cells and
diminished EAE severity (Table 1 and Fig. 3a,b). In contrast,
deletion of Ccré6 delayed, but ultimately exacerbated EAE without
substantially altering CNS infiltrating Th17 cells, but reduced
CNS infiltrating Tregs at peak (d14) and chronic (d25) disease
(Table 1 and Fig. 3a c). Deletion of both Ccr6 and Ccr2in T cells
substantially delayed disease onset (Fig. 3a). However, akin to
Ccr6 deficient T cell chimeras, Ccr6 ' Cer2 T cell
chimeric mice ultimately manifest EAE, associated with fewer
CNS infiltrating Th17 cells at peak disease, but also reduced
frequencies of CNS infiltrating Treg cells at all time points
assessed (Table 1 and Fig. 3a c). Fewer CNS infiltrating Grl ™
leukocytes were present in Ccr2 deficient and Ccr6/Ccr2 deficient
T cell chimeras at peak disease, consistent with diminished CNS
Th17 cell responses in these mice (Fig. 3d). These data indicate
that CCR2 plays a key role in mediating trafficking of T cells with
pathogenic function to the CNS during EAE, whereas CCR6
functions as an important axis for Treg function in this model.
Recent data have shown that encephalitogenic Th17 cells in EAE
produce the inflammatory cytokine GM CSF®’. In keeping with
this, T cell specific deletion of Ccr2 reduced GM CSF+ Th17 cell
abundance in the CNS without altering their development in
SLOs (Fig. 3e). Further, GM CSF producing Th17 cells were
more abundant in circulation, suggesting that CCR2 drives
circulation to CNS trafficking of encephalitogenic Th17 cells
(Fig. 3e). To more definitively address this point, we transferred
purified Ccr2 deficient CD4F T cells into B6.Ragl '

recipients and induced EAE. In this model, Thl7 cells
with pathogenic function that arise from transferred CD4 ™
T cells represent the critical disease initiating cell type’.
Strikingly, recipient mice receiving Ccr2 deficient T cells
were resistant to EAE (Table 2 and Fig. 3f), exemplifying
the critical requirement for CCR2 in encephalitogenic T cell
function in this model. Furthermore, although Th17 cell
frequencies were equivalent in SLOs (Supplementary Fig. 2),
Th17 cells and GM CSFT CD4T T cells were markedly

Figure 2 | CCR2 promotes Th17 cell responses in EAE relapse. (a) CCL20 and CCL2 protein abundance in the CNS at indicated stages of EAE in SIL/J
mice as determined by ELISA (n 5 mice per group). (b) Representative flow cytometric analysis and quantification of CCR6/CCR2 staining on CNS-
infiltrating Th17 cells (CD3 T CD4 *IL-17A ™) at peak acute disease (left), remission (middle) and relapse (right) of EAE-induced SJL/J mice. Data are
representative of two independent experiments with n 6 per experiment. (¢) Clinical disease scores of EAE relapse in SJL/J mice treated with CCL204_7¢
(n10), CCL2g.7¢ (n 10) or CCL2,, (n 10) i.p. on days indicated by black arrows. Treatment began on the fourth day of remission (disease score <1
after reaching > 2 prior; dO on graph). (d) IL-17A, IFNy and IL-10 protein abundance in the CNS of mice on d8 following treatment in ¢ as determined by
ELISA (n 6 per group). (e) Representative flow cytometric analysis of IL-17A and IFNy staining on CNS-infiltrating CD3 T CD4 T cells on d8 following
treatment in ¢ (n 6 per group). Right, quantification of IL-17AT (Th17), IL-1T7A~IFNy ™ (Th1) and Foxp3 ™ (Tregs) cells among CNS-infiltrating
CD3+CD4™ cells. () Total number of CNS-infiltrating Th17, Th1, Treg cells, Gr1T leukocytes and other myeloid cells (CD11b* Gr1'%/ =) on d8 following
treatment in ¢ (n 6 per group). (a-f) Data are presented as meants.e.m.; *P<0.05, **P<0.01, ***P<0.001. (d-f) Each dot represents an individual
mouse. (b) One-way analysis of variance (ANOVA) with Bonferroni multiple comparisons test. (¢) Two-way ANOVA with multiple comparisons test. (d-f)
One-way ANOVA with Dunnett's multiple comparisons test relative to control CCL2,,-treated group.
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reduced in the CNS of B6.Ragl ' recipients reconstituted
with Ccr2 deficient CD4" T cells (Fig. 3g). Accordingly,
fewer CNS infiltrating Grl* and Gr1® F4/80" leukocytes
were present in these mice (Fig. 3h). Importantly, GM CSF

producing Th17 cells were substantially reduced in the CNS in the
absence of CCR2 (Fig. 3i). Collectively, these data indicate that
CCR2 drives CNS accumulation of Th17 cells with pathogenic
function.
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CCR6 CCR2% defines GM-CSF/IFNy-producing Th17 cells.
Recent work has demonstrated that a shift to GM CSF and
IFNYy secreting capability enhances the pathogenicity of Th17
cells**71127 Having identified CCR2 as a key receptor driving
GM CSF producing encephalitogenic Th17 cell trafficking in
EAE, we next examined a possible relationship between the
cytokine secreting repertoire of Th1l7 cells and CCR6/CCR2
expressing Th17 cell types. Strikingly, expression of GM CSF and
IFNYy was most abundant in CCR6 CCR2 T Th17 cells (Fig. 4a),
which also expressed the highest level of TNFa in the CNS
(Fig. 4b). Conversely, IL 10 and IL 9 were confined to CCR6
expressing Th17 cells (Fig. 4a,b). IL 2 was most abundant in
CCR6™ Th17 cells in the spleen, although expression in the CNS
at peak disease was equally distributed between CCR6 ™ CCR2 ™
and CCR6 CCR2* populations (Fig. 4ab). CCR6 CCR2*
Th17 cells expressed less IL 22 and IL 17F than CCR6 " popu
lations (Fig. 4a,b). These data indicate that Th17 cell CCR6/CCR2
expression status can delineate distinct cytokine secreting
phenotypes of Th17 cells in vivo. Specificall, CCR6 CCR2 ™
defines GM CSF/IFNYy producing Th17 cells in vivo ;)reviously
described to possess pathogenic function in EAE>%727, whereas
CCR6TCCR2 ™" Thl17 cells express a distinct cytokine secreting
repertoire, including IL 10 and IL 9, consistent with descriptions
of Th17 cells with a more limited pathogenic potential® °.
CCR61TCCR2  Th17 cells that predominate in the early stages
of EAE express a diverse cytokine profile including both
inflammatory (IL 17A/F, TNFa, IL 22 and IL 2) and regulatory
(IL 10) cytokines.

To determine whether these observations also applied in
infectious settings, we examined Th17 cells generated in a model
of persistent Streptococcus pneumoniae nasopharyngeal coloniza
tion. Colonization using S. pneumoniae strain EF3030 induces
long term focal infection that resolves in B6 mice by 4 weeks post
inoculation?®. Importantly, protection against S. pneumoniae
nasopharyngeal colonization has been shown to require Th17
cells?” and GM CSF producing T cells are also produced in
response to this infection®®. S. pneumoniae induced Th17 cells

were detectable in the spleen by day 7, peaked at d21, remained
above baseline 84 days post primary infection and were
substantially expanded 5 days post reinfection (Supplementary
Fig. 3). The majority of initial (d7 post inoculation) Th17 cells
generated in response to infection expressed CCR6 and were
followed by the later emergence of CCR6  CCR271 Th17 cells by
d21 post infection (Fig. 4c). CCR6 CCR2 ™" Th17 cells were still
detectable 84 days post primary infection and were substantially
expanded 5 days post secondary infection (Fig. 4c), indicating
that CCR6 CCR2" Thl7 cells contribute to the memory
compartment in this model. Importantly, Th17 populations
generated in response to persistent bacterial infection displayed
similar cytokine secreting repertoires as observed in EAE, as GM
CSF™ or IFNy* Th17 cells were found almost exclusively in the
CCR6 CCR2™ population (Fig. 4d). Thus, CCR6 CCR2"
defines the GM CSF/IENY producing population of Th17 cells
that arise in a model of persistent extracellular bacterial infection.

GM CSF or IFNYy producing Th17 cells are enriched in active
MS brain lesions>*2. Thus, we next examined whether a similar
relationship between expression of these cytokines and CCR2/
CCR6 cell surface status existed in human Th17 cells from
healthy and MS patients. CCR6 and/or CCR2 positive
populations of Th17 cells were detected in the peripheral blood
of both healthy and MS patients, with the majority of these cells
bearing a CCR6 CCR2™ phenotype (Fig. 4e). As in mice,
human Th17 cell expression of GM CSF and IFNy was confined
to CCR6 CCR2™" populations in both healthy subjects and MS
patients (Fig. 4f). The presence of CCR6 CCR2%1 Th17 cells in
healthy subjects was not unexpected given the ability of this
subset to enter memory in response to infection (Fig. 4c,d). Thus,
the CCR6 CCR27T signature also defines human GM CSF/
IFNy producing Th17 cells.

Differentiation of CCR6 CCR2%1 Thl17 cells in vivo. Our
data suggested that the ‘switch’ from CCR6 to CCR2 usage by
developing Th17 cells was coupled with induction of a

Table 1 | EAE disease parameters in T-cell-specific chemokine receptor-deficient BM chimeras.

Group Incidence Mean day onset (+s.e.m.) Mean max disease (ts.e.m.) Mean cumulative disease ( +s.e.m.)
B6.Tcra—/ ~:B6 16/16 8.56+0.74 2.02+£0.10 28.14+2.00
B6.Tcra =/~ :B6.Ccr6~/ ~ 18/18 11.83+0.37 2.67+0.17 26751276
B6.Tcra—/ ~:B6.Ccr2 =/ — 15/16 10.53+£0.60 117+£0.17 14.47£2.71
B6.Tcra~/ ~:B6.Ccr6 ~/ ~.Car2=/~  17/18 14.88 +0.41 2.64+0.23 23.44+184

BM, bone marrow; EAE, experimental autoimmune encephalomyelitis

Figure 3 | CCR2 drives recruitment of Th17 cells with pathogenic function into the inflamed CNS. (a) EAE clinical disease scores of T-cell-specific
chemokine receptor-deficient bone marrow (BM) chimeras. T-cell-specific knockout (KO) chimeric mice were generated by transferring BM derived from

B6.Tcra=/~ (80%) and B6 (n 16), B6.Car6~/~ (n 18),B6.Ccr2~/~ (n

16) or B6.Ccr6 7/ —.Ca2~/~ (n

18) (20%) into lethally irradiated B6.Ly5.1

recipients. Data are pooled from two independent experiments. (b) Representative flow cytometric analysis and quantification of CNS-infiltrating Th17 cell

frequencies in T-cell-specific KO chimeras on d14 EAE. B6 (n

B6.Ccr6 7/~ (d14:n 10; d25:n  8), B6.Ccr2~/~ (d14:n 9; d25:n

B6.Ccr2=/~ (n 9) and B6.Ccr6~/~.Car2~/~ (n

(CD3*+CD4IL-1T7A 1) in the draining lymph node (dLN), spleen, blood and CNS of B6 (n
induction. (f) EAE clinical disease score of B6.Ragl =/~ reconstituted with 8 x 10° purified CD4 ™" T cells from B6 (n

9), B6.Ccr6 =/~ (n
Frequency and total number of CNS-infiltrating Tregs in T-cell-specific KO chimeras on d14 (top) and d25 (bottom) EAE. B6 (d14: n
7) and B6.Ccr6 =/ ~.Ccr2 =/~ (d14: n
leukocytes (top) and Gr1'%/-F4/80* leukocytes (bottom) in the CNS of T-cell-specific KO chimeras on d14 EAE. B6 (n
9). (e) Representative flow cytometric analysis and quantification of GM-CSF-producing Th17 cells

9) and B6.Ccr6 ~/ —.Car2=/~ (n 9). (c)

9:d25:n 7),
9). (d) Number of Gr1+

9), B6.Ccr6 =/~ (n 10,

10), B6.Ccr2~/~ (n

9;d25:n

9) and B6.Ccr2=/~ (n 9) T-cell chimeras 14 days post EAE

5) or B6.Ccr2=/~ mice (n 5).

Number of CNS-infiltrating (g) IL-17A+GM-CSF~, IL-17AT GM-CSF+ and IL-17A~ GM-CSF+ CD4+ Tecells, and (h) Gr1* and Gr'®/ ~F4/80+
leukocytes on d25 EAE in B6.Ragl ~/ ~ reconstituted mice (black bars, B6; white bars, B6.Ccr2 =/ ). (i) Representative flow cytometric analysis and
quantitation of GM-CSF-producing cells among CNS-infiltrated Th17 cells on d25 EAE of B6.Ragl ~/ ~ reconstituted mice (black bars, B6; white bars,
B6.Ccr2~/ ). (a-i) Data are presented as mean * s.e.m.; *P<0.05, *P<0.01, **P<0.001, ****P<0.0001. (b-d) One-way analysis of variance (ANOVA)
with Bonferroni multiple comparisons test. (e,g-i) Unpaired two-tailed Student's t-test. (f) Two-way ANOVA with multiple comparisons test.

| 6:8644 | DOI: 10.1038/ncomms9644 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.



NATURE COMMUNICATIONS | DOI: 10.1038/ncomms9644

ARTICLE

cytokine secreting ?roﬁle reported to promote Th17 cell patho
genicity in EAE>®"?7, Differentiation of Th17 cells from naive
precursors and their subsequent acquisition of pathogenicity are
coordinated by various distinct cytokine signals'?. It has been
reported that initial Th17 cell differentiation in vivo occurs
independently of IL 23 (ref. 8); however, this cytokine is critical
for their subsequent survival, expansion and consequent
acquisition of pathogenicity® 8. Thus, we first examined the role
of IL 23, in relation to TGFp1 and IL 6, in regulation of CCR2 ™
Th17 cell development by stimulating splenocytes from d5 EAE
mice ex vivo with MOGs;s_s5 in the presence or absence of these
cytokines. Ex wvivo stimulation with MOG;s_s5 promoted

generation of Th17 cells displaying a CCR6TCCR2T
phenotype, whereas addition of IL 23, and not TGFB1/IL 6,
drove development of CCR6 CCR2™ Th17 cells (Fig. 5a and
Supplementary Fig. 4). To interrogate the role of IL 23 in CCR2 ™
Th17 cell development in vivo, we assessed mice deficient in
IL 23 (B6.1123p19 ) or its receptor (B6.1123r8P/8P) A
expected®*33, Th17 cell frequency was reduced in B6.1123p19 '/
and B6.1123r8P/8P spleen (Fig. 5b,d). Notably, this reduction could
essentially be accounted for by the absence of Th17 cells bearing
the CCR6 CCR2™" phenotype (Fig. 5ce). Similar results were
obtained using I112p40 deficient mice (Supplementary Fig. 5a,b).
These processes were independent of IL 12, as B6.1112p35
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mice retained WT frequencies of CCR6 CCR2" Thl7 cells
(Supplementary Fig. 5¢,d). To determine whether these effects of
IL 23 were intrinsic to CD4 1 T cells, we generated B6.123/8P/¢P
mixed BM chimeric mice. In these mice, I123r deficient CD4 " T
cells with a Th17 phenotype were profoundly reduced (Fig. 5f), of
which those bearing a CCR6 CCR2™T profile were selectively
curtailed (Fig. 5g). Furthermore, in agreement with previous
reports that GM CSF expression in T cells relies on IL 23/IL
23R%7, 1I23r deficiency ablated GM CSF production by
CCR6 CCR27T Thi17 cells, which was not compensated for in
CCR6 expressing Th17 cell populations (Fig. 5h). Thus, our data
demonstrate that CCR6  CCR2™ Th17 cell development is reliant
on IL 23 and encompass GM CSF/IFNY secreting Th17 cells.

Taking advantage of our novel strategy to map IL 23 driven,
GM CSF/IFNy producing Th17 cells in vivo, we next assessed the
importance of key cytokines reported to shape both Th17 cell
development and pathogenicity in EAE. A dual role for IL 1 in
Th17 cell biology has been described: functioning as a polarizing
factor for initial Th17 cell differentiation®* and acting on Th17
cells to promote their inflammatory potential®. Accordingly,
neutralization of IL 1R1 inhibited Thl7 cell generation
(Supplementary Fig. 6a) and shifted the balance towards the
CCR6TCCR2™ phenotype and away from the CCR6 CCR2™
phenotype (Supplementary Fig. 6b).

TNFu. plays little to no role in Th17 lineage commitment??, but
is reported to promote in vitro generation of GM CSE™ Thl17
cells®. Tnf deficiency reduced Th17 cell development (Supple
mentary Fig. 7a), with a modest defect in CCR6 CCR2%+ Th17
cell frequency (Supplementary Fig. 7b). Mixed BM chimera
experiments revealed that this reduction in Thl7 cell
development was not due to T cell intrinsic TNF receptor
(TNFR)1 or TNFR2 function (Supplementary Fig. 7c,e); however,
CCR6 CCR21 Th17 cell development required T cell intrinsic
TNFR1, but not TNFR2 signalling (Supplementary Fig. 6d.f).
Further, TNFR1 signalling was shown to promote CCR6
CCR2" Th17 expression of GM CSF, although conversely
TNFR1 or TNFR2 signalling inhibited IFNy expression
(Supplementary Fig. 7g,h).

IFNY is reported to inhibit Th17 cell differentiation from naive
precursors>®37, but has also been shown to promote development
of IFNy T T bet ™ Th17 cells from committed Th17 cells3®. Ifngr

deficiency enhanced Th17 cell differentiation (Supplementary
Fig. 8a), with a specific increase in generation of CCR6 CCR2 ™
Th17 cells (Supplementary Fig. 8b). Similar results were obtained
using neutralizing antibodies to IFNy (Supplementary Fig. 8c),
suggesting that IFNy selectively suppresses CCR6 CCR2 ™ Th17
cell generation in vivo. However, assessment of Ifngr deficient
Th17 cells in mixed BM chimeras revealed that IFNy promotes
the development of CCR6 CCR2V Thi7 cells in a T cell
intrinsic manner (Supplementary Fig. 8d,e). In line with this,
IFNy expression in CCR6 CCR2T Th17 cells was also
promoted by T cell intrinsic IFNY/IFNYR  signalling
(Supplementary Fig. 8f).

Together, these experiments demonstrate that IL 23 drives the
later emergence of the CCR6 CCR2 ™ Th17 cell population, that
the CCR6 CCR27 signature defines IL 23 driven GM CSF/
IFNYy producing Th17 cell development, that IL 1 and TNFa play
important accessory roles in CCR6 CCR2" Th17 cell differ
entiation, and that IFNY plays a dual role in Th17 biology, acting
on non CD4 T T cells to indirectly inhibit CCR6 CCR2T Th17
differentiation, while also directly promoting their development
ina T cell intrinsic manner.

T-bet and Eomes drive CCR6 CCR2™' Thl17 cell formation.
To provide new insights into the transcriptional regulation of
these distinct Th17 cell phenotypes in vivo, we screened for the
expression of key transcription factors reported to direct Th17
cell differentiation in CCR6/CCR2 expressing Thl7 types. A
defining feature of in vitro generated pathogenic Th17 cells is
expression of T bet»?’, whereas the transcriptional activators of
1110, ¢ Maf and AHR are abundant in TGF1/IL 6 induced
in vitro generated IL 10 producing Th17 cells*3. Accordingly,
high expression of T bet was apparent in CCR6 CCR2*t Th17
cells (Fig. 6a), whereas ¢ Maf and Aryl hydrocarbon receptor
(AHR) were abundant in the CCR6 ™ CCR2 ™ Th17 population
(Supplementary Fig. 9). Moreover, the expression of IRF4 and
BATF, essential mediators of early specification of Th17 cells
from naive precursors®, was highest in CCR6 "CCR2 " Th17
cells (Supplementary Fig. 9). RORyt expression was marginally
lower in CCR6 CCR2 ™" Th17 cells than other Th17 populations
(Supplementary Fig. 8). Notably, novel Eomes Cherry reporter

Table 2 | EAE disease parameters in CD4* T cell reconstituted Rag1-deficient mice.

Group Incidence Mean day onset ( +s.e.m.) Mean max disease ( £ s.e.m.) Mean cumulative disease ( = s.e.m.)
B6—>B6.Rag7’/’ 5/5 15.2+0.86 2.0+£0.77 13.8+5.29
B6.Ccr2 =/~ —B6.Ragl —/ ~ 0/5 NA 0.0+0.00 0.0+0.00

NA, not applicable.

Figure 4 | The CCR6 ~CCR2 " signature defines murine and human GM-CSF/IFNy-producing Th17 cells in vivo. (a) Representative flow cytometric
analysis and quantification of GM-CSF, IFNy, TNFa, IL-2, IL-9, IL-10, IL-17F and IL-22 staining in naive CD4+ (CD3*CD4 T CD44"°), CCR6+CCR2 ™,
CCR6TCCR2* and CCR6 = CCR2 Th17 cell populations (CD3+CD4+CD44M|L-17A 1) from the spleen of mice immunized for EAE 10 days prior. Data
representative of three independent experiments with n  4-5 mice per experiment. (b) Percent cytokine positive among CCR6 T CCR2*+ and
CCR6~CCR2% Th17 cells (CD3 T CD4*CD44MIL-17A 1) in the CNS d15 post EAE induction. Data are pooled from three independent experiments with
n 8 CNS pooled per experiment. (¢) Representative flow cytometric analysis of CCR6,/CCR2 staining on Th17 cells (CD3 T CD4 T IL-17A ) in the spleen
of B6 mice colonized in the nasopharynx with S. pneumoniae strain EF3030 7, 21 and 84 days post primary (1°) immunization and 5 days (d89) post
secondary (2°) immunization. Data are representative of n 5-6 mice per timepoint. (d) Expression of GM-CSF and IFNy among CCR6 T CCR2
CCR6TCCR2* and CCR6 ~ CCR2F Th17 cell populations (CD3+CD4FIL-17A*) from the spleen of B6 mice 21 days post 1° S. pneumoniae strain EF3030
nasopharyngeal colonization (n  4). (e) Representative flow cytometric analysis of CCR6,/CCR?2 staining on circulating human Th17 cells (CD4+CD8 ~ IL-
17A 1) from an MS patient. (f) Representative flow cytometric analysis and quantification of IFNy and GM-CSF staining on CCR6 T CCR2 ~,
CCR6 T CCR2* and CCR6 ~CCR2 ™ human Th17 cell subsets from the peripheral blood of healthy (n  7) and MS patients (n  12). (a,b,d.f) Data are
presented as mean £ s.e.m.; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; one-way analysis of variance with Bonferroni multiple comparisons test.
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mice (Supplementary Fig. 10) revealed that, among Th17 cells,
the expression of Eomesodermin was confined to CCR6
expressing Th17 cell populations (Fig. 6b).

Given that T bet and Eomesodermin were differentially
expressed in CCR6% and CCR6 CCR2"T Th17 cells, we
examined the T cell intrinsic function of these transcription

factors using mixed BM chimeras. T bet negatively regulates
Th17 cell development from naive precursors*! but its function in
pathogenic Th17 cell biology is contentious?”*2, Consistent with
prior reports?”4!, we found that Tbx21 deficiency increased Th17
cell frequency in a T cell intrinsic manner (Fig. 6¢). Assessment
of CCR6/CCR2 expression on Tbx21 deficient Th17 cells revealed
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that T bet is critical for the development of CCR6 CCR2™
Th17 cells (Fig. 6d). Moreover, Tbx21 deficiency ablated IFNy
production and reduced GM CSF expression by CCR6 CCR2™
Th17 cells (Fig. 6e), implicating T bet as a crucial regulator

The function of Eomesodermin in Th17 cell differentiation
in vivo, to our knowledge, is unknown. Eomes deficiency in
CD4*% T cells using B6.Cd4*Eomes/ mixed BM chimeras
reduced Th17 cell generation in a T cell intrinsic manner

of CCR6 CCR2" GM CSF/IFNy producing Th17 cell (Fig. 6f), identifying Eomesodermin as a novel regulator of
development in vivo. Th17 cell development in vivo. Strikingly, despite abundant
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expression in CCR6 expressing Th17 cells, deletion of Eomes
curtailed the development of CCR6 CCR2' Th17 cells
(Fig. 6g), but did not alter IFNy or GM CSF production by
these cells (Fig. 6h). Collectively, these data indicate that T bet
negatively regulates differentiation of IL 17 secreting CD4™
T cells, but is required for the ontogeny of GM CSF/IFNy
producing CCR6 CCR2™" Th17 cells, whereas Eomesodermin is
required for Thl7 cell differentiation in vivo by promoting
CCR6 CCR2™" Thl7 cell development.

Discussion
In the present study, we demonstrate that CCR2 is a critical driver
of encephalitogenic GM CSF producing Th17 cell recruitment to
the CNS in EAE. Further, we show that CCR6 functions to
promote homing of Th17 cells only during initial phases of
inflammation and is more critically required for Treg trafficking.
This ‘switch’ from CCR6 to CCR2 usage by Th17 cells appeared
to be temporally regulated during priming as the earliest Th17
cells predominantly expressed CCR®, followed by later emergence
of CCR6TCCR2" and CCR6 CCR2™ populations in SLOs.
The latter population required IL 23 and, to a lesser extent, IL 1,
TNFo and IFNy, and the transcriptional regulators T bet and
Eomesodermin for development. Assessment of cytokine expres
sion among Th17 populations in humans and in murine models
of autoimmunity and persistent bacterial infection revealed that
CCR6 CCR27T Thl7 cells align with previously described
GM CSF*/IFNy* pathogenic Th17 cells, while CCR6 ¥ CCR2+
Th17 cells resemble previously reported Th17 cells with a more
limited pathogenic potential. Thus, we define a molecular
mechanism governing encephalitogenic Th17 cell recruitment to
the CNS and identify unique cell surface signatures and differen
tiation requirements of phenotypically distinct Th17 cells in vivo.
Manipulation of the chemokine system has been considered a
tractable target for therapeutic intervention in CD4™" T cell
driven immunopathologies for many years*>. Central to the
rational design of such approaches is a detailed understanding of
unique spatio temporal homing signals used by inflammatory
and regulatory subsets of T cells to infiltrate lesions. Although
CCR2 has been reported to be expressed on subsets of T cells
previously**4>, until now the functional significance of this was
unknown. With regard to Th17 migration, most focus has fallen
on CCR6 with an early report demonstrating a critical
requirement for this receptor in encephalitogenic T cell
migration in EAE!S, However, this has been challenged with
the results of more recent studies demonstratin§ a largely
redundant role for CCR6 in EAE pathogenesis!®?’. Our data
demonstrate that CCR6 promotes early infiltration of Th17 cells,
but this is dispensable for the development of EAE, which is

driven by CCR2 dependent recruitment of encephalitogenic
Th17 cells. However, our experiments using mice with
Ccr6 Ccr2 T cells indicate that when T cells lack
CCR6, pathological inflammation ensues even in the absence of
CCR2 on T cells. This indicates that although CCR2 strongly
promotes encephalitogenic T cell recruitment to the CNS, a
degree of CCR2 independent recruitment of encephalitogenic
T cells must also occur, but these cells are constrained from
causing disease in a CCR6 dependent manner, probably by
CCR6 ™ Tregs. From a clinical perspective, our data, and those of
others'®?%, suggest that therapeutic targeting of CCR6 will have
detrimental effects on Treg function without restraining
pathogenic T cells and emphasize CCR2 as a prospective target
for the treatment of inflammatory T cell driven pathologies such
as MS. This notion is strengthened by our findings that GM CSF

and IFNy producing Th17 cells bear a CCR6 CCR2™T
phenotype in humans, other studies demonstrating that IFNy

producing Th17 cells are preferentially recruited in MS lesions>!,
the observation that IL 17A/GM CSF co expressing CD4 ™ T
cells are enriched in MS brain lesions*? and the well established
dependency on CCR2 for monocyte infiltration of the CNS*6.

Our data indicate that initial Th17 cells differentiate in an
IL 23 independent manner, bear a CCR6 T CCR2  phenotype
and are recruited to the uninflamed CNS via CCR6. Reboldi
et al'® proposed that an early CCR6 dependent wave of Th17
cells initiates CNS inflammation in EAE. CCR6 T CCR2  Thl17
cells express a unique cytokine profile including IL 17A/F, IL 22,
IL 2, TNFo and IL 10, and although mice deficient in Il17a, Il17f,
1122 or Tnf do not display substantial defects in EAE patho
genesis?” 4%, it is possible that these CCR6 ¥ CCR2  Th17 cell
derived factors may synergistically contribute to the initiation of
CNS inflammation. Importantly however, our data clearly
demonstrate that the absence of this CCR6 driven wave of
Th17 cells does not prevent subsequent CCR2 driven population
of the CNS by encephalitogenic Th17 cells or the development of
clinical EAE, challenging notions that these cells form an essential
component of EAE pathogenesis.

Subsequent to the generation of CCR6 T CCR2  Th17 cells is
the emergence of CCR2 expressing Th1l7 cell populations.
CCR6TCCR2™ Thl7 cells express IL 10 and IL 9, consistent
with published descriptions of Th17 cells with a more limited
pathogenic potential® °. Conversely, CCR6 CCR2* Th17 cells
express abundant GM CSF and IFNY, and probably constitute the
previously described pathogenic Th17 cell>*®7:11, Th17 cells with
pathogenic function are reported to derive from committed
TGFP1/IL 6 driven Thl7 precursors in the presence of IL 23
(refs 6 8) and from naive precursors via TGFB3 and IL 6
(ref. 4), or independently of TGFB1 in an IL 6, IL 1 and
IL 23 dependent manner®. Here we demonstrate that the absence

Figure 5 | IL-23 drives differentiation of CCR6 ~ CCR2 ™ Th17 cells in vivo. (a) Representative flow cytometric analysis and quantification of CCR6/CCR2
staining on Th17 cells (CD3*+CD4+CD44M|L-17A ) 5 days post MOG/CFA immunization (d5 ex vivo) and after 3 days ex-vivo culture with MOGg35_s5 in
the presence of either no cytokines (), TGFB1/IL-6 or IL-23. Data are representative of two independent experiments, n 4. (b,c) Analysis of B6 (n 5)
and B6.1123p19~/~ (n  5) mice d10 post MOG/CFA immunization. (b) Frequency and total number of Th17 cells in the spleen; (c) representative flow
cytometric analysis and quantification of CCR6,/CCR2 staining on Th17 cells. (d,e) Analysis of B6 (n  6) and B6.1123r&P/&fP (n  6) mice d10 post MOG/
CFA immunization. (d) Frequency and total number of Th17 cells in the spleen; (e) representative flow cytometric analysis and quantification of CCR6 and
CCR?2 staining on Th17 cells. (f) Representative flow cytometric analysis and quantification of CD45.2 % (B6.1123r8™/&) cells (right) within naive CD4+
(CD31CD4+CD44'°) and Th17 cells (CD3+ CD4 T CD44NIL-17A T) (left) in the spleen of B6.1123r&P/8P mixed BM chimeric mice immunized with MOG/
CFA 10 days prior (n 7). (g) Representative flow cytometric analysis and quantification of CCR6/CCR2 staining on CD45.2~ (B6.Ly5.1) and CD45.2F
(B6.1123r8fP/2fP) Th17 cells in mixed BM chimeras immunized with MOG/CFA 10 days prior (n 7). (h) Representative flow cytometric analysis of GM-CSF
and IFNy staining among CD45.2~ (B6.Ly5.1) and CD45.2+ (B6.1123:8P/8P) CCR6 ~ CCR2+ Th17 cells in B6.1123r8/8% (n 7) mixed BM chimeric mice
10 days post MOG/CFA immunization. Right, GM-CSF and IFNy expression among CCR6/CCR2-expressing Th17 cell populations in B6.1123r8P/&fP mixed
BM chimeras. (a-h) Each dot represents an individual mouse; *P<0.05; **P<0.01, ***P<0.001, ****P<0.0001. (a-d) Data are presented as mean £ s.e.m.
(a) One-way analysis of variance with Bonferroni multiple comparisons test. (b-e) Unpaired two-tailed Student's t-test. (f-h) Paired two-tailed Student's
t-test.
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of the IL 23/IL 23R axis specifically curtails the development of
GM CSF producing CCR6 CCR2™" Th17 cells, suggesting that
the CCR6 CCR2T signature defines the IL 23 driven
pathogenic/inflammatory Th17 cell subset in vivo that may
represent an advanced differentiated state of Th17 cells that arise
from early CCR6 ™ precursors. Recent reports have demonstrated
that the fate of Thl7 cells in chronic inflammatory settings
includes transdifferentiation to an IL 17A  IFNy ™ Thl like
phenotype (termed Th1*Th17 cells) via IL 23 (ref. 11) or an IL

10 secreting, anti inflammatory T regulatory type 1 cell (termed
Tr1exTh17 cells) via TGFP1 (ref. 50). Our data suggest that this
phenotypic segregation of Thl7 cells may arise before
transdifferentiation, although the relationship between IL 10

producing CCR6TCCR2T Th17 cells, IL 23 driven GM CSF/
IFNy producing CCR6 CCR2T Th17 cells and Tr1<Th17
Th1Th17 cells remains to be determined.

Our data indicate that the transcriptional regulators T bet and
Eomesodermin drive CCR6 CCR2™ Thi7 cell development
in vivo. TGFP1 mediated repression of Eomesodermin is required
for in vitro Th17 differentiation®!; however, although Eomes can
be induced in committed TGFP1/IL 6 driven Th17 cells by
inflammatory cytokines?’, ectopic Eomes expression did not
promote IL 12 driven IFNy* Th17 cell development in vitro®’.
We found that among Th17 cells, Eomesodermin expression is
restricted to CCR6 expressing Th17 cell populations but is not
required for their development in vivo. Instead, Eomes deficiency
led to a selective defect in CCR6 CCR2™ Thl17 cell generation,
implicating Eomesodermin as a key regulator of the switch from
CCR6 to CCR2 expression during Th17 cell development. T bet
function in pathogenic Th17 cell biology is controversial with
data indicating that these cells develop independently of T bet*?
and reports demonstrating that IL 23/IL 12 induce T bet!1?7,
which, in collaboration with Runx1, promote conversion of Th17
precursors into pathogenic IFNYy producing Th17 cells?’. Our
data demonstrate that in the absence of T bet, Th17 cell
development is amplified but arrested at an early developmental
stage with a selective defect in CCR6 CCR2T GM CSF/IFNy
producing Th17 cell formation. T bet interactions with Runx1
suppress Runxl mediated transactivation of Rorc and sequester
‘available’ Runx1 that would otherwise form transcriptionally
active Runxl:RORyt complexes required for Il17a and Il17f
induction in CD4 ™ T cells*!. Further, Eomesodermin directly
represses Rorc and I117a transcription®!. Thus, we speculate that
Eomesodermin and T bet shape Thl7 differentiation and
plasticity by implementing changes to the transcriptional
landscape of Th17 cells, such as repression of Rorc and Il17a,
and induction of Ifng and Csf2 (directly or indirectly), as they
differentiate from IL 17A" CCR6+tCCR2*/  Th17 cells,

through IL 17A" CCR6 CCR2' GM CSF/IFNy producing
Th17 cells and perharps towards an ‘ex Th17’ phenotype in

chronic inflammation!.

Taken together, our data support a step wise model of Th17 cell
differentiation and homing (Fig. 7). Initial CCR6 " CCR2  Th17
cells develop independently of IL 23 and migrate to effector sites
via CCR6. Continuing antigen exposure in SLOs drives transition
of CCR6TCCR2  Th17 cells to CCR2" Th17 cell populations.
More specifically, persistent antigen drives the development of
CCR6TCCR2" Thl17 cells and the cytokines IL 23, IL 1, IFNy
and TNFa promote CCR6 CCR2T GM CSF/IFNy producing
Th17 cells that develop in a T bet and Eomesodermin dependent
manner. CCR2 drives subsequent waves of Th17 cell recruitment
to inflammatory sites where it is likely to be that a balance
between CCR6 CCR2"T GM CSF/IFNy producing Th17 cells,
CCR6 T CCR2 7 IL 10 producing Th17 cells, other effector T cell
populations and CCR6 " Tregs dictates whether amplification or
resolution of inflammation results. This switch from CCR6 to
CCR2 as Thl17 cells develop greater inflammatory potential
identifies a novel temporally regulated recruitment mechanism
that amplifies T cell dependent inflammation, a finding that has
important implications for understanding regulation of auto
immune inflammation and protective immunity.

Methods

Mice. C57Bl/6 (B6), SJL/J, B6.Ly5.1 and B6.Ragl ~/~ mice were purchased from
the Animal Resource Center (WA, Australia) or bred and maintained in-house
at the University of Adelaide Animal Facility. B6.1117a“"Rosa26°YFP (ref. 11),
B6.Foxp3GFP (ref. 52), B6.Ccr6~ '~ (ref. 53) and B6.Ccr2~/~ (ref. 54) mice were
bred and maintained in-house. B6.1123p19 =/~ (ref. 55), B6.1123r8tP/8fp (ref. 33),
B6.1112p40 '~ (ref. 56), B6.1112p35 '~ (ref. 57) and B6.Ifngr '~ (ref. 58) mice
were bred in-house at QIMR Berghofer Medical Research Institute, Herston,
Australia. B6.Tnf =/~ (ref. 59), B6.Tnfrsfla~'~ (ref. 60) and B6.Tnfrsfib '~
(ref. 61) mice were kindly provided by Professor Bernhard Baune (University of
Adelaide, Adelaide, Australia). B6.Tbx21 ~/~ (ref. 62) and B6.CA4C™Eomes/
(ref. 63) mice were bred in-house at The Walter and Eliza Hall Institute of Medical
Research, Parkville, Australia. B6.Eomes“P®™ reporter mice were generated
(validation in Supplementary Fig. 10) at The Walter and Eliza Hall Institute of
Medical Research, Parkville, Australia. B6.Tcra —/~ (ref. 64) mice were kindly
provided by Professor Carola Vinuesa (John Curtin School of Medical Research,
Canberra, Australia). B6.Ccr6 =/ ~. Ccr2 ™/~ mice were generated and maintained
in-house. All B6 lines were on the C57Bl/6] background. Male and female mice
between the ages of 6 12 weeks were used in experiments. Mice in each experiment
were age and gender matched. All experiments were conducted in accordance to
the guidelines outlined by the Animal Ethics Committee at the University of
Adelaide.

Generation of B6.Eomes M"Y reporter mice. The Eomes targeting construct used
the pKW11 vector consisting of a splice acceptor, stop codons in all reading frames,
an IRES, mCherry complementary DNA, an SV40 polyadenylation signal and a
PGK-Neor gene. Genomic DNA containing loxP flanked Eomes exons 2 3, con-
taining the entire Eomes coding region was cloned in front of the pKW11 insert.

Figure 6 | T-bet and Eomesodermin promote CCR6 ~ CCR2+ Th17 cell differentiation in vivo. (a) Representative flow cytometric analysis and
quantification (geometric MFI) of T-bet expression in naive CD4 T T cells (grey, filled; CD3+ CD4 T CD44°) and CCR6 T CCR2 ™ (red, open),
CCR6TCCR2" (blue, open) and CCR6 ~CCR2 T (black, open) Th17 cells (CD3+CD4+CD44M|L-17AT) from the spleen d10 post MOG/CFA

immunization. Geometric MFI (gMFI) of T-bet expression in Th17 cell populations is presented after subtraction from concurrent naive CD4* T-cell T-bet
gMFI. Data are representative of two independent experiments with n 4-5 mice per experiment. (b) Representative flow cytometric analysis of Eomes-
Cherry expression in naive CD4 1 Tcells, CCR6 T CCR2~, CCR6 T CCR2+ and CCR6 ~CCR2* Th17 cells (all gated and presented as in a) from the spleen
of B6.EomesCherny/ + reporter mice d10 post MOG/CFA immunization. Data are representative of two independent experiments with n 4 mice per
experiment. (¢,f) Representative flow cytometric analysis and quantification of CD45.2 % cells within naive CD4 (CD3 T CD4 1 CD44'°) and Th17 cells
(CD3*CD4+CD44NIL-17AT) in the spleen of B6.Thx21~/~ (n  5) (¢) and B6.Cd4 "Fomes™f (n  6) (F) mixed BM chimeric mice immunized with
MOG/CFA 10 days prior. Data are representative of two independent experiments. (d,g) Representative flow cytometric analysis and quantification of
CCR6,/CCR2 staining on CD45.2~ (B6.Ly5.1) and CD45.2* (indicated KO) Th17 cells in B6.Tbx21~/ ~ (d) and B6.Cd4<"EFomes™/fl (g) mixed BM chimeras
d10 post MOG/CFA immunization. Data are representative of two independent experiments. (e h) Representative flow cytometric analysis and
quantification of IFNy and GM-CSF staining within CD45.2 ~ (B6.Ly5.1) and CD45.2 " (indicated KO) CCR6 ~ CCR2* Th17 cells (CD3 T CD4*
CD44N|IL-17A 1) in B6.Thx21~/~ (e) and B6.Cd4 " eEomes’ (h) mixed BM chimeras d10 post MOG/CFA immunization. Data are representative of two
independent experiments. (b-h) *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. (b,c) Data are presented as mean £ s.e.m.; one-way analysis of variance
with Bonferroni multiple comparisons test. (d-h) Each dot represents an individual mouse; paired two-tailed Student's t-test.
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Homology arms of 5,700 bp (5') and 2,667 bp (3') were amplified from an Eomes- ~ 12,293kb and EomesflmCherry 9 198 kb) probes. Targeted ES cell clones were
containing bacterial artificial chromosome and cloned into the final targeting vector.  injected into BALB/c blastocysts, to obtain chimeric founders. Germline trans-
The linear targeting vector was introduced into the Eomes locus by homologous mission was achieved with two clones resulting in the generation of two indepen-
recombination in C57Bl/6 embryonic stem (ES) cells. Neomycin-resistant clones dent lines. Founders for the reporter lines lacked the 5" loxP site and were

were screened by Southern hybridization using 5 (digested with Sph1, giving WT  designated as Eomes reporter (Eomes™Chemy/+),
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Figure 7 | Proposed model of Th17 cell development and homing in EAE. (a) Initial Th17 cell differentiation from naive precursors occurs independently of
IL-23 and gives rise to CCR6+CCR2~ Th17 cells. These cells gain access to the CNS via CCR6 (first wave) and may contribute to the initiation of CNS
inflammation via the provision of inflammatory cytokines including IL-17A/F, TNFa, IL-22 and IL-2. (b) Meanwhile in the SLOs, persistent antigen drives the
emergence of CCR2+ Th17 cell population whereby prolonged TCR stimulation gives rise to CCR6+* CCR2* Th17 cells, which express IL-10 and IL-9,
whereas the presence of IL-23 and, to a lesser extent, IL-1, TNFoand IFNy drives differentiation of GM-CSF/IFNy-producing CCR6 ~ CCR2 * Th17 cells in a
T-bet and Eomesodermin-dependent manner. Encephalitogenic Th17 cells gain access to the CNS via CCR2, independently of CCR6 (second wave), where
the balance between CCR6+ CCR2* IL-10-producing Th17 cells, CCR6 ~ CCR2+ GM-CSF/IFNy-producing Th17 cells, other effector T cells (not depicted)
and CCR6* Tregs determines the outcome of disease.
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Human samples. Heparinized blood was collected following informed consent
and rested for 4 h at 22 °C before peripheral blood mononuclear cell isolation using
lymphocyte separation medium (MP Biomedicals). Peripheral blood mononuclear
cells were frozen in 10% Dimethyl sulphoxide (Sigma) and stored at 80 °C before
analysis. Properties of the study population are described in Supplementary
Information (Supplementary Table 1). All experiments were conducted in
accordance to the guidelines outlined by the ethics committee at the University
of Leuven.

BM chimeras. B6.Ly5.1 mice were lethally irradiated with 1,000 Rads and
reconstituted with 4 5 x 10° total BM cells intravenously (i.v.) of genotypes
indicated in-text. A minimum of 8 weeks was allowed for reconstitution before
experimentation.

Experimental autoimmune encephalomyelitis. Mice on the B6 background were
immunized subcutaneously with 100 pg MOGs;s 55 (GL Biochem) emulsified in
100 pl Complete Freund’s Adjuvant (CFA) containing 85% mineral oil (Sigma),
15% mannide manooleate (Sigma) and 8.33 mgml ~ 1 Mycobacterium tuberculosis
strain H37RA (Difco Laboratories). SJL/] mice were immunized subcutaneously
with 100 pg proteolipid protein (PLP);39 ;5; emulsified in 100 ul CFA (as above
with the addition of 0.5 mgml ~! Mycobacterium butyricum (Difco Laboratories)).
Mice received 300 ng pertussis toxin (List Biological Laboratories) intraperitoneally
on days 0 and 2. For B6.Ragl ~/~ EAE experiments, 8 x 10° CD4 " T cells
(CD4 ™t T-cell isolation kit, StemCell Technologies) from B6 or B6.Ccr2 ™/~ mice
were transferred i.v. into B6.Ragl ~/ ~ recipients, which were immunized for EAE
the next day as described above.

Disease scores in MOGs3s ss-induced and PLP, 39 15;-induced EAE were
assigned as described previously21’65. Disease state in the SJL/J/PLP;39 ;51 model
was assigned as follows: peak acute disease: score >2; remission: previously score
>2, now score <1 for minimum of 2 days; relapse: reached peak acute disease and
remission, and is now score >2. In Fig. 2c, mice in remission were randomly
allocated to experimental groups by two independent researchers by drawing an
experimental group number (at equal odds) in a blinded manner. EAE disease
scores were assigned in a blinded manner by two independent researchers. For
isolation of CNS leukocytes, mice were perfused through the left cardiac ventricle
with PBS, the brain and spinal cord harvested and dissociated through 70-pm
nylon filters (BD), followed by 40% Percoll gradient centrifugation.

S. pneumoniae nasopharyngeal colonization. S. pneumoniae strain EF3030
(serotype 19F) was obtained from Professor David E. Briles (University of Alabama
at Birmingham, USA). The EF3030 strain was chosen as it causes long-term
nasopharyngeal colonization in mice, with no detectable bacteremia®®®’. For
mouse challenge, EF3030 was grown in serum broth (nutrient broth containing
10% vol/vol heat-inactivated horse serum) at 37 °C in 5% CO, to Ago=0.17
(~5x 107 CFU ml ~1). Serotype 19F-specific capsule production was confirmed by
the Quellung reaction. Bacteria were harvested by centrifugation at 3000g, washed
once in PBS and resuspended in PBS to 5 x 103 CFUml ~ 1. Mice were challenged
with 10 pl (5 x 10 CFU) of bacterial suspension by microtip instillation into both
nares without anaesthesia. The challenge dose was confirmed retrospectively by
serial dilution and plating of the inocula on blood agar.

In vivo neutralization/antagonism. Mice were administered 100 pg CCL2,,
(scrambled peptide control)?>%3, CCL2, 75 (CCR2 receptor antagonist)®® or
CCL20s 70 (CCR6 receptor arltagn:)nist)ﬂ’22 intraperitoneally using the dosing
regimen indicated in-text. Neutralizing antibodies to CCL2 (BioXCell; clone 2H5;
300 pg per dose), IFNy (BioXCell; clone XMG1.2; 250 pg per dose) and IL-1R1
(BioXCell; clone JAMA-147; 250 pug per dose) were administered intraperitoneally
using the dosing regimen indicated in-text.

Flow cytometry. Antibodies used in this study are described in Supplementary
Information (Supplementary Tables 2 and 3). For assessment of intracellular
cytokine expression in murine cells, cells were first stimulated with phorbol
12-myristate 13-acetate (PMA; 20 ngml ~ 1y (Invitrogen), Ionomycin (1 pM)
(Invitrogen) and GolgiStop (BD; as per the manufacturers’ instructions) in
complete IMDM for 4 5h before surface staining. Dead cells were excluded using
LIVE/DEAD fixable near-infrared dye (Molecular Probes). Cells were stained in
PBS containing 0.04% sodium azide and 1% BSA (Sigma) or 2% FCS. Fc receptors
were blocked before surface staining with 1 mgml ™" murine y-globulin
(Rockland). For detection of CCR2, 10° cells were stained with 5.5 pgml ~! pur-
ified rat anti-mouse CCR2 (Clone MC21). Goat anti-rat IgG-Alexa Fluor 647 (Life
Technologies) secondary antibody pre-adsorbed in 1% normal mouse serum and
murine y-globulin (0.5 mgml ™% Rockland) was used to detect primary rat anti-
body. Following secondary antibody staining, cells were incubated in rat y-globulin
(1 mgml ~%; Rockland) before directly conjugated surface antibodies. Intracellular
staining was performed using the BD Cytofix/Cytoperm kit (staining cytokines
only) or eBioscience Foxp3/Transcription Factor Staining Buffer Set (transcription
factor and cytokine staining) as per the manufacturers’ instructions. For detection
of transcription factors (excluding Foxp3), antibodies were pre-adsorbed in 2%

normal mouse serum and 2% normal rat serum for 20 min before staining. Data
were acquired on BD LSRII, BD FACSCanto, BD FACSAria or BD LSRFortessa
flow cytometers. BD FACSAria was used for sorting experiments. For assessment of
cytokine expression in human cells, thawed cells were stimulated for 5hin 1 x Cell
Stimulation Cocktail (plus protein transport inhibitors) (eBioscience). Stimulated
cells were surface stained, then fixed and permeabilized using Cytofix/Cytoperm
(BD) before staining for cytokines. Data were acquired on a BD FACSCantoll. All
data were analysed using Flow]Jo software (Treestar).

Ex vivo MOG-reactive Th17 cell culture and T-cell transfers. Splenocytes from
d5 MOG/CFA-immunized mice were cultured (10° cells per ml) in complete
IMDM (Gibco) containing MOGg;s 55 (10 pgml 1, GL Biochem), anti-IFNy

(10 pgml ~ 1; Clone XMG1.2, BioXCell) and anti-IL-4 (10 pgml~ 1. Clone 11B11,
BioXCell) with the addition of either no cytokines, TGFB1 (2ngml~ L
eBioscience) and IL-6 (20 ngml ~ ; eBioscience), or IL-23 (10ngml ~
eBioscience). Cells were analysed after 3 days of culture. For transfer experiments,
donor mice were immunized subcutaneously with 100 pg MOG;s 55/CFA in
footpads and hind flanks. Popliteal and inguinal lymph nodes were harvested

10 days post immunization and MOG-reactive Th17 cells expanded ex vivo in
complete IMDM (Gibco) containing MOGg;s 55 (10 pgml ~ 1. GL Biochem) and
IL-23 (3 ngml ~ }; eBioscience) at a cell density of 10° cells per ml for 3 days. Before
transfer, numbers of MOG-reactive Th17 (TCRB * CD4 T IL-17A T) cells in culture
were determined following restimulation with PMA/Ionomycin/GolgiStop in
complete IMDM for 4 5h using flow cytometry. MOG-reactive Th17 cells

(3 x 10°) were adoptively transferred i.v. into pre-immunized congenic recipient
mice as described in text.

Ex vivo chemotaxis assays. Splenocytes from d10 MOG3s 55/CFA-immunized
mice were rested at 37 °C in complete RPMI 1640 for 3 4 hr. Chemokines
(recombinant mouse CCL20 or recombinant mouse CCL2; kindly provided by the
late Professor Ian Clark-Lewis) diluted in 150 pul chemotaxis buffer (RPMI 1640
with 0.5% BSA and 20 mM HEPES) were added to lower chambers of 96-well
Transwell chemotaxis plates (5-um pore size; Corning). Rested cells were exten-
sively washed in chemotaxis buffer and loaded into the upper chambers at 2 x 10°
cells per well in 50 pl of chemotaxis buffer and incubated for 3h at 37°C. To
enumerate Th17, Thl and Treg cell migration, cells were harvested from the
bottom chambers, restimulated in complete IMDM containing PMA/Ionomycin/
GolgiStop as described above for 4h before flow cytometric analyses. Cells of
interest were gated as follows: Th1l: CD3 ™ CD4 T Foxp3 ~IL-17A ~IFNy *; Th17:
CD3 1 CD4+ Foxp3 ~IL-17AT; Treg: CD3+CD4 T IL-17A ~IFNy ~Foxp3 *.
Migration index was calculated by dividing the number of positive events in test
wells by the number of positive events in which no chemokine was added to the
bottom chamber. Migrated cells of interest were enumerated using CaliBRITE
beads (BD) as an internal reference.

Quantitative PCR. Primer sequences used in this study are described in
Supplementary Information (Supplementary Table 4). RNA was harvested from
cells using the Qiagen microRNeasy kit with on-column DNase treatment as per
the manufacturers’ instructions. cDNA synthesis was performed using the
Transcriptor First Strand cDNA synthesis kit (Roche) and used as template in
reactions using LightCycler 480 SYBR Green master mix I (Roche) according to the
manufacturers’ instructions. Relative abundance of transcript was calculated as
27ACT that is, ACT = (CTrarget  CTrpipo)-

ELISA. Supernatants from homogenized CNS samples were stored at 80 °C in
PBS containing a protease inhibitor cocktail (Sigma) until the day of analysis.
ELISA were conducted as previously described®®. CCL2 and CCL20 ELISA: capture
and detection antibody from R&D; IL-10 and IFNy ELISA: capture and detection
antibody from eBioscience; IL-17A ELISA: capture antibody, purified clone TC11-
18H10 from BD; and detection antibody, biotinylated clone TC11-8H4 from BD
were used.

Statistics. Data were analysed with Prism 6 (GraphPad Software) using two-tailed
unpaired or paired Student’s ¢-tests, one-way or two-way analysis of variances with
appropriate post tests as indicated in text. For all analyses, P<0.05 was considered
significant. Sample or experiment sizes were determined empirically for sufficient
statistical power. No statistical tests were used to predetermine the size of
experiments. No data points were excluded from statistical tests. Statistical analysis
was performed on groups with similar variance. Limited variance was observed
within sample groups.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1: Chemokine receptor expression profiles of CCR6" and CCR6

CDA4"IL-17A"® and Treg cells.

+

Quantitative PCR analysis of chemokine receptor transcript abundance in FACS-purified CCR6
and CCR6 subsets of CD4'IL-17A™ cells (CD3'CD4'CD44"IL-17A-eYFP* -
B6.1117a°"R0sa26°"™ mice) and Tregs (CD3'CD4Foxp3-GFP* - B6.Foxp3®™ mice) from
pooled spleen and dLN of mice 10 days post MOG/CFA immunization. Data presented relative

to Rplp0 (mean + SD).
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Supplementary Figure 2: Ccr2-deficiency on CD4" T cells does not alter Th17 cell of GM-

CSF* Th cell generation in EAE-induced B6.Ragl™ T cell-reconstituted mice.

8x10° MACS-purified CD4" T cells from B6 or B6.Ccr2” mice were transferred into B6.Ragl™
recipients, which were immunised for EAE the next day. Representative flow cytometric analysis
and quantitation of IL-17A and GM-CSF staining in CD3"CD4" T cells from the lymph node

(LN) and spleen 25 days post-immunisation.



Supplementary Figure 3: Nasopharyngeal colonization with S. pneumoniae EF3030 induces

splenic Th17 cell responses.

Mice were challenged with 5x10° CFU EF3030 or PBS by microtip instillation into both nares
without anesthesia. Mice were sacrificed at various timepoints and Thl7 cells
(CD3'CD4'CD44"IL-17A") in the spleen enumerated over the course of infection by flow
cytometry. On day 84 post-infection, mice were re-challenged i.n. with 5 x 10® CFU EF3030 and

splenic Th17 cells enumerated 5 days post-secondary challenge (d89).



Supplementary Figure 4: Representative gating strategy relating to Fig. 5a.

Representative flow cytometric gating of naive CD4" T cells (CD4*CD44") and Th17 cells
(CD4*CD44M|L-17A%) related to Fig. 5a. Isotype staining on Th17 cells and CCR2/CCR6

expression on naive CD4" T cells is shown.
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Supplementary Figure 5: Differentiation of CCR6'CCR2" Th17 cells in vivo is independent

of IL-12.

(a, b) Analysis of B6 (n=7) and BG.II12p40"' (n=7) mice d10 post MOG/CFA immunization. (a)
Frequency and total number of Th17 cells in spleen; (b) representative flow cytometric analysis
and quantitation of CCR6 and CCR2 staining on Th17 cells. (c, d) Analysis of B6 (n=5) and

B6.1112p357 (n=5) mice d10 post MOG/CFA immunization. (c) Frequency and total number of



Th17 cells in spleen; (d) representative flow cytometric analysis and quantitation of CCR6 and
CCR2 staining on Th17 cells. (a-d) Each dot represents an individual mouse; data presented as
mean + SEM; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001; unpaired two-tailed Student’s

t-test.
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Supplementary Figure 6: IL-1 promotes CCR6'CCR2" Th17 cell differentiation in vivo.

(a, b) Analysis of PBS (n=7) or neutralizing anti-1L-1R1 (n=7; 250 pg i.p. on dO and every 48
hours thereafter) treated mice d10 post MOG/CFA immunization. (a) Frequency and total
number of Th17 cells in spleen; (b) representative flow cytometric analysis and guantitation of
CCR6 and CCR2 staining on Th17 cells. (a, b) Each dot represents an individual mouse; *

p<0.05, ** p<0.01, *** p<0.001; unpaired two-tailed Student’s t-test; data presented as mean *

SEM.
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Supplementary Figure 7: T-cell expression of TNFR1 promotes CCR6'CCR2" Th17 cell

differentiation in vivo.

(a ,b) Analysis of B6 (n=5) and B6.Tnf"" (n=3) mice d10 post MOG/CFA immunization. (a)
Frequency and total number of Th17 cells in spleen; (b) representative flow cytometric analysis
and quantitation of CCR6 and CCR2 staining on Thl17 cells. Data are representative of 2
independent experiments. (c, e) Representative flow cytometric analysis and quantitation of
CD45.2" cells within naive CD4" (CD3'CD4'CD44") and Th17 cells (CD3"'CD4*CD44"|L-
17A") in spleen of B6.Tnfrsfla” (n=7) (c) and B6.Tnfrsflb” (n=5) (¢) mixed bone marrow
chimeric mice on d10 post-MOG/CFA immunisation. (d, f) Representative flow cytometric
analysis and quantitation of CCR6 and CCR2 staining on CD45.2" (B6.Ly5.1) and CD45.2" (d -
B6.Tnfrsfla™; f - B6.Tnfrsflb”) Th17 cells in mixed bone marrow chimeras immunized with
MOG/CFA 10 days prior. (g, h) Representative flow cytometric analysis of GM-CSF and IFNy
staining amongst CD45.2" (B6.Ly5.1) and CD45.2" (indicated KO) CCR6'CCR2" Th17 cells in
B6.Tnfrsfla” (g, n=7) and B6.Tnfrsflb”" (h, n=5) mixed bone marrow chimeric mice 10 days
post MOG/CFA immunization. Right, GM-CSF and IFNy expression amongst CCR6/CCR2
Th17 cell populations in mixed bone marrow chimeras. (a-h) Each dot represents an individual
mouse; * p<0.05; ** p<0.01; *** p<0.001. (a, b) Data presented as mean £ SEM; unpaired two-

tailed Student’s t-test. (c-h) Paired two-tailed Student’s t-test.
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Supplementary Figure 8: T-cell intrinsic IFNYR signaling promotes CCR6 CCR2" Th17

cell development in vivo.

(a, b) Analysis of B6 (n=7) and BG.Ifngr"' (n=7) mice d10 post MOG/CFA immunization. (a)
Frequency and total number of Th17 cells in spleen; (b) representative flow cytometric analysis
and quantitation of CCR6 and CCR2 staining on Th17 cells. (c) Representative flow cytometric

analysis and quantitation of CCR6 and CCR2 staining on Thl7 cells from control



immunoglobulin (clg) (n=5) or neutralizing anti-IFNy treated (n=5; 250 pg i.p. on d0 and every
48 hours thereafter) mice d10 post MOG/CFA immunization. (d) Representative flow cytometric
analysis and quantitation of CD45.2* (B6.Ifngr™) cells within naive CD4* (CD3*CD4*CD44")
and Th17 cells (CD3'CD4*CD44™IL-17A") in spleen of B6.Ifngr” mixed bone marrow chimeric
mice (n=9) immunized with MOG/CFA 10 days prior. (e) Representative flow cytometric
analysis and quantitation of CCR6 and CCR2 staining on CD45.2" (B6.Ly5.1) and CD45.2"
(B6.1fngr™) Th17 cells in mixed bone marrow chimeras immunized with MOG/CFA 10 days
prior. (f) Representative flow cytometric analysis of GM-CSF and IFNy staining amongst
CD45.2" (B6.Ly5.1) and CD45.2" (B6.1fngr’) CCR6'CCR2" Th17 cells in B6.lfngr’”™ (n=7)
mixed bone marrow chimeric mice 10 days post MOG/CFA immunization. Right, GM-CSF and
IFNy expression amongst CCR6/CCR2 Th17 cell populations in B6.1fngr’ mixed bone marrow
chimeras. (a-f) Each dot represents an individual mouse; * p<0.05, ** p<0.01, *** p<0.001. (a-
c) Data presented as mean + SEM; unpaired two-tailed Student’s t-test. (d-f) Paired two-tailed

Student’s t-test.
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Supplementary Figure 9: Transcription factor expression by CCR6/CCR2-expressing Th17

cell populations.

Representative flow cytometric analysis and quantitation of RORyt, AHR, c-Maf, IRF4, and
BATF expression in naive CD4* T-cells (grey — filled; CD3"'CD4*CD44") and CCR6'CCR2"
(red - open), CCR6'CCR2" (blue — open) and CCR6'CCR2" (black — open) Thi7 cells

(CD3'CD4'CD44"|L-17A") from spleen d10 post MOG/CFA immunization. Geometric MFI



(gMFI) of transcription factor staining in Th17 cell populations is presented after subtraction
from concurrent naive CD4" T-cell gMFI. Data representative of 2-3 independent experiments
with n=4-5 mice/experiment. * p<0.05, ** p<0.01, *** p<0.001; one-way ANOVA with

Bonferroni multiple comparisons test.
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Supplementary Figure 10: B6.Eomes®™™ reporter mice.

(a) The genomic locus of Eomes. Exons are represented by boxes; introns are represented as
black lines; coding regions are shaded yellow; non-translated regions are in white; arrows
indicate the direction of translation. The alleles derived from the integration of the targeting

vector and subsequent manipulations are shown. Circles, Frt sites; triangles, loxP sites. The



Eomes-mCherry reporter line was derived from an embryonic stem cell (ES) clone that lacked
the 5° loxP site and was identified by PCR. (b) Southern blot analysis using a 5’ probe of ES cell
Sphl-digested DNA showing the wild-type (12.293 kb) and targeted (9.198 kb) alleles. (c)
Quantitative analysis of Eomes mRNA expression relative to Hprt for the indicated transcripts of
live (PI) cells from splenocytes purified on the basis of their expression of Eomes-mCherry.
Data show the mean £ S.D. of two experiments. (d) Expression of Eomes-mCherry in splenic T
cell (CD8 and CD4) and hepatic NK cell subsets from wild-type (B6) and B6.Eomes®™™"* mice

as indicated.



SUPPLEMENTARY TABLES

Supplementary Table 1: Properties of the human study population

Controls MS
Total number of participants (n) 7 12
Gender (% Female) 72 75
Age at onset (years; mean (range)) - 34 (21-50)
Age at sampling (years; mean (range)) 36 (30-43) 50 (27-77)
Disease duration at sampling (years; mean (range)) - 16 (6-39)
Disease course MS (% RRMS) - 75
Duration treatment at sampling (years; mean (range)) - Untreated



Supplementary Table 2: Anti-mouse antibodies

Anti-mouse antibodies

Anti- Fluorophore Clone Source Final concentration
FITC BD 2.77 pug/mi
PE-Cy7 145-2C11 eBiosciences 0.83 pg/ml
CD3e
Biotin eBiosciences 2.08 pg/mi
BV450 BD 0.83 pg/ml
PerCP-Cy5.5 BD 0.83 pg/ml
PE-Cy7 BD 0.83 pg/ml
RM4-5
CD4 Alexa Fluor 647 BD 0.83 pg/ml
PECF594 BD 0.83 pg/ml
CD8a. PE-Cy7 53-6.7 BD 0.83 pg/ml
TCRp PE H57-597 eBiosciences 0.4 pg/ml
BV450 BD 0.83 pg/ml
FITC BD 2.08 pg/mi
CD44 IM7
Biotin BD 0.83 pg/ml
PE R&D 8 ul neat
CCR6 Purified 140706 R&D 4.16 pg/ml
Alexa Fluor 488 R&D 9 ul neat
Prof. Matthias Mack,
CCR2 Purified MC21 Universitat 5.5 pg/ml
Regensburg,
Germany
CD11b PE-Cy7 M1/70 BD 0.83 pg/ml
F4/80 FITC BM8 eBiosciences 2.77 pg/ml
Gr-1 PE RB6-8C5 BD 0.83 pg/ml
CD45 APC 30-F11 BD 0.83 pg/ml




FITC BD 2.08 pg/mi
PerCP Biolegend 2.08 pg/ml
CD45.2 104
PerCP-Cy5.5 eBiosciences 0.83 pg/ml
Biotin BD 2.08 pg/mi
BV510 Tcl11-18H10.1 Biolegend 1.33 pg/ml
PerCP-Cy5.5 eBiol7B1 eBiosciences 1.11 pg/ml
IL-17A
PE TC11-18H10 BD 1.11 pg/ml
FITC BD 2.77 pg/mi
IFNy XMG1.2
PE-Cy7 eBiosciences 1.11 pg/mi
GM-CSF FITC MP1-22E9 eBioscienes 2.77 pug/mi
TNFa FITC MP6-XT22 eBiosciences 2.77 pg/mi
IL-2 Alexa Fluor 488 JES6-5H4 eBiosciences 2.77 pg/ml
IL-9 PE D9302C12 BD 1.66 pg/mi
IL-10 FITC JES5-16E3 BD 4.0 pg/ml
IL-17F Alexa Fluor 488 eBiol8F10 eBiosciences 2.77 pg/ml
IL-22 PerCP-eFluor710 1H8PWSR eBiosciences 1.66 pg/ml
Foxp3 PerCP-Cy5.5 FJK-16s eBiosciences 1.66 pg/ml
T-bet PerCP-Cy5.5 eBio4B10 eBiosciences 1.66 pg/ml
RORyt PerCP-eFluor710 B2D eBiosciences 1.66 pg/ml
AHR Alexa Fluor 488 4MEJJ eBiosciences 4.16 pg/ml
c-Maf PerCP-eFluor710 symOF1 eBiosciences 5 ul neat
IRF4 PerCP-eFluor710 3E4 eBiosciences 1.66 pg/ml
BATF PerCP-eFluor710 MBM7C7 eBiosciences 5 pl neat




Supplementary Table 3: Anti-human antibodies

Anti-human antibodies

Anti- Fluorophore Clone Source Final concentration
CD4 APC-eFluor780 RPA-T4 eBioscience 8.33 pg/ml
CD8a. PerCP-eFluor710 SK1 eBioscience 0.20 pg/ml
IL-17A FITC eBio64DEC17 | eBioscience 1.25 pug/ml
IFNy eFluor450 4S.B3 eBioscience 5.00 ug/ml
GM-CSF APC BVvD2.21C11 Biolegend 5.00 pg/ml
CCR2 PE K036C2 Biolegend 10.0 pg/ml
CCR6 PE-Cy7 G034E3 Biolegend 10.0 pg/ml




Supplementary Table 4: Primer sequences

Primer Forward (5°-3°) Reverse (5°-3°)
Rplp0 TGCAGATCGGGTACCCAACT ACGCGCTTGTACCCATTGA
Ccerl TGGGAGTTCACTCACCGTACCT TCCACTGCTTCAGGCTCTTGT
Ccr2 GTTCATCCACGGCATACTATCAAC GCCCCTTCATCAAGCTCTTG
Ccr3 TTGCCTACACCCACTGCTGTAT TTTCCGGAACCTCTCACCAA
Ccr4 GCAACACTGCAAGAATGAGAAGA GACCACCACGGCGAAGAT
Ccr5 CATCCGTTCCCCCTACAAGA GGAACTGACCCTTGAAAATCCA
Ccré CCTGGGCAACATTATGGTGGT CAGAACGGTAGGGTGAGGACA
Ccer7 CATTGCCTATGACGTCACCTACA GAAGGCATACCAGAAAGGGTTGA
Ccr8 GCTCGCTCAGATAATTGGTCTTC CGTGACGTTGGGCTCCAT
Ccr9 CAGTTCTGAGGAGGATGCTTGA AACCCAGCTGCACTGATGATC
Ccrl0 CCTCTACTCGGCCTCTTTCCA CGGTCGGCGCTGATACAG
Cxcrl TGTCCCACATATTTGGCTTCCT GCCCGTAGCAGACCAGCAT
Cxcr2 GCCCTGACCTTGCCTGTCT TGCACAGGGTTGAGCCAAA
Cxcr3 TACCTTGAGGTTAGTGAACGTCA CGCTCTCGTTTTCCCCATAATC
Cxcrd ACCTCTACAGCAGCGTTCTCATC TGTTGGTGGCGTGGACAATA
Cxcrb GGGCTCCATCACATACAATATGG GAATCTCCGTGCTGTTACTGTAGAAG
Cxcr6é CCGGCAGGCTAAGTGGAA CACCCAAATGAGCAAGCAAA
Cx3crl ATCAGCATCGACCGGTACCT CTGCACTGTCCGGTTGTTCAT
Xcrl CATGACCATCCACCGATACCT GCTGCCCACACACATGATGT
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CHAPTER THREE:
RESULTS -

‘Regulation of activated B cell

differentiation by atypical

chemokine receptor 4’

Please refer to Appendix for published manuscript:
Kara EE et al. Atypical chemokine receptor 4 shapes
activated B cell fate. J. Exp. Med. 5;215(3):801-813 doi:
10.1084/jem.20171067 (2018).
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Abstract: Upon activation, B cells dynamically regulate chemoattractant responsiveness enabling
spatio-temporal access to distinct lymphoid niches that drive their proliferation and differentiation.
Activated B cells can initially differentiate into three functionally-distinct fates: early plasmablasts
(PB), germinal center B (GCB) or early memory B (EBM) cells by mechanisms that remain ill-
defined. Here, we identify a new modality of B cell migration via atypical chemokine receptor 4
(ACKR4), a decoy receptor that binds and degrades CCR7 ligands CCL19/CCL21, that shapes the
fate trifurcation of activated B cells. By restricting initial access to the splenic interfollicular zone
(IFZ), ACKR4 limits the early proliferation of activated B cells, reducing their frequency available
for subsequent differentiation. Consequently, ACKR4-deficiency enhanced early PB, GCB and
EBM cell development in a CCL19/CCL21-dependent and B cell-intrinsic manner. Aberrant
localization to the IFZ by ACKR4-deficient activated B cells enhanced interferon regulatory factor
4 expression guiding their preferential commitment to the early PB lineage. Our results reveal a
novel regulatory mechanism of B cell trafficking via an atypical chemokine receptor that shapes
activated B cell fate.

One Sentence Summary: The atypical chemokine receptor ACKR4 shapes early activated B
cell migration and governs their differentiation fate.

Main Text:

Differentiation of activated B cells during T-dependent antibody responses proceeds down early
plasmablast (PB), germinal center B (GCB) cell and/or early GC-independent memory B (EBM)
cell pathways that differ in their spatio-temporal emergence, cellular longevity and function (/).
Adoption of these fates is controlled to a large extent by B cell trafficking receptors, which are
dynamically regulated following antigen-engagement, enabling access to antigen, interactions
with T cells, and positioning in distinct lymphoid niches that support rapid or durable antibody
production (2).

Recent evidence suggests that a subfamily of atypical chemokine receptors play a key role in
regulation of cellular migration (3). These receptors are uncoupled from classical chemokine
receptor signal transduction machinery, do not induce cell migration, are mainly expressed outside
the hematopoietic compartment, and mediate chemokine removal or redistribution in vivo (3).
Atypical chemokine receptor 4 (ACKR4; gene: Ccril) binds CCR7 ligands CCL19/CCL21 and
regulates their bioavailability in vivo (4-7). CCR7 has been well documented to drive early antigen-
engaged B cell migration toward the T/B interface and interfollicular zone (also known as splenic
marginal zone bridging channel) facilitating their interaction with cognate T cells (8-710). Despite
a previous study indicating that ACKR4 is exclusively expressed in cells of non-hematopoietic
origin from unimmunized mice (//), we identified abundant ACKR4 expression amongst GCB
cells (Fig S1). However, the function of ACKR4 in development of T-dependent antibody
responses is unknown.

To investigate hematopoietic ACKR4 function in humoral immunity, we studied bone-marrow
(BM) chimeric mice with ACKR4-deficiency restricted to the hematopoietic compartment (H-
Cerll”" mice). Deletion of hematopoietic ACKR4 led to an enhanced hapten-specific IgG response
21 days following immunization with the T-dependent antigen 4-hydroxy-3-nitrophenyl acetyl
(NP) conjugated to keyhole limpet hemocyanin (KLH) (Fig. 1A). In response to sheep red blood
cell (SRBC) immunization, H-Cerll”™ mice formed increased frequencies of GCB cells, [gM" and
switched PBs, GC-resident CD4" T cells (CXCR5"PD1"), but exhibited a normal ratio of T
follicular helper (Tryn) to T follicular regulatory (Tgr) cells (Fig. 1B and Fig. S2). Unimmunized



H-Cerll™™ mice also contained greater frequencies of GCB cells and PBs in mesenteric lymph
nodes, which are constitutively active due to chronic stimulation via gut flora (Fig. S3). Similar
results were obtained in BM chimeric mice with ACKR4-deficiency restricted to B cells (Fig. 1C
and Fig. S4). Consistent with exaggerated GC responses, GC output in the form of switched (IgD
) memory B cells was also enhanced in the absence of B cell ACKR4 (Fig S5). We conclude that
B cell expression of ACKR4 limits T-dependent humoral immune responses.

The prominent expression of ACKR4 on GCB cells (Fig. S1), and their expansion in immunized
H-CcrlI™" mice, prompted investigation of ACKR4 function in GC biology. Using a combination
of experimental approaches, we did not find a role for ACKR4 in regulation of GC morphology,
CCL21 abundance surrounding established GCs, dark zone/light zone GCB cell segregation,
somatic hypermutation or affinity maturation (Fig. 1D-H). Thus, in contrast with its elevated
expression in the GC, ACKR4 plays a limited role in these key parameters of GC physiology.
Nevertheless, absence of ACKR4 in B cells enhanced both GCB cell and early PB responses (Fig.
1), leading us to hypothesize that ACKR4 limits early antigen-engaged B cell responses prior to
their initial differentiation. To test this, three independent approaches were utilized.

First, we investigated the cell-intrinsic requirement of ACKR4 in B cell differentiation using three
complementary approaches. In mice reconstituted with an equal mixture of Cerll”™ and WT BM,
ACKR4-deficiency enhanced GCB cell and early PB development relative to concurrently
activated WT cells following SRBC immunization (Fig. 2A and Fig. S6). Thus, despite a lack of
expression amongst early PBs, ACKR4 limits GCB cell and early PB responses in a B cell-intrinsic
manner. These cell-intrinsic differences were independent of aberrant proliferation or apoptosis
amongst Ccrll”™ GCB cells and early PBs at the time of analysis as revealed by BrdU
incorporation, DNA content and Annexin V analyses (Fig. S7). A cell-intrinsic role for ACKR4
was not evident in Ty or Trr development (Fig. S8), indicating that increases in these populations
in H-CerlI™™ and B-cell specific CerlI”” BM chimeric mice (Fig. S2, S4) were secondary to
enhanced B cell responses. To confirm these results, we also studied SRBC-immunized uMT mice
(which lack endogenous B cells) reconstituted with equivalent frequencies of WT and CerlI”” FoB
cells. In keeping with BM chimera analyses, Ccrll” cells accumulated more favorably amongst
GCB cells and early PBs (Fig. S9). The SWygL system was also utilized to assess a cell-intrinsic
role for ACKR4 in antigen-specific PB, GCB and EBM cell development (/2). SWygL B cells
express a B cell receptor with high affinity to the model antigen hen egg lysozyme (HEL) (12).
Genetically marked WT (CD45.1°CD45.27) and Ccrll”™ (CD45.2") SWypL B cells were co-
transferred into CD45.1" recipients and immunized with the reduced affinity HEL mutant HEL*
(12). By day 5, ACKR4-deficient SWygr B cells outcompeted WT in all (PB, GCB and EBM)
differentiated compartments, most notably amongst SWygr, PB responses (Fig. 2B). We conclude
that B cell expression of ACKR4 limits early antigen-engaged B cell differentiation.

Second, we used an approach that allows the isolation of B cell activation and early PB
differentiation in the absence of GCB cell development to determine whether ACKR4 influenced
this differentiation pathway. Immunization with Samonella enterica induces an early T-dependent
IgG2c" PB response, with GC development substantially delayed (~30-35 days) (13, 14). As
reported (/3, 14), GCs were not detected above background by day 7 of the response in either WT
and Cerll”™ mice (Fig. S10A). At this time point, Ccr//”” mice contained increased frequencies of
IgG2c¢" and IgM" PBs in splenic bridging channels and red pulp, more serum anti-Salmonella



IgG2¢, more CXCR5PD1" pre-Tey cells (14), but equivalent liver bacterial burden, indicating
that ACKR4 limits early PB formation in this model, but does not influence peripheral effector T
cell responses to infection (/4, 15) (Fig. S10B-F).

Third, we reasoned that forced expression of ACKR4 prior to antigen-engaged B cell
differentiation would limit their entry into both GCB cell and early PB compartments. To test this,
we generated floxed conditional Ccrl/l ‘knock-in’ mice downstream of the Rosa26 locus
(Rosa26"%" ') and crossed these to mice in which Cre recombinase is driven by the FoB-specific
gene Cd23a (Cd23°) (16). FoB cells in Cd23a“™" . Rosa26"5= """ (hereafter Cd23“"CcriI™®)
mice, expressed functional ACKR4 (Fig. SI1A-D). Transgenic ACKR4 expression in FoB cells
did not alter CCR7 or CXCRS5 expression at rest nor after BCR-stimulation, but inhibited activated
B cell migration toward CCL21, but not CXCL13 (a non-murine ACKR4 ligand (/7)) (Fig. S11E),
consistent with the proposed function of ACKR4 as a regulator of CCR7 biology (4, 5). Supporting
the concept that ACKR4 negatively regulates activated B cell differentiation, in mixed BM
chimeric mice reconstituted with Cd23“"Ccr11™ and WT BM, B cells with transgenic ACKR4
expression contributed less to both GCB cell and early PB compartments (Fig. 2C). This cell-
intrinsic defect was independent of aberrant GCB cell or early PB proliferation or apoptosis at the
time of analysis (Fig. S12). Assessment of S. enterica-immunized puMT mice reconstituted with
equal frequencies of WT and Cerll”™ or Cerll™ FoB cells also demonstrated that cell-intrinsic
ACKR4-deficiency enhanced, whilst forced ACKR4 expression reduced, T-dependent switched
PB development (Fig. S13). Taken together, these data indicate that ACKR4 functions in a B cell-
intrinsic manner to limit early PB, GCB and EBM cell responses prior to the fate trifurcation of
antigen-engaged B cells.

To examine ACKR4-dependent regulation of initial antigen-engaged B cell differentiation in more
detail, we tracked early WT and Ccrl] - SWygr B cell responses to HEL*X using mixed SWygL B
cell transfers. CFSE (carboxyfluorescin succinimidyl ester) dilution profiling revealed a cell-
intrinsic proliferative advantage for ACKR4-deficient SWygp B cells as early as d2 of the response
(Fig. 3A & 3B), which became increasingly apparent by d3 (Fig. 3B). Importantly, the magnitude
of this early advantage for ACKR4-deficient SWypL B cells was largely proportional to their
advantage observed amongst established SWyg, GCB and EBM cell compartments by day 5 of
the response (Fig. 2B). In experiments where WT or CcrlI”™ SWygL B cells were transferred into
separate recipients, ACKR4-deficient SWygL B cells were detected at greater frequencies by d2.5,
and remained more abundant over the first 5.5 days of the response (Fig. 3C). By d5.5, ACKR4-
deficient SWygr B cells had a greater propensity to enter the PB compartment than WT (Fig. 3D,
E and Fig. S14, S15), which was first apparent on d4.5 and translated to a greater serum anti-HEL
IgM and IgG1 response (Fig. 3F & G), seemingly at the expense of GCB cell development (Fig.
3D, H and Fig. S14). Whilst ACKR4-deficient SWyg GCB cell responses appeared equivalent to
WT when assessed as a frequency per spleen, greater numbers of SWyg GCB cells formed in the
absence of ACKR4 (Fig. 3H). Analogous experiments using ACKR4-deficient SWygrw) B cells,
which harbor the HyHEL 10 heavy chain transgene which, when paired with random endogenous
k light chains, generate clones with varying affinities to HEL (/8), yielded equivalent results (Fig.
S14), indicating that preferential PB differentiation in the absence of ACKR4 also occurs in a
system that more closely reflects a polyclonal repertoire. Together, these data indicate that ACKR4
limits early antigen-engaged B cell proliferation in a B-cell intrinsic manner, reducing the
precursor frequency of antigen-engaged B cells available for subsequent PB, GCB and EBM cell
differentiation. In addition, the limiting effect of ACKR4 on early PB responses is most prominent.



BCR affinity and avidity of BCR-mediated activation are key regulators of early PB expansion,
and thus the durability of the early PB response (19, 20). In the SWygL system, immunization with
high affinity HEL protein, or HEL conjugated to SRBCs at a high epitope density (modeling high
avidity B cell activation) enhances SWyg PB expansion and prolongs the early PB response (79,
20). We reasoned that the enhanced early PB response in the absence of ACKR4 may result from
two possibilities: 1) ACKR4 limits the commitment of antigen-engaged B cell precursors to the
early PB lineage; i1) ACKR4 limits the expansion, and thus durability, of an early PB response. To
distinguish these mechanisms, we studied concurrent WT and Ccrll - SWugeL B cell responses to
intermediate (HEL*®) or low (HEL*Y) affinity HEL proteins conjugated to SRBCs at varying
epitope densities (20). Cerll” SWygL B cells preferentially formed PBs and outcompeted WT cells
in the GCB and EBM compartments 5 days post-immunization when either HEL** or HEL** of
equivalent intermediate epitope densities were used (Fig. S15). Conversely, when the epitope
density was reduced, both WT and CcrlI”” SWygL PB responses had abated by the same time point,
however the cell-intrinsic advantage for ACKR4-deficient SWygr GCB and EBM cell
development remained consistent (Fig. S15). These data indicate that B cell expression of ACKR4
suppresses early PB differentiation from antigen-engaged B cell precursors, rather than shaping
the durability of this response.

Within hours of activation, antigen-engaged B cells reposition to the outer follicle via EBI2 (21),
followed by CCR7-directed migration toward the T/B border, and distribution along this interface
via EBI2/CXCRS/CCR?7 to facilitate cognate interactions with pre-Tgy cells (8-10, 21-26). Here,
CCR7 expression wanes, initiating EBI2-mediated migration to interfollicular zones by d2-3 of
the response (10, 19, 21-26). Antigen-engaged B cell localization to the interfollicular zone, rich
in cognate T cells and dendritic cells, promotes initial B cell proliferation and shapes B cell
differentiation fate (22, 24-32). To examine whether ACKR4 influences early antigen-engaged B
cell localization, positioning of ACKR4-deficient SWygr B cell during the evolution of the HEL*X
response was mapped using histology. Within 24 hours, WT SWyg B cells were positioned at the
T/B interface or within the T cell zone (Fig. 4A and Fig. S16). By d2-2.5, the majority of WT
SWyger B cells remained at the T/B interface, although some redistribution to interfollicular zones
or follicle center was apparent (Fig. 4A and Fig. S16). In contrast, by 24 hours, a large proportion
of ACKR4-deficient SWygr B cells were localized in interfollicular zones at the expense of T/B
interface positioning (Fig. 4A and Fig. S16). On d2-2.5, the majority of ACKR4-deficient SWyg,
B cells remained localized in interfollicular zones, with a proportion repositioned to the T/B
interface or follicle center (Fig. 4A and Fig. S16). ACKR4-deficient SWygr B cells were visibly
more abundant than WT SWygp B cells by d2, which became increasingly apparent over the next
60 hours (Fig. 4A and Fig. S16). Whereas WT SWygL B cells largely remained in interfollicular
zones and T/B interface on d3-3.5, a significant proportion of ACKR4-deficient SWygL B cells
were distributed in the outer follicle with the appearance of large SWygr B cell clusters in the outer
follicle and interfollicular zones, and emergence of cells exhibiting a PB phenotype in bridging
channels as early as d3, which became more obvious by d3.5-4.5 (Fig. 4A and Fig. S16). Changes
to the migratory patterns of ACKR4-deficient SWygL B cells were independent of defects in
expression of other key chemoattractant receptors (Fig. S17). These processes were also
independent of changes to costimulatory molecule CD40, anti-apoptotic Bcl-2 expression,
apoptosis or receptors for IL-4, IL-6 or IL-21 (Fig. S18, S19). Thus, in the absence of ACKR4,
antigen-engaged B cells preferentially home to the interfollicular zone early during the humoral
Immune response.



ACKR4 scavenges CCR7 ligands CCL19/CCL21 in vitro and in vivo (4-7). To determine whether
ACKR4-mediated regulation of early B cell responses was dependent on CCL19/CCL21, these
ligands were neutralized in mixed BM chimeras. This revealed that the advantage of ACKR4-
deficient B cells to enter GCB cell and early PB compartments was dependent, at least in part, on

physiological CCL19/CCL21 (Fig. 4B).

B cell differentiation down early PB or GCB cell trajectories is dictated by the concentration-
dependent activity of transcription factors interferon regulatory factor (IRF)4 and IRFS,
respectively (33). As early as d1, ACKR4-deficient SWygr B cells expressed a higher ratio of
IRF4:IRFS relative to concurrent WT SWygp B cells, and this was maintained for the first 3 days
of the response (Fig. 4C). The magnitude of enhanced IRF4:IRF8 content mirrored the duration of
preferential positioning of responding ACKR4-deficient B cells in interfollicular zones over their
WT counterparts (Fig. 4A), suggesting that this initial positioning defect contributes to enhanced
PB formation in the absence of ACKR4. Together, these data suggest that in the absence of
ACKR4, antigen-engaged B cells initially preferentially home to interfollicular zones at the
expense of T/B interface positioning, resulting in enhanced proliferation, increased IRF4:IRF8
content and preferential early PB differentiation.

Our results identify a novel regulatory modality of B cell migration, via the atypical chemokine
receptor ACKR4, that shapes the early fate trifurcation of activated B cells. Spatio-temporal
regulation of chemoattractant responsiveness following antigen-engagement guides the activation,
proliferation and differentiation of rare antigen-specific B cells, and thus governs success of
humoral immunity (2). CCR7 drives activated B cell homing toward the T/B interface, but also
contributes, together with EBI2, to the positioning of cells in interfollicular niches (8-10). Our data
support a model in which ACKR4, a scavenger of CCR7 ligands CCL19 and CCL21, limits the
initial localization of activated B cells to the interfollicular zone. ACKR4-dependent tuning of
antigen-engaged B cell migration limits the early expansion of these cells and balances their
subsequent distribution into early PB, GCB and EBM cell fates. We speculate that such a
mechanism may serve to restrict clonal dominance early during the response, preserving the clonal
diversity of activated B cell precursors available to seed these differentiated compartments.
Further, our data support recent reports that describe the interfollicular zone as an important niche
that fosters early PB commitment by mechanisms that remain unknown (22, 30). Our results are
the first, to our knowledge, to describe an in vivo cell-intrinsic role for an atypical chemokine
receptor in lymphocyte biology, and further our understanding of the cellular events that govern
antibody production, which is critical moving forward toward the rational design of protective
vaccines with higher therapeutic indices.
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Fig. 1. B cell expression of ACKR4 limits T-dependent humoral immunity. (A) Serum NP-
specific IgG1 responses day 21 post NP-KLH immunization in lethally-irradiated B6.Ly5.1 mice
reconstituted with B6 (H-WT) or B6.CcriI”™ (H-Ccrll™) bone marrow (BM). (B) GCB cell, IgM"
and switched PB responses in H-WT and H-Ccrl/ " mice immunized with SRBC. (C) GCB cell,
IgM" and switched PB responses in lethally-irradiated B6.Ly5.1 mice reconstituted with a mixture
of BM derived from B6.uMT (80%) and B6 (20%; B6.uMT:B6) or B6.Ccrll”™ (20%;
B6.uMT:B6.Ccrll”") immunized with SRBC. (D) GC morphology or surrounding CCL21
abundance is unaltered in the absence of hematopoietic ACKR4. Representative histology of BCL-
6" GCs (blue) amongst IgD" (white) B cell follicles and CD3" (red) T cell zones in mesenteric LNs



of H-WT and H-CcriI”™ mice. Right, IgD and CCL21 staining; Middle, IgD, BCL6 and CCL21
staining; Left, all stains merged. 20X magnification. (E) WT (CD45.1°CD45.2%) and Cerll™
(CD45.2") SWyup B cells were co-transferred into B6.Ly5.1 (CD45.17; n=5) recipients,
immunized with HEL**-SRBC and analyzed 9 days later. Representative flow cytometric analyses
of concurrent WT and Ccerll”™ SWyg. GCB cell (CD45.2"B220°CD138 Igk 'HEL 'GL7") dark zone
(DZB; CXCR4"CD86') and light zone (LZB; CXCR4"°CD86™) phenotypes. DZB:LZB ratio of
each genotype per recipient. (F) Total mutation (left) and high affinity W33L mutation (right)
frequency per V;;186.2 gene segment in individual WT and Cer/I” NP IgG1™ GCB cells d14 post
NP-KLH immunization. (G) Serum NP3, and NPs specific IgG1 responses expressed as an
NPs:NP3, ratio (3000 sera dilution) from mice in (A). (H) WT (CD45.1°CD45.27) and Cerll™
(CD45.2") SWygr B cells were co-transferred into B6.Ly5.1 (CD45.1") mice, immunized with
HEL**-SRBC and analyzed d9 post-immunization. Plots show concurrent WT and CerlI™ Igk"
SWyer GCB cells with high (top diagonal gate) and low (bottom diagonal gate) affinity to HEL**
(top); or HEL**-binding which reflects high affinity responding GCB cells to HEL** (bottom).



Paired analyses of HEL** high affinity:global affinity (left) and HEL**:HEL**-binding (right) is
shown.
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Fig. 2. ACKR4 limits early B cell differentiation in a B cell-intrinsic manner. (A) Mixed BM
chimeras were generated with an equal mixture of B6.Ly5.1 (CD45.17) and B6 (CD45.2") or
B6.Ccrll”™ (CD45.27) BM. Representative plots of CD45.2" cells amongst FoB cell, GCB cell and
early PB post SRBC immunization. Graphs show the contribution of CD45.2" cells amongst GCB
or PB populations relative to CD45.2" cells amongst concurrent FoB cells. (B) WT
(CD45.1°CD45.2") and Ccrll”™ (CD45.2") SWyeL B cells were co-transferred into B6.Ly5.1
(CD45.1") mice and immunized with HEL**-SRBC (n=4) or mock-conjugated SRBCs (Mock-
SRBC; n=3). Contribution of WT and Cerll™ cells to SWur GCB (CD45.2+CD138'



B220"Igk HEL'GL7"), EBM CD45.2°CD138'B220'Igk ' HEL"GL7) cells, and PB
(CD45.2°CD138"B220" Igk 'HEL") populations d5 post immunization. Mean KO:WT input ratio
was determined from Mock-SRBC immunized mice. Graph shows KO:WT ratio amongst SWygL
GCB, EBM and PB divided by KO:WT input ratio. (C) Mixed BM chimeras were generated with
an equal mixture of B6.Ly5.1 (CD45.17) and B6 (CD45.2") or B6.Cd23““Ccrl1™ (CD45.2") and
analyzed as in (A). (A and C) Each dot represents an individual mouse; middle graphs: paired
two-tailed Student’s ¢-test, right graph: unpaired two-tailed Student’s #-test. (B) Unpaired two-



tailed Student’s #-test. (A-C) Data are representative of at least 2 independent experiments;
*p<0.05; ***p<0.001; ****p<0.0001.
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Fig. 3. ACKR4 shapes the fate trifurcation of activated B cells. (A and B) WT
(CD45.1°CD45.2") and Ccrll”™ (CD45.27) SWyeL B cells were co-transferred into B6.Ly5.1
(CD45.1") mice and immunized with HEL**-SRBC. (A) CFSE dilution profiles of concurrent WT
and Cerll”™ SWygL B cells (CD45.2°CD138'B220 gk 'HEL") day (d) 2 post immunization (n=5).
Undivided cells were analyzed from Mock-SRBC immunized recipients. (B) WT:Ccrll - SWxuEeL
B cell ratio over the first 3 days of the HEL**-SRBC response. (C-H) WT or Cerll”™ (CD45.27)
SWygr B cells were transferred into B6.Ly5.1 (CD45. 1+) mice and immunized with HEL**-SRBC.
(C) Frequency of SWygL B cells (CD45.2 Tgk HEL") per 10° splenocytes. (D) Representative
plots of SWygr PB, GCB and EBM cell responses d5.5 post immunization. Plots are pre-gated
CDA45.2"Tgx 'HEL". Numbers indicate the frequency of total SWygr B cells (meants.e.m.). (E)
Representative histology of the SWygr B cell response d5.5 post immunization; 10X
magnification. (F) Frequency of SWygr PBs per 10° splenocytes. (G) Anti-HEL IgM and IgG1
serum concentration as determined by ELISA. (H) Frequency per 10° splenocytes and total number



of SWyeL EBM and GCB cell responses d5.5 post immunization. (A-H) Data are representative
of 2 independent experiments; meants.e.m.; unpaired two-tailed Student’s ¢-test. *p<0.05;
**p<0.01; ***p<0.001.
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Fig. 4. ACKR4 shapes early antigen-engaged B cell migration and differentiation via
CCL19/CCL21. (A) WT or Ccerll - SWugeL B cells were transferred into B6.LyS5.1 recipients and
immunized with HEL**-SRBC. Representative histology of responding SWygr B cells in the



spleen days 1, 2, 2.5, 3, 3.5 and 4.5 post immunization. Quantification of SWygr B cell frequency
per splenic region is shown for days 1, 2 and 2.5 as described in Online Methods. Magnification
10X. Blue = IgD, Green = HEL-binding, Red = CD4. (B) WT (CD45.1°CD45.2") and Cerll™
(CD45.2") SWyg B cells were co-transferred into B6.Ly5.1 (CD45.1") mice and immunized with
HEL**-SRBC. Left, middle graphs: Fold change in geometric MFI of IRF4 and IRFS8 staining
between WT or CerlI” SWygL B cells (CD45.2"B220 Igk 'HEL") and concurrent endogenous FoB
(CD45.2°CD45.1"B220 1gD"™). Right graph: IRF4:IRF8 ratio was calculated as described in
Online Methods. (C) Mixed BM chimeras were generated with 80% BM derived from B6.Ly5.1
(CD45.17) and 20% BM derived from B6 (CD45.2") or B6.Ccrll”™ (CD45.27). Mice were
administered polyclonal rabbit sera containing 500 pg anti-CCL19 and 500 pg anti-CCL21 or 1
mg normal rabbit IgG (NRIgG) intraperitoneally on days -1, 0, 2 and 4. Mice were intraperitoneally
immunized with SRBC on day 0 and analyzed 5 days later. Frequency of CD45.2" cells amongst
GCB cells or early PB divided by the frequency of CD45.2" cells amongst concurrent FoB cells.
(B and C) Each dot represents an individual mouse; mean+s.e.m.; unpaired two-tailed Student’s
t-test; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Fig. S1: GCB cells express ACKRA4. (A) Quantitative PCR analysis of Ccrl1 transcript abundance
in sorted FoB, GCB cells and early PB d5 post SRBC immunization (meants.e.m.; n=5). Data are
presented relative to housekeeping gene Rplp0 and are representative of 3 independent
experiments. (B) GCB cells express surface ACKR4. Representative histogram of CCL19-Fc
staining on GCB cells from d5 SRBC immunized B6 (ACKR4 and CCR7 staining), B6.Ccr7-
(ACKR4 staining), B6.Ccrl1”- (CCR7 staining) and B6.Ccr7”-.Ccrll”- (no ACKR4/CCR7
staining). Geometric mean fluorescence intensity (Geo. MFI) of CCL19-Fc staining on FoB, GCB



and early PB is shown. (C) Confirmation of CCL19-Fc strategy to detect surface ACKR4. Geo.
MFI1 of CCL19-Fc staining on B6.Ccr7”- (n=5) GCB cells pre-incubated with the ACKR4 ligands
CCL21/CCL25, or the non-ACKR4 ligands CXCL12/CXCL13 relative to B6.Ccr7--.Ccrl1”- (n=5)
GCB cells. (B and C) Representative of 2 independent experiments; meants.e.m.; one-way
ANOVA with Bonferroni multiple comparisons test; *p<0.05; **p<0.01; ***p<0.001;
****p<0.0001.
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Fig. S2: Hematopoietic ACKR4 limits GC CD4* T cell responses. (A and B) Representative
flow cytometric analysis (A) and quantitation (B) of germinal center CD4* T helper (GC CD4")
cells (B220°CD4*CD44"CXCR5"PD1M), segregated into Foxp3- Trn and Foxp3* Trr cell
populations in H-WT (n=8) and H-Ccrl17- (n=8) BM chimeric mice (generated as in Fig. 1A) d5
post SRBC immunization. (C and D) Total number of Trx (C) and Ter (D) cells. (E) Ten:Ter ratio
per mouse. (A-D) Representative of 2 independent experiments; each dot represents an individual
mouse; meants.e.m.; unpaired two-tailed Student’s t-test; *p<0.05; **p<0.01; ***p<0.001.
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Fig. S3: Hematopoietic ACKR4 limits chronic GCB cell and PB responses in mesenteric
lymph nodes. (A and B) Representative flow cytometric analysis and quantitation of GCB cells
(A) and PB (B) in mesenteric lymph nodes (mesLN) of H-WT (n=8) and H-Ccrl1”- (n=8) BM
chimeric mice (generated as in Fig. 1A). Representative of 2 independent experiments; each dot
represents an individual mouse; meants.e.m.; unpaired two-tailed Student’s t-test; **p<0.01;
***p<0.001.
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Fig. S4: B cell ACKRA4 limits GC CD4* T cell responses. (A-C) Number of GC CD4* T helper
(B220"CD4*CD44"CXCR5"PD1M) cells (A), Foxp3~ Trn (B) and Foxp3* Trr (C) cells in
B6.uMT:B6 (n=7) and B6.uMT:B6.Ccrl1”- (n=7) BM chimeric mice (generated as in Fig. 1C) d5
post SRBC immunization. Representative of 2 independent experiments; each dot represents an
individual mouse; meants.e.m.; unpaired two-tailed Student’s t-test; *p<0.05.



Fig. S5
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Fig. S5: B cell ACKR4 limits memory B cell generation. B6.uMT:B6 (n=7) and
B6.uMT:B6.Ccrl1”- (n=8) BM chimeric mice were generated as described in Fig. 1C and
immunized with NP-KLH i.p.. Representative flow cytometric analysis of splenic NP-specific
memory B cells (B220*NP*CD38*IgD"GL7") 42 days post immunization. Graphs show the
frequency of NP-specific memory B cells per spleen (left), amongst all B220* cells (middle) and
total number. Representative of 2 independent experiments; each dot represents an individual
mouse; meants.e.m.; unpaired two-tailed Student’s t-test; *p<0.05.
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Fig. S6: ACKR4 limits early B cell differentiation in a B cell-intrinsic manner. (A) Mixed BM
chimeric mice were generated by transferring 80% BM derived from B6.Ly5.1 (CD45.1%) with
20% from B6 or B6.Ccrll” (CD45.2*) into lethally-irradiated B6.Ly5.1 recipients (input
chimerism ratio - 4:1 WT:KO). Representative histograms of CD45.2* cells amongst concurrent
FoB cell (B220*IgD"GL7Fas’), GCB cell (B220*IgD"GL7*Fas*) and early PB (B220'°-CD138")
compartments d5 post SRBC immunization. Graphs show the frequency of CD45.2* cells amongst
GCB (left) or PB (right) divided by CD45.2* cells amongst concurrent FoB cells. (B) Mixed BM
chimeric mice were generated and analyzed as in (A) using 20% BM derived from B6.Ly5.1 with
80% from B6 or B6.Ccrl1” (input chimerism ratio — 1:4 WT:KO). (A-B) Each dot represents an
individual mouse; n=6 per group; unpaired two-tailed Student’s t-test; **p<0.01; ***p<0.001;
****p<0.0001.
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Fig. S7: ACKR4 does not alter GCB cell or early PB proliferation and apoptosis. 1:1 WT:KO
mixed BM chimeric mice were immunized with SRBCs. On day 5, mice were administered 2 mg
BrdU i.p. 5 hours prior to euthanasia. (A) Representative flow cytometric analysis of BrdU* cells
amongst concurrent CD45.2° (B6.Ly5.1) and CD45.2* (B6 or B6.Ccrll”) GCB cells. (B)
Representative flow cytometric analysis of DNA content (7AAD) in concurrent CD45.2"
(B6.Ly5.1) and CD45.2* (B6 or B6.Ccrl1”) GCB cells. Gated are cells in S-G2-M phase of the
cell-cycle. (C) Representative flow cytometric analysis of Annexin V and Live/Dead staining
amongst concurrent CD45.2" (B6.Ly5.1) and CD45.2* (B6 or B6.Ccrl1”-) GCB cells. AV*LD* -
apoptosed; AV*LD- apoptotic at time of analysis. (D) Representative flow cytometric analysis of
BrdU* cells amongst concurrent CD45.2- (B6.Ly5.1) and CD45.2* (B6 or B6.Ccrl1”) PB. (E)
Representative flow cytometric analysis of Annexin V and Live/Dead staining amongst concurrent
CD45.2 (B6.Ly5.1) and CD45.2* (B6 or B6.Ccrl1”) PB. AV*LD" - apoptosed; AV*LD- apoptotic
at time of analysis. (A-D) Data are representative of 6 chimeric mice per experimental group. Data
are representative of 2 independent experiments.
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Fig. S8: ACKR4 does not alter GC CD4* T cell responses cell-autonomously. Mixed BM
chimeric mice were established as described in Fig. 2A. (A) Representative flow cytometric gating
strategy identifying naive CD4* T cells (B220-CD4*CXCR5CD44"°Foxp37), thymic-derived T
regulatory (tTreg) cells (B220°CD4*CXCR5Foxp3*Nrpl®), T follicular helper (Trn) cells (B220-
CD4*CXCR5"PD1MCD44"Foxp3) and T follicular regulatory (Ter) cells (B220-
CD4*CXCR5"PD1MCD44"Foxp3*). (B) Representative histograms of CD45.2* cells amongst
concurrent naive CD4* T cell and Trn compartments d5 post SRBC immunization. (C)
Representative histograms of CD45.2* cells to concurrent tTreg cell and Trr compartments d5 post

SRBC immunization. (A-C) Data are representative of 6 chimeric mice per experimental group.
Data are representative of 2 independent experiments.
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Fig. S9: ACKR4 limits GCB cell and early PB formation in a mixed FoB cell reconstitution
chimeric model. (A) Schematic of experimental protocol. Splenocytes containing equivalent
frequencies of B6.Ly5.1 (CD45.1%) and B6 or B6.Ccrl1”- (CD45.2*) FoB cells (107/genotype)
were transferred into B cell-deficient B6.uMT mice and immunized 10 day(d)s later with SRBCs.
(B) Representative flow cytometric analysis of CD45.2* cells amongst concurrent FoB cells
(B220*1gD"GL7Fas’), GCB cells (B220*IgD-GL7*Fas*) and PB (B220"-CD138*u*) d5 post
SRBC immunization. Numbers indicate meants.e.m. Paired two-tailed Student’s t-test; **p<0.01;
***p<0.001.
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Fig. S10: ACKR4 limits early PB responses to Salmonella enterica infection. WT and Ccrl1”
mice were challenged intraperitoneally with 106 CFU log-phase Salmonella enterica or vehicle
(PBS) and analyzed 7 days later (unless otherwise indicated). (A) Representative flow cytometric
analysis and quantitation of splenic GCB cells. (B) Representative flow cytometric analysis and
quantitation (% of spleen and total number) of splenic IgM* and IgG2c* PBs. (C) Representative
histology (representative image per independent experiment) of 1IgG2c* and IgM* PB responses.
10X magnification. (D) Serum anti-Salmonella 1gG2c as determined by ELISA. (E)



Representative flow cytometric analysis and quantitation of splenic pre-Tru cells (B220
CD4*CD44"PD1'°CXCR5"). (F) Liver bacterial burden (CFU/liver) day 12 post challenge. (A-F)
Representative of 2 independent experiments. (A-D and F) PBS — B6: n=4, Ccrll’: n=3,
Salmonella — B6: n=7, Ccrl1”-: n=5. (E) Samples pooled from 2 independent experiments. PBS —
B6: n=8, Ccrl1”-: n=7, Salmonella — B6: n=14, Ccrl1”-: n=11. (A, B, E and F) Each dot represents
an individual mouse. (A, B and D-F) Meanzs.e.m.; unpaired two-tailed Student’s t-test; *p<0.05;
**p<0.01; ***p<0.001.
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Fig. S11: Generation and validation of Cd23a®"*.Rosa26-S--Ccll/+ (Cd23¢reCcrl1T9) mice. (A)
B6.Ccrl1T9 targeting strategy. (i) Ccrl1™ construct; (ii) WT Rosa26 locus; (iii) Targeted Rosa26
locus; (iv) Targeted Rosa26 locus after Cd23-Cre-mediated recombination. loxP:loxP - targets for
Cre-mediated recombination; Puro-STOP — puromycin resistence gene followed by STOP cassette
(transcriptional pause sequence with 2 polyA sites); IRES — internal ribosome entry site; Bgeo —
fusion of B-gal and neomycin resistance cDNA; PGK-DTR — diphtheria toxin receptor control by
the PGK promoter. (B) Quantitative PCR analysis of Ccrl1 transcript abundance in FACS-purified
marginal zone B (MZB) cells and follicular B (FoB) cells (gated as shown in (D)) from B6 and
B6.Cd23¢"Ccrl1™ mice (meants.e.m.; n=3). Data presented relative to housekeeping gene Rplp0.
(C) CCL19 scavenging assay. Purified FoB cells from B6 (n=3) or B6.Cd23°"Ccrl17 (n=3) mice
were incubated with 10 or 5 ng/ml recombinant CCL19 for 3 hours at 37 degrees. CCL19
concentration in cell-free supernatants were determined by ELISA. Samples with no addition of
cells (chemokine only) were used to determine input CCL19 concentration. One-way ANOVA
with Bonferroni multiple comparisons test. (D) Forced ACKR4 in B cells does not alter MZB and
FoB cell frequency. Representative flow cytometric analysis of MZB and FoB cell frequency in
spleen of B6 (n=3) and B6.Cd23°"®Ccrl17 (n=3). (E) Representative flow cytometric analysis of
CCR7 and CXCRS5 expression on unstimulated (rested overnight) and BCR-stimulated (anti-IgM
5 upg/ml; 24 hours) B6 and B6.Cd23°Ccrll™ B cells. (F) BCR-stimulated B6 and
B6.Cd23¢Ccrl1™ B cell transwell chemotaxis to CCL21 and CXCL13. Unpaired two-tailed
Student’s t-test. (C and F) *p<0.05; **p<0.01; ***p<0.001.
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Fig. S12: Aberrant proliferation/apoptosis does not account for reduced GCB cell and early

PB responses in ACKR4 transgenic B cells



(A) Proliferation of Cd23¢Ccrl1™ and control GCB cells and early PB was assessed by
administering a single dose of BrdU (2 mg/mouse i.p.) to mixed bone marrow (BM) chimeras
(from Fig. 2C) 5 hours prior to euthanasia. Left and middle graphs: BrdU* cells amongst
Cd23¢reCcrl179 and control GCB cell (top) and early PBs (bottom). Right graph: data are presented
as % BrdU* amongst CD45.2* GCB cells or early PBs divided by % BrdU* amongst concurrent
CD45.2- GCB cells or early PBs. (B) Left and middle graphs: Ki67* cells amongst Cd23¢Ccrl179
and control early PBs from mixed BM chimeras. Right graph: data are presented as % Ki67*
amongst CD45.2* early PBs divided by % Ki67* amongst concurrent CD45.2" early PBs. (C) Left
and middle graphs: Annexin V (AV)* cells amongst Cd23¢"Ccrl179 and control GCB cells (top)
and early PBs (bottom) from mixed BM chimeras. Right graph: data are presented as % AV*
amongst CD45.2" GCB cells or early PBs divided by % AV* amongst concurrent CD45.2". Each
dot represents an individual mouse; meanzs.e.m.; paired (left and middle graphs) or unpaired (right
graph) two-tailed Student’s t-test; *p<0.05; **p<0.01.



Fig. S13

A B6.Ly5.1 (50%)
B6 (50%) or
BB.Ccri1+(50%) or 10° CFU log-phase
B6.Cd23°*Ceri1™ (50%) Saimoneila
lw Analysis
8 W
% Rest 7d d7 d14
B6.uMT
B
Naive FoB swPB
(8220°1gD°)  (lgDB220*cytoy’)
4 52.0+ 61.1%
2.05 0.94
B6.Ly5.1 +
B6 (CD45.2)
53.4% 77.8+ [
1.61 1.84
: B6.Ly5.1 +
B6.Ccri1" (CD45.2)
3 .
)
E 1007 47 .8+ 38.3¢
B m: 1.66 1.88
£« B6.LyS5.1 +
js‘ o B6.Cd23%¢Ccri1™ (CD45.2)
> 20
w

o
¥

4 $
XD, 10 10

CD45.2 >

0

Fig. S13: ACKR4 shapes early PB responses to Salmonella enterica infection in a B cell-
intrinsic manner. (A) Schematic of experimental protocol. Splenocytes containing equivalent
frequencies of B6.Ly5.1 (CD45.1*) and B6, B6.Ccrll” or B6.Cd23%Ccrl1™ (CD45.2%;
n=5/genotype) FoB cells (107/genotype) were transferred into B cell-deficient mice (B6.uMT) and
challenged intraperitoneally 7 days later with 106 CFU log-phase Salmonella enterica. (B)
Representative flow cytometric analysis of CD45.2* cells amongst FoB cells and switched
plasmablasts (swPB) 7 days post challenge. Numbers indicate means.e.m.. Data were analyzed
using the following formula: % CD45.2* amongst swPB/% CD45.2* amongst concurrent FoB.
These values were then statistically examined using a one-way ANOVA with Dunnett’s multiple
comparison test relative to B6.Ly5.1:B6 control group. *p<0.05; ***p<0.001.
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Fig. S14: ACKR4 limits SWreLH) B cell responses. (A) Splenocytes from unimmunized
B6.SWHeLH) (n=4) and B6.SWHeL).Cerll”~ (n=4) mice were incubated with HELWT (200 ng/ml)
prior to detection of HEL-binding cells using HyHEL9 monoclonal antibody. Representative plots
illustrate equivalent frequencies of high (top gate) and intermediate/low (bottom gate) affinity
SWheLH) B cells between WT and Cerll”- SWreLr) mice. (B-E) WT or Cerll”- SWHeL) B cells
(CD45.2%) were transferred into B6.Ly5.1 (CD45.1") recipients, immunized with HELWT-SRBC
and analyzed 5 days later. (B) Frequency of SWreLH) B cells (CD3'CD45.2*1gk*HEL™) in EBM
cell, GCB cell and early PB compartments determined using two flow cytometric gating strategies.
Gating strategy 1: EBM: (CD3CD45.2*CD138'B220*Igk*HELMGL7), GCB: (CD3
CD45.2*CD138'B220*Igk*HEL*GL7*), PB: (CD3-CD45.2*Igk*HEL*CD138*B220'°"); Gating
strategy 2: EBM: (CD3'CD45.2* Igk*B220*HELM), GCB: (CD3:CD45.2*Igk*B220*HEL'"?), PB:



(CD3CD45.2*Igk* B220""HEL). (C) Frequency of SWreL EBM cell, GCB cell and PBs (gating
strategy 1) per 108 splenocytes and total number per spleen. (D) Representative histology of WT
and Ccrl1”- SWheLn) B cell responses. 10X magnification. (E) Serum anti-HELYWT IgG responses
as determined by ELISA. (B-F) Data pooled from 2 independent experiments B6.SWHeL(H): n=9,
B6.SWHeLH).Cerl17-: n=10. (B and C) Each dot represents an individual mouse. (B, C and E)
Meants.e.m; unpaired two-tailed Student’s t-test; *p<0.05; **p<0.01; ***p<0.001;
****p<0.0001.
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Fig. S15: ACKR4 limits early PB differentiation. WT (CD45.1*CD45.2*) and Cecrll”
(CD45.2%) were co-transferred into B6.Ly5.1 (CD45.1%) recipients and immunized with HEL?*
(intermediate affinity) or HEL3X (low affinity) conjugated to SRBCs at varying epitope densities.
Input ratio was determined from Mock-SRBC immunized mice. (A) HEL?* or HEL®* were
conjugated to SRBCs at intermediate (black histogram; 100 pg/ml; SRBC™) and low (grey
histogram; 5 pg/ml; SRBC'°) epitope densities and detected using HYHEL9 monoclonal antibody.
Mock-conjugated SRBCs (open histogram) are shown for comparison. (B) Representative flow
cytometric analysis of SWueL PB responses 5 days post immunization. (C) Fold differences
between concurrent Ccrll” and WT SWheL B cell responses was determined by dividing the
KO:WT ratio amongst SWhee EBM (CD45.2*lgkt CD138'B220*HELMGL7) or GCB
(CD45.27Igk*CD138'B220*HEL*GL7") cells from HEL-SRBC immunized mice (day 5) with the
input KO:WT ratio from Mock-SRBC immunized mice. (B and C) n=4/condition; meants.e.m.;
one-way ANOVA with Bonferroni multiple comparisons test.



Fig. S16
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Fig. S16: Ccrll”- SWHeL B cells favorably localize to interfollicular zones early during the
evolution of the HEL?*-SRBC response (related to Fig. 4A). Additional representative images
of WT and Ccrl1”- SWheL B cell responses day (d) 1, d2, d2.5, d3, d3.5 and d4.5 post HEL?*-
SRBC immunization (related to Fig. 4A). 10X magnification. Blue = IgD, Green = HEL-binding,

Red = CDA4.
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Fig. S17: ACKR4 does not alter antigen-engaged B cell expression of key chemoattractant
receptors. WT (CD45.1*CD45.2%) and Ccrl1”- (CD45.2*) SWHeL B cells were co-transferred into
B6.Ly5.1 (CD45.1*) recipients and immunized with HEL?X-SRBC. Day 1-3: Representative
histograms of concurrent WT (red) and Ccrl1”- (blue) SWreL B cell (CD45.2*B220*Igk*HEL")
expression of CCR7, CXCR5, CXCR4 and EBI2 relative to concurrent endogenous FoB cells
(CD45.2°CD45.1*B220*1gD"; filled grey). Day 5: chemoattractant receptor expression on SWHeL
PB, EBM and GCB cells. Graphs show fold change in geometric mean fluorescence intensity (Geo.
MPFI) of chemoattractant receptor expression between WT or Ccrl1”- SWHeL B cells and concurrent
endogenous FoB cells. Each dot represents an individual mouse (n=4); meanzs.e.m.; unpaired two-
tailed Student’s t-test. *p<0.05.
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Fig. S18: ACKR4 does not alter IL-4, IL-6 or IL-21 receptor expression on antigen-engaged
B cells. WT (CD45.1*CD45.2*) and Ccrl1” (CD45.2*) SWHeL B cells were co-transferred into
B6.Ly5.1 (CD45.1%) recipients and immunized with HEL?*-SRBC. Day 1-3: Representative
histograms of concurrent WT (red) and Ccrl1”- (blue) SWreL B cell (CD45.2*B220*Igk*HEL")
expression of IL-4R (CD124), IL-6R (CD126) and IL-21R (CD360) relative to concurrent
endogenous FoB cells (CD45.2:CD45.1*B220*IgD"; filled grey). Day 5: cytokine receptor
expression on SWxeL PB, EBM and GCB cells. Graphs show fold change in geometric mean
fluorescence intensity (Geo. MFI) of cytokine receptor expression between WT or Ccrll” SWHeL
B cells and concurrent endogenous FoB cells. Each dot represents an individual mouse (n=4);
meants.e.m.; unpaired two-tailed Student’s t-test; *p<0.05.
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Fig. S19: Measures of early B cell activation and apoptosis are not altered by ACKR4. WT
(CD45.1*CD45.2*) and Ccrll” (CD45.2*) SWreL B cells were co-transferred into B6.Ly5.1
(CD45.1%) recipients and immunized with HEL?X-SRBC. (A) Day 1-3: Representative histograms
of concurrent WT (red) and Ccrl1”- (blue) SWHeL B cell expression of CD40, B cell lymphoma
(BCL)2 and Annexin V (AV) relative to concurrent endogenous FoB cells (CD45.2
CD45.1*B220*1gD""; filled grey). Day 5: CD40, BCL2 and AV staining on SWreL PB, EBM and
GCB cells. CD40 and BCL2: Graphs show fold change in geometric mean fluorescence (Geo.
MFI) intensity of CD40 and BCL2 expression between WT or Ccrl1”- SWreL B cells and
concurrent endogenous FoB cells. AV: Graphs show frequency of indicated population that are
AV*. Each dot represents an individual mouse (n=4); meanzs.e.m.; unpaired two-tailed Student’s
t-test.



Materials and Methods:
Mice

All mice were on the C57BI/6J background and housed in a specific pathogen-free environment at
Laboratory Animal Services, University of Adelaide (unless indicated otherwise). C57BI/6 (B6)
and B6.Ly5.1 were purchased from the Animal Resource Center (WA, Australia) or were from
internal colonies. B6.Ccrl1”-, B6.Ccr7/-, B6.SWHeL (provided by R. Brink) and B6.uMT mice
were from internal colonies. B6.Ccr7--.Ccrll”-, B6.SWHeL.Ly5.1/Ly5.2 (CD45.1*CD45.2*) and
B6.SWHeL.Ccrl1”- mice were generated and maintained in house. B6.Cd23¢" mice were provided
by D. Tarlinton (with permission from M. Busslinger). B6.Cd23°"Ccrl1™ mice were crossed and
maintained in house. B6.SWHeL) and B6.SWHeL).Ccrl1”- mice were generated by breeding out
the V10 light chain transgene from B6.SWreL and B6.SWheL.Ccrl1”- mice, respectively. Male
and female mice between the ages of 6-12 weeks were used in experiments. Mice in each
experiment were age and gender matched. All experiments were conducted in accordance to the
guidelines outlined by the Animal Ethics Committee at the University of Adelaide.

Bone-marrow chimeras

Recipient mice were lethally irradiated with 1000 Rads (2 doses, 500 Rads) and reconstituted with
4-5x106 total bone marrow cells i.v. of genotypes indicated in-text. A minimum of 8 weeks was
allowed for reconstitution prior to experimentation.

Transfers, immunizations and BrdU treatment

T-dependent humoral immune responses were induced using 2x10° sheep red blood cells (SRBC;
Applied Biological Products) or 50 pg NP-KLH (Biosearch Technologies) precipitated in alum
(AnalaR) i.p..

HEL?* (R73keLE, D101HeLR mutant) and HEL®X (R211eLQ, R73HELE, D101rELR mutant) with
varying affinities to HyHEL10 (12) were obtained from R. Brink. HEL'WT was purchased from
Sigma. Conjugation of HEL to SRBCs was performed as described previously (12). Unless
otherwise indicated, HEL conjugation to SRBCs was performed using 100 pg/ml HEL. Successful
conjugation was confirmed using HyHEL9 monoclonal antibody (12) prior to immunization.
Unless otherwise indicated, splenocytes or MACS-purified FoB cells (CD43 Negative Isolation
Kit, Miltyeni Biotech) from B6.SWHeL or B6.SWweL.Ccrl1”- mice containing 10° HEL-binding B
cells were transferred i.v. into B6.Ly5.1 recipient mice. The next day, recipient mice were
immunized i.v. with 10° HEL conjugated SRBCs. For SWHeLH) experiments, splenocytes
containing 5x10* HEL-binding B cells from B6.SWHeLH) or B6.SWHeL).Cerll”- mice were
transferred i.v. into B6.Ly5.1 recipient mice which were immunized the next day with 5x108
HELWT-SRBCs i.v..

For B6.uUMT reconstitution experiments, splenocytes containing 107 FoB cells of each genotype
were transferred i.v. and allowed to reconstitute for 7-10 days prior to immunization.



For assessment of proliferation in the SWHeL system, splenocytes containing SWHeL B cells were
CFSE loaded as previously described (34) prior to transfer and immunisation as described above.

For BrdU experiments, 2 mg BrdU (Sigma-Aldrich) in 0.85% saline was injected i.p. 5 hours prior
to euthanasia.

Salmonalla enterica immunization

Salmonella enterica serovar Dublin strain SL5440, an avirulent aroA deletion derivative of wild
type S. eneterica serovar Dublin strain SL2972 (35), was obtained from Prof. Renato Morona
(University of Adelaide, Australia). SL5440 was grown in Luria-Bertani (LB) medium overnight
(37°C, 5% CO2). Mice were immunized with 106 CFU (from log-phase culture) i.p.. Inoculation
dose was confirmed retrospectively by serial dilution and plating of inocula on LB agar overnight.
Control groups were administered endotoxin-free PBS. Liver bacterial load was measured by
homogenising livers in Ceramic Bead Tubes (2.8 mm; MoBio) containing LB medium and plating
in serial dilutions onto LB agar.

Histology

For assessment of SWHeL B cell responses by histology (days 1-2.5), 5x10° HEL-binding B cells
from B6.SWHeL or B6.SWHheL.Cerll”- mice were transferred i.v. into B6.Ly5.1, which were
immunized with 2x10° HEL>*-SRBC i.v. the next day.

For assessment of SWHeL B cell responses by histology (days 2.5-5.5), 2x10° HEL-binding B cells
from B6.SWheL or B6.SWheL.Ccrl1” mice were transferred i.v. into B6.Ly5.1, which were
immunized with 10° HEL?*-SRBC i.v. the next day.

Organs were frozen in Tissue-Tek OCT embedding medium (Sakura Finetek). Cryostat sections
(8 um) were fixed in ice-cold acetone and stained as previously described (36). For detection of
HEL-binding B cells, sections were first blocked with 30% normal horse serum and incubated with
HELWT (100 ng/ml; Sigma-Aldrich), which was detected using unconjugated rabbit anti-HEL
(Rockland; polyclonal) and goat anti-rabbit Ig Alexa Fluor 488 (Life Technologies). SWHeL
histology: Antibodies to IgD (11-26c¢; eBiosciences) and CD4 (RM4-5; BD) were used. S. enterica
histology: Antibodies to IgD, CD4, IgM (R6-60.2; eBiosciences) and IgG2c (5.7; BD) were used.
GC stain (Fig. 1D): IgD, CD3 (145-2C11; BD), BCL-6 (K112-91; BD) and CCL21 (goat
polyclonal; R&D) were used.

To enumerate transferred SWwxeL B cell positioning in spleen sections, the outer follicle, follicle
center, T/B interface, interfollicular zone and T cell zone per white pulp region was first defined
(10) in a blinded manner on images stained with IgD/CD4 with HEL binding fluorescence
removed. HEL binding fluorescence was then merged with these images and the total number of
HEL-binding cells per white pulp area and HEL-binding cells in defined regions enumerated by 4
independent researchers in a blinded manner. Mean values across these 4 independent data sets are
presented.

In vivo CCL19/CCL21 neutralization



Affinity-purified anti-mouse (m) CCL21 was generated and purified in house as described (5).
Anti-mCCL19 antibodies were raised in New Zealand white rabbits by immunization with full-
length synthetically manufactured chemokine (37) that was active in calcium mobilization and
chemotaxis assays. Serum IgG was purified from pre-immunized bleeds (normal rabbit 1gG
(NRIgG) and mCCL19 or mCCL21 immunized rabbits using Protein A columns (Millipore). The
CCL19 or CCL21 neutralizing ability of these antibodies was confirmed in chemotaxis assays
prior to their use in vivo. Recipient mixed BM chimeric mice were administered 500 pg affinity-
purified rabbit anti-mCCL21 and 500 ug affinity-purified rabbit anti-mCCL19 or 1 mg NRIgG
intraperitoneally on days -1, 0, 2 and 4. Mice were immunized with SRBCs i.p. on day 0 and
analyzed 5 days later.

Vu gene sequencing analysis of NP*IgG1* germinal center B cells

Single NP*IgG1* GCB cells were sorted from NP-KLH immunized (d14) B6 and B6.Ccrl1”- mice
using a BD FACSAria cell sorter. Two rounds of PCR were performed on cDNA using a single
proximal 5’ primer for the J558 VH gene family (38, 39) together with nested primers specific for
Cyl (38, 40). Bands of expected size were purified, sequenced and analyzed for V+1186.2-
containing sequences as described. For V1186.2" clones, the region encoding amino acids 10-96
were compared in detail with the germline V1186.2 sequence as described (38).

Chemotaxis assay

MACS-purified FoB cells (CD43 Negative Isolation Kit, Miltyeni Biotech) were activated with
10 pg/ml goat anti-mouse IgM (Jackson ImmunoResearch) for 24 hours or rested overnight
(unstimulated control). Various dilutions of recombinant mouse CCL21 (kindly provided by the
late Prof. lan Clark-Lewis) or CXCL13 (PeproTech) in 150 pl chemotaxis buffer (RPMI 1640 with
0.5% BSA and 20 mM HEPES) were added to lower chambers of Transwell Chemotaxis Plates
(96-well; 5 pum pore size; Corning). Cells were extensively washed in chemotaxis buffer and
loaded into upper chambers at 10° cells/well in 50 pl chemotaxis buffer and incubated for 3 hours
at 37°C. To enumerate B cell migration, cells were harvested from bottom chambers and B220*
cells assessed by flow cytometry using a defined number of CaliBRITE beads (BD) as an internal
reference. Migration index was calculated as described (41).

Scavenging Assay

FACS-sorted FoB cells (2x10°) were incubated in RPMI 1640 medium containing 5 or 10 ng/ml
recombinant mouse CCL19 (R&D Systems) at 37°C for 3 hours with inversion every 30 minutes.
100 pL of cell-free supernatants was then assessed for CCL19 concentration by ELISA as
described (5).

ELISA

Serum HEL-specific IgM and IgG1 concentrations were quantified using HyHEL10 IgM and 1gG1
standards (obtained from R. Brink) as described (42). NP-specific IgG1 was detected using NPs-



BSA or NP32-BSA (10 pg/ml; Biosearch Technologies) coating antigen. Anti-Salmonella 19G2c
ELISAs were conducted using 10 pg/ml Salmonella whole-cell lysate as described (13).

Quantitative PCR

RNA was harvested using the Qiagen microRNeasy Kit with on-column DNase treatment. cDNA
synthesis was performed using Transcriptor First Strand cDNA Synthesis Kit (Roche) and used as
template in reactions using LightCycler 480 SYBR Green Master Mix | (Roche). Relative Ccrll
transcript abundance was calculated with reference to the housekeeping gene RplpO using the
formula: 2-2¢T (ACT = CTceriz — CTrpipo). Rplp0: Forward — 5> AGATGCAGCAGATCCGCAT 3’
and Reverse - 5° CAGTGAGCTTCCCGTTCAG 3’; Cecrll: Forward - 5
AGATGCAGCAGATCCGCAT 3’ and Reverse — 5> CAGTGAGCTTCCCGTTCAG 3°.

Flow Cytometry and Sorting

Cells were stained as described (43) using the following antibodies to CD45.2 (104), B220 (RA3-
6B2), IgD (11-26¢), IgDP (217-170), Fas (Jo2), GL7, CD86 (GL1), CD138 (281-2), Igk (RMK-
45), IgM (R6-60.2), 19G2c (5.7), IgG1 (x56), CD9I3 (AA4.1), CD21 (7G6), CD23 (B3B4), CD11b
(M1/70), CD40 (3/23), CD3 (145-2C11), CD4 (RM4-5), CD44 (IM7), PD-1 (J43), CXCR5 (2G8),
CCR7 (4B12; in-house), EBI12 (polyclonal; obtained from R. Brink (44)), CXCR4 (2B11/CXCR4),
Nrp-1 (3E12), Bcl2 (BCL/10C4), IRF4 (3E4), IRF8 (W3GYWCH) and Foxp3 (FIK-16s).
Unconjugated/biotinylated antibodies were detected using goat anti-rat IgG (Life Technologies),
goat anti-human IgG-Fcy fragment specific (Jackon Immunoresearch), Streptavidin-PE (Jackson
Immunoresearch), -Alexa Fluor 647 (Jackson Immunoresearch), -BV510, -BV421 or -BV450. All
antibodies and secondary reagents were from BD, eBioscience or Biolegend unless otherwise
indicated. Dead cells were excluded using LIVE/DEAD fixable near-infrared dye (Molecular
Probes). 7AAD (eBiosciences) was used to detect DNA content. NP binding was detected using
NIP-PE reagent (generated in-house) as described (38). CCL19-Fc is a mouse CCL19 fused to
human IgG1 constant region chimeric protein (8) and was obtained from J. Cyster. Annexin V
Apoptosis Detection Kit (eBioscience) was used to detect Annexin V. Cytofix/Cytoperm Kit (BD)
was used to detect cytoplasmic IgM. Foxp3/TF Staining Buffer Set (eBioscience) was used to
detect transcription factors. For detection of HEL-binding cells, 2x10° splenocytes were incubated
with soluble HEL (saturating 200 ng/ml; or sub-saturating — 50 ng/ml), followed by detection of
BCR-bound HEL using monoclonal antibody HyHEL9 conjugated to Alexa Fluor 647 (obtained
from R. Brink) as described (12). Data were acquired on BD LSR Il, BD FACSAria or BD
LSRFortessa flow cytometers. For sorting experiments, BD FACSAria was used. Data were
analyzed using FlowJo software (Tree Star).

Statistics

Data were analyzed with Prism (GraphPad Software) using two-tailed unpaired/paired Student’s
t-tests or one-way ANOV A with appropriate post-tests as indicated in text. For all analyses, p<0.05
was considered significant. Sample or experiment sizes were determined empirically for sufficient
statistical power. No statistical tests were used to predetermine the size of experiments. No data
points were excluded from statistical tests. Statistical analysis was performed on groups with
similar variance.



CHAPTER FOUR:
DISCUSSION
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4.1: CCR2 defines in vivo development and homing of IL-23-driven GM-CSF-producing

Th17 cells in vivo

Th17 cells form an important component of protective immunity in the context of extracellular
bacterial and fungal infection. However, when misdirected, Th17 cells have been shown to
contribute to pathogenesis of numerous murine models of autoimmunity and are implicated as
drivers of inflammation in certain human autoimmune disorders. Advances in the field of Th17
biology have revealed the existence of a spectrum of Th17 cellular phenotypes that differ in their
inflammatory potential and differentiation requirements. Like most effector T cell subsets, Th17
cells must gain access to the site of inflammation to execute their effector function. A detailed
understanding of the differentiation requirements of Th17 cells that vary in their inflammatory
potential, how Th17 cells migrate to inflammatory lesions and whether types of Th17 cells differ

in their migratory potential in vivo was assessed in chapter 2 of this thesis.

At the time of this study, how Th17 cells gained access to the CNS after the initiation of EAE was
not clearly understood. Reboldi et al., demonstrated the importance of CCR6 for the early
recruitment of Th17 cells to the uninflamed CNS for the initiation of inflammation in EAE.
However, subsequent waves of CNS-infiltrating Th17 cells were shown to traffic in a manner that
was independent of CCR6 function (37). The results shown in chapter 2 are in agreement with
those of Reboldi et al. (37), and confirm the importance of CCR6 in the early recruitment of Th17
cells to the uninflamed CNS. Building on this model, CCR2 was identified as an important receptor
driving encephalitogenic Th17 cell recruitment to the inflamed CNS. In this chapter it was shown
that mice with T cells that lack CCR2 develop a weaker form of EAE relative to mice with WT T
cells, and this was accompanied by a reduction in CNS-infiltrating GM-CSF-producing Th17 cells.
However, the development of CNS inflammation in the absence of T cell expression of CCR2
points to the involvement of other mechanisms in control of Th17 cell trafficking. Our results, and
those of others, indicate that Th17 cells also express CCR4 (107-109), CXCR3 (107, 109),
CX3CRI1 (110) and XCRI1, the ligands of which have been shown to be variously expressed in the
inflamed CNS during EAE (/71-114). Experiments that aim to address the function of these
receptors on Th17 cells will be important to obtain a more complete understanding of trafficking

mechanisms that Th17 cells utilize to gain access to sites of inflammation. This knowledge will be
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important from a clinical perspective as manipulation of the chemokine receptor system presents
as a tractable target for therapeutic intervention of misdirected Th17 cell responses in numerous

pathological settings (2).

Many lines of evidence, including the identification that IL-23 is the critical regulator of T-cell-
driven CNS autoimmunity (24, /15), and the demonstration that IL-23-dependent Th17 cell-
derived GM-CSF is indispensable for EAE development (23, 25), have established IL-23-driven
inflammatory Th17 cells as the key driver of murine CNS autoimmunity. These cells differ from
Th17 cells with a limited inflammatory potential which have been shown to derive from the
polarizing cytokines TGFB1 and IL-6, which induce co-expression of IL-17A and the
immunoregulatory cytokine IL-10 (/8-20). Whilst the importance of IL-23 for driving the
pathogenicity of Th17 cells is established, the differentiation requirements of these cells is less
clear with reports that these cells derive from TGFp1/IL-6-driven Th17 cell precursors via [L-23
(23, 25, 26, 33), and an alternative model in which these cells differentiate directly from naive
precursors independently of TGFB1 in an IL-6, IL-1p and IL-23-dependent manner (/9). By
restricting //23r-deficiency to a small number of transferred antigen-specific naive T-cells,
McGeachy et al. (33) reported a less prominent role for IL-23 in initial Th17 cell differentiation in
vivo. However, IL-23R signaling was shown to be critical for subsequent Th17 cell expansion,
maturation and acquisition of an inflammatory cytokine secreting repertoire. These data suggest
that initial Th17 specification from naive precursors in vivo occurs independently of IL-23 and
give rise to cells of limited inflammatory potential, which subsequently expand and develop into
‘pathogenic’ Th17 cells via IL-23. The results of this chapter reveal the first non-invasive means
to identify IL-23-driven Th17 cells, and provide data consistent with these cells developing from

IL-23-independent initial Th17 cell precursors in vivo.

The data presented in chapter 2 of this thesis indicate that initial Th17 cells differentiate in an IL-
23-independent manner, bear a CCR6'CCR2" cell surface phenotype, and are recruited to the
uninflamed CNS via CCR6. Given the importance of TGFf1 for CCR6 induction on T-cells (36),
it is likely that these cells represent previously described TGFB1/IL-6-induced early (or
‘intermediate’) Th17 effector cells (33). Accordingly, in vivo TGF neutralization or deficiency

in 716 abrogated initial CCR6" Th17 cell generation and prevented the cascade of events leading
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to CCR2" Thl17 cell development in secondary lymphoid orangs following MOG/CFA
immunization (data not shown). In keeping with the model proposed by Reboldi et al. (37), it is
likely that this first wave of CCR6'CCR2" Th17 cells contributes to the initiation of CNS
inflammation. CCR6 CCR2 Th17 cells express a unique cytokine profile including cytokines with
proinflammatory (IL-17A/IL-17F/TNFo/IL-22/IL-2/IL-9) and regulatory (IL-10/IL-9) function.
Genetic deficiency in 1/17a, 1122 or Tnf does not alter the incidence or severity of EAE (116-118),
suggesting that these factors in isolation play a redundant role in the establishment of CNS
autoimmunity. However, it is possible that these inflammatory cytokines elicited by the earliest
CNS invading CCR6" Th17 cells function synergistically to initiate CNS inflammation in EAE,

although this remains to be tested.

During the evolution of EAE, CCR2" populations of Th17 cells emerge in SLOs, giving rise to
Th17 cells that bear CCR6'CCR2" and CCR6'CCR2" cell surface phenotypes. CCR6'CCR2"
Th17 cells express less proinflammatory TNFa relative to CCR6'CCR2™ Th17 cells, produce the
immunomodulatory cytokines IL-10 and IL-9, and negligible amounts of GM-CSF and IFNy,
consistent with published descriptions of Th17 cells with a limited inflammatory potential (/8-20),
22). Conversely, CCR6'CCR2" Th17 cells phenotypically resemble descriptions of ‘pathogenic’
Th17 cells, with abundant expression of the inflammatory cytokines GM-CSF, IFNy and TNFa,
and undetectable expression of IL-10 or IL-9 (19, 20, 23, 25, 28, 29, 33). Deletion of IL-23 or its
receptor specifically curtailed generation of CCR6'CCR2" Th17 cells suggesting that the CCR6’
CCR2" cell surface phenotype labels IL-23-driven Th17 cells and that these cells represents an

advanced differentiated state of Th17 cells in vivo.

Evidence for a step-wise model of Th17 cell differentiation further lies with the observations with
respect to the function of IL-1 and IFNy. IL-1 is critical for initial Th17 differentiation from naive
precursors (/19), inducing IRF4 which reinforces RORyt expression (/20), and promoting mTOR
activity which enhances the metabolic fitness of Th17 cells during their rapid turnover (121, 122).
Moreover, IL-1 promotes the pathogenicity of Th17 cells via its actions on committed TGFp1- and
IL-6-driven Th17 cell precursors by promoting their expansion and driving expression of GM-
CSF and IFNy (23). In keeping with these reports, the data presented in chapter 2 of this thesis

confirm the important role of IL-1 in Th17 cell differentiation and demonstrate that IL-1 promotes

116



differentiation of each Th17 subset (CCR6 'CCR2", CCR6'CCR2" and CCR6'CCR2"), exerting its
most potent effect on the emergence of the CCR6'CCR2" population. Furthermore, a similar dual
‘temporal’ function has been described for IFNy in Th17 cell biology with reports indicating that
this cytokine inhibits Th17 cell differentiation from naive CD4" T cells in a STAT1-dependent
manner (3, /23), but also promotes, in synergy with IL-12, the development of [FNy-producing
‘pathogenic’ Th17 cells from IFNy-negative Th17 cell precursors (/24). The results in this thesis
are in keeping with these observations and indicate that that initial Th17 cell differentiation is
inhibited by T cell-intrinsic IFNy signaling, whereas Th17 cells that develop in the absence of
IFNy signaling specifically lack the emergence of CCR6'CCR2" Thl17 cells. These findings,
together with the demonstration of the critical requirement of IL-23/IL-23R for CCR6'CCR2"
Th17 cell generation, which is not required for Th17 cell specification from naive precursors but
critical for their expansion and terminal differentiation, suggest that CCR6CCR2" Th17 cells
represent an advanced differentiation stage of Th17 cells that arise from CCR6-expressing Th17
cell precursors. Further, Hirota et al. demonstrated that transfer of in vivo-derived CCR6" MOG-
specific 2D2 TCR transgenic Th17 cells into MOG/CFA pre-immunized Rag/-deficient recipients
resulted in their downregulation of CCR6 and concomitant induction of T-bet and IFNy in both
SLOs and CNS (28). The same report, in which the IL-17A-fate mapping mice utilized in the
present study were generated, demonstrated that the terminally-differentiated state of a Th17 cell
in chronic inflammatory settings, such as EAE, is IL-23-driven conversion to an IL-17ATFNy"
Thl-like phenotype (termed ‘ex-Th17’ cells). Accordingly, experiments using these mice
demonstrated that IL-17A- and IFNy-expressing Th17 cells and IFNy-expressing ex-Th17 cells
bear a CCR6'CCR2" phenotype, whilst IFNy Th17 cells bear a CCR6'CCR2"" phenotype in vivo
(data not shown). To specifically address whether CCR6CCR2" Th17 cells stem from CCR6-
expressing Th17 cell precursors which are temporally generated prior to the appearance of these
cells, experiments were attempted that aimed to track the fate of sorted CCR6'CCR2™ Th17 cells
after adoptive transfer into pre-immunized CD45.1 congenic recipients. However, despite
numerous attempts, difficulties were encountered in collecting sufficient cells for meaningful
analyses given the rarity of Th17 cells early during EAE. To circumvent these limitations, mice in
which Cre recombinase is driven by Ccr6 promoter activity and crossing these to the Rosa26™5"
YFP line used in this study, generating mice in which Ccré6 expression is reported irrespective of

its current expression status could be generated. Assessment of these mice in EAE would
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determine whether the CCR6'CCR2" Th17 cells that emerge after disease onset originate from
canonical CCR6" Th17 cell precursors or from distinct naive precursors that do not express CCR6

following activation.

The results also establish T-bet and Eomesodermin as transcriptional regulators of CCR6'CCR2"
Th17 cell differentiation in vivo. Accumulating evidence points to a dual role for T-bet in Th17
cell biology. T-bet inhibits Th17 cell differentiation from naive precursors via formation of T-
bet/Runx1 complexes which inhibit Runxl-mediated transactivation of Rorc (29, 125), and
scavenge ‘free’ Runx1 to prevent formation of transcriptionally-active Runx1/RORyt complexes
critical for Th17 cell specification (/25). The function of T-bet in ‘pathogenic’ Th17 cell biology
is controversial with reports indicating that these cells develop independently of T-bet (126, 127),
and conflicting data which define ‘pathogenic’ Th17 cells as RORyt T-bet" (28), and identify IL-
23/IL-12 as inducers of T-bet which, in collaboration with Runx1, promote conversion of Th17
cell precursors into inflammatory IFNy-producing Th17 cells (28, 29). Using mixed BM chimeric
systems, an approach that specifically addresses T cell-intrinsic function of T-bet in Th17 cells
and excludes T cell-extrinsic effects accompanied with 7hx2/-deficiency, it was observed that in
the absence of T-bet, Th17 cell generation was enhanced but cells with the CCR6'CCR2"
phenotype were selectively curtailed. These data implicate a key role for T-bet in inflammatory
Th17 cell generation in vivo. The function of Eomes in Th17 cell biology is less clear. TGF[1-
mediated repression of Eomes is required for TGFB1/IL-6-driven Th17 differentiation from naive
precursors in vitro (128). Eomes is induced in committed TGFB1/IL-6-driven Th17 cells in the
presence of inflammatory cytokines such as IL-12 (29), however ectopic expression of Eomes does
not promote generation of IFNy-producing Th17 cells in vitro (29). The results of this thesis
indicate that amongst Th17 cells, Eomes expression is restricted to CCR6-expressing Th17 cell
populations, but is not required for their development in vivo. Eomes-deficiency however, led to a
selective defect in CCR6'CCR2" Th17 cell generation, implicating Eomes as a key regulator of
inflammatory Th17 cell differentiation in vivo. These data are consistent with the notion that
CCR6" Th17 cell populations serve as precursors to CCR6CCR2" Th17 cells. Eomes directly
repress Rorc and [l17a transcription (/28). Thus, it is likely that Eomes and T-bet are drivers of
Th17 differentiation and plasticity by implementing changes to the transcriptional landscape of

Th17 cells, such as repression of Rorc and Il17a, and induction of Ifng and Csf2 (GM-CSF), as
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Th17 cells differentiate from IL-17A" CCR6" Th17 cells, through IL-17A" CCR6'CCR2" Th17

cells, toward an ‘ex-Th17’ cell phenotype in chronic inflammatory environments.

The results cannot exclude the possibility that the ‘switch’ in Th17 phenotype from CCR6 toward
CCR2 expression and induction of GM-CSF/IFNy occurs in the CNS. Indeed, cells in the CNS of
EAE mice are capable of producing IL-23 in response to GM-CSF and other stimuli (729, 130).
However, the observation that that the IL-23-driven ‘switch’ occurred within SLOs prior to the
appearance of these cells in the CNS, and that T cell-specific deletion of Ccr2 reduced the
frequency of CNS-infiltrating GM-CSF" Th17 cells without altering their generation in SLOs

suggest that this phenomenon is predominantly regulated at the level of immune priming.

Taken together, the results of this chapter identify CCR2 as a key driver of inflammatory Th17
cell recruitment to the CNS in EAE, a murine model of the human autoimmune disorder multiple
sclerosis. The data indicated that the earliest detectable Th17 cells generated during EAE express
CCR6 and lacked CCR2 expression. As the response evolved, CCR2-expressing populations of
Th17 cells became evident in lymphoid organs and CNS. Using EAE and S. pneumoniae infection
models, it was found that inflammatory GM-CSF- and IFNy-producing Th17 cells display a CCR6
CCR2" cell surface phenotype in mice, and in humans. Conversely, Th17 cells that express CCR6
and CCR2 (CCR6'CCR2") were found to express a cytokine-secreting repertoire consistent with
Th17 cells with a more limited inflammatory potential, including IL-10. Using these cell surface
signatures, it was found that a IL-23/IL-1/IFNy/TNF/T-Bet/Eomes-driven circuit drives the
emergence of CCR6'CCR2" GM-CSF/IFNy-producing Th17 cell development in vivo. Thus, the
results of this chapter identify a unique cell surface signature and developmental features of GM-
CSF/IFNy producing Th17 cells in vivo and address the question regarding the molecular control
of inflammatory Th17 cell trafficking to the CNS in EAE.

Clearly however, CCR6-expressing and CCR6'CCR2" Th17 cell types did not evolve for the
purposes of initiating or propagating autoimmune reactions. What is not clear from the results of
this chapter is the functional relevance of these populations of Th17 cells in the context of
protective immunity. It has been hypothesized that Th17 cells with a limited inflammatory

potential may serve a more important role in the maintenance of barrier tissue integrity (/8, 22,
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131), whereas inflammatory subsets of Thl17 cells amplify inflammation during persistent
extracellular bacterial or fungal infection (7, 7/32). Using a persistent strain of the extracellular
pathogen S. pneumoniae, the results presented in chapter 2 of this thesis demonstrate that the
earliest detectable Th17 cells formed in response to infection were largely CCR6" and lacked
expression of the inflammatory cytokines GM-CSF or IFNy. During the evolution of the response
it was found that CCR6CCR2" Th17 cells emerge in SLO and encompass the GM-CSF/IFNy-
producing subset of Th17 cells. The temporal kinetics of these distinct populations of Th17 cells
formed in response to a chronic bacterial infection were similar to those obtained in the EAE model
and are in keeping with hypotheses that inflammatory Th17 cell responses are mobilized in settings
where antigen is chronic (7, /32). Distinguishing the roles of CCR6-expressing and CCR6' CCR2"
Th17 cells in the context of extracellular bacterial infection would be important toward
ascertaining a complete understanding of how these subsets of Th17 cells contribute to protection,
and from a broader perspective give context to why such populations of Th17 cells with differing

inflammatory potentials exist.

4.2: Regulation of activated B cell differentiation by Atypical Chemokine Receptor 4

Clonally selected B cells must gain access to distinct lymphoid niches with appropriate temporal
dynamics to support their expansion and differentiation (40, 47). To achieve this, B cells
sequentially alter chemoattractant receptor expression following antigen engagement,
coordinating their movements to these niches in a timely manner. Following initial expansion,
activated B cells trifurcate into three functionally-distinct subsets: early plasmablasts (PB),
germinal center (GC) B cells and early memory (EM) B cells (56, 57). The molecular and cellular
cues that govern this fate decision are essential to our understanding of how T-dependent humoral

immunity manifests, but remain largely unknown.

The results of this chapter identified a previously unrecognized modality of activated B cell
migration, via an atypical chemokine receptor, that influences the differentiation fate of activated
B cells. The data presented in chapter 3 of this thesis indicated that atypical chemokine receptor 4
(ACKR4), a chemokine receptor that degrades CCR7 ligands CCL19/CCL21 without initiating

cell migration, shaped activated B cell migration and differentiation fate. Monoclonal Ig transgenic

120



ACKR4-deficient activated B cells aberrantly localize to the splenic interfollicular zone (IFZ)
early during the response, enhancing their initial proliferation and increasing the abundance of
these cells available for subsequent differentiation into PB, GCB and/or EBM cells. The results
demonstrate that the limiting effect of ACKR4 on humoral immunity is dependent on physiological
CCL19/CCL21, occurs in a B cell-intrinsic manner, and is most prominent amongst early PB
differentiation by shaping the balance of interferon regulator factor (IRF) 4 (pro-PB fate) and IRF8

(pro-GCB fate) expression in early activated B cells.

These data build additional complexity into the current model of the molecular control of B cell
positional dynamics following antigen recognition. To summarize the current model, BCR-
engaged B cells rapidly reposition to the outer follicle via EBI2, drawing the cells nearer to the
source of antigen which is hypothesized to consolidate their activation (43, 46). Here, EBI2
expression wanes but remains functional, CXCRS5 expression remains unaltered, and cell surface
CCR7 is induced, enabling CCR7-dependent migration toward the T/B interface via a
CCL19/CCL21 gradient that emanates from the T cell zone (42, 43, 46, 49, 50). EBI2, CXCRS5
and CCR7 coordinate the lateral spreading of activated B cells along this T/B interface
hypothesized to maximize interactions with pre-Tth cells (42, 43, 46, 47, 49, 50). Cognate
interactions with T cells at this interface induces CD40-dependent EBI2-mediated migration to the
IFZ and outer follicular regions where activated cells begin to expand (42, 43, 46, 47, 55, 62). The
results of this study indicate that ACKR4 is operational during these early events of activated B
cell migration. Gatto ef al. demonstrated that transfer of Cxcr5-deficient activated B cells results
in their exclusion from B cell follicles and accumulation in marginal zone bridging channels.
However, compound deletion of both Cxcr5 and Ccr7 positioned cells away from this niche and
toward the outer regions of the B cell follicle (43). These data indicate that in addition to its
established role as driving activated B cell migration toward the T cell zone (49, 50), CCR7 also
contributes to the positioning of activated B cells in interfollicular and bridging zones. In this
thesis, experiments with SWygL B cells indicate that deletion of ACKR4, a scavenger of CCR7
ligands, promotes responding B cell migration to splenic IFZs. Further, no compensatory changes
in expression of CCR7, EBI2 or CXCRS5 in the absence of ACKR4 early after activation were
detected. These data support the notion that ACKR4 may function to ‘tune’ early CCR7-dependent

cues in a proportion of responding B cells, limiting their CCR7-driven homing to splenic IFZs.
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The finding that physiological CCL19 and CCL21 were required, at least in part, for ACKR4-
dependent changes to early PB and GC B cell responses supports a relationship between ACKR4

and CCR7 function in the regulation of activated B cell responses.

Increased IFZ localization by ACKR4-deficient activated SWygr B cells was associated with their
preferential entry into the early PB compartment. This phenotype is reminiscent of data reported
by Gatto et al., which demonstrated that forced expression of EBI2 in SWyg B cells aberrantly
draws activated cells to the IFZ resulting in their preferential entry into the early PB compartment
(47). In the same study, the authors demonstrate that EBI2-deficient SWygr B cells are defective
in their ability to access splenic IFZ and in their ability to form robust early PB responses following
immunization (47). Together, these data point to migration to the splenic IFZ as a key determinant
of activated B cell fate, by an as yet to be determined mechanism. The splenic IFZ is rich in cognate
T cells and specialized DCs that uniquely express the cell-surface lectin DCIR2 (also known as
CLEC4A) (54, 62, 89, 133). Using a monoclonal antibody to target a T-cell dependent antigen to
these DCIR2" DCs, Chappell et al., demonstrated that their uptake and display of antigen to B
cells results in a rapid and robust early PB response that occurs in a T cell-independent manner
(89). DCIR2" DCs have been shown to produce IL-6 and B-cell-activating factor (BAFF), which
are known activators of STAT3 and NF-«BI1 signaling pathways in B cells (/34, 135). STAT3 and
NF-kB1 occupy and activate the /rf4 promoter (/36, 137), the induction of which promotes PB
differentiation via direct transactivation of the PB master transcriptional regulator BLIMP-1 and
antagonism of the pro-GC transcription factor IRF8 (738, 139). Preferential localization in the IFZ
by ACKR4-deficient activated B cells was associated with their enhanced proliferation and
increased IRF4:IRF8 content, possibly as a result of enhanced interactions with DCIR2" DCs in
this area of the spleen early in the response. To test this hypothesis, mice that express a loxP-
STOP-loxP (LSL) cassette protecting expression of the diphtheria toxin receptor (DTR)

downstream of the Clec4a locus (Clec4a"*"P™

) could be engineered. Crossing these to Zbtb46-
Cre mice, in which Cre recombinase expression is restricted to all classical DCs (encompassing
DCIR2" DCs) (140), would result in the ability to selectively ablate DCIR2" DCs upon
administration of diphtheria toxin (final genotype: Zbtb46“".Clec4a“>“"™). Co-transfer of
genetically marked WT and ACKR4-deficient SWyg B cells into these mice with prior

administration of DT would serve as an appropriate model to: a) formally address the function of
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DCIR2" DCs in humoral immunity; and b) assess whether any subsequent phenotypes associated

with preferential localization to the IFZ in the absence of ACKR4 are dependent on DCIR2" DCs.

In this study, it was observed that competition of ACKR4-deficient and —sufficient monoclonal Ig
transgenic B cells resulted in an early proliferative advantage for ACKR4-deficient activated B
cells. This early proliferative advantage of activated B cells at an undifferentiated stage appeared
to contribute to the enhanced effector B cell responses in the absence of ACKR4. Thus, in a
monoclonal system, ACKR4 restricts the early expansion of activated B cells prior to their
differentiation. Using a combination of photoactivation to isolate single GCs, and Ig sequencing
on single GCB cells from therein, Tas et al., demonstrated that early GCs are clonally diverse with
predictions of up to 200 distinct B cell clones seeding an individual GC in response to the complex
antigen chicken gamma globulin (CGG) (/41). These data revealed that early GCs were more
clonally diverse than was previously predicted based largely on studies of early GCs in response
to NP, a single epitope hapten (/41, 142). Further, experiments that tracked the fate of a single
antigen-specific B cell in a polyclonal reaction demonstrated that a single naive precursor can
differentiate into all three fates of an activated B cell (58). Importantly, the capacity of a single B
cell to enter all three fates was shown to be enriched amongst clonal populations that had divided
extensively and resisted apoptosis. These previous studies raise the proposition that ACKR4
functions in the polyclonal system to limit initial expansion of activated B cell clones, preserving
the clonal diversity of antigen-specific cells available to seed early PB, GCB and EBM cell
compartments. Technology to test this hypothesis was not available at the time this work was
conducted, however this proposition could be addressed by performing single cell Ig heavy chain
sequencing on GCB cell and early PB populations isolated from mixed BM chimeras immunized
with a complex antigen such as chicken gamma globulin. If this hypothesis was supported, this
would indicate that ACKR4 plays an important role in regulation of the clonal diversity of B cells
that seed these compartments. How ACKR4 shapes the clonality of early GCs is of particular
importance from a clinical perspective, as the ability to guide rare and non-immunodominant
epitope-specific B cells into GCs remains a major hurdle for vaccines against complex pathogens

such as HIV and influenza (143, 144).
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Contemporary views of GC dynamics describe a T cell-centric governance of antibody affinity
maturation (65), wherein LZ B cells compete for help from a limited number of T cells on the basis
of their surface peptide (p)-MHC-II abundance which reflects their intrinsic BCR affinity (78, §2,
83, 145, 146). T cell-mediated selection on the basis of pMHC-II abundance results in mTORCI1
activation (/47) and Myc induction (84, 148), which metabolically ‘charges’ LZ cells and initiates
their entry into the cell-cycle prior to their migration to the DZ where they proliferate and
hypermutate their Ig genes in a process referred to as ‘clonal bursting’ (78, 82, 83, 141). By a
mechanism that remains to be determined, DZ cells stop proliferating and re-enter the FDC rich
regions of the GC to test their new BCRs (65). Iterative rounds of affinity-based LZ selection and
DZ proliferation/hypermutation drives affinity maturation in a process referred to as the cyclic re-
entry model of affinity maturation (65, /47). The results presented in chapter 3 of this thesis
indicate that GCB cells express ACKR4, however, ACKR4-deficient GCs cells proliferate and
accumulate high affinity mutations in their Ig genes at a similar rate to an ACKR4-sufficient GC
reaction. These data indicate that despite influencing the size of the GC reaction, ACKR4 does not
influence the processes of LZ affinity-based selection, GCB cell expansion and the processes of
somatic hypermutation. Accordingly, ACKR4-deficiency was shown to enhance the magnitude of
serum NP-specific IgG responses that was of equivalent affinity to WT. Importantly, assessment
of these parameters of GC biology flow from experiments using the NP hapten model, which is a
useful tool to experimentally measure the parameters of affinity maturation described above.
Specifically, the evolution of the anti-NP GC response uniformly selects for a W33L mutation that
endows a tenfold increase in affinity amongst NP-reactive GCB cells that can be measured using
single-cell Ig sequencing (Fig. 1F) (/49). Further, assays that utilize different NP haptenation
ratios to conjugated proteins are available to assess the magnitude and affinity of serum NP-
specific antibody by ELISA (Fig. 1A, G). Together, these tools allow for instantaneous measures
of whether the processes of affinity maturation are operating appropriately at any given time of the
NP-specific response. However, NP is a single epitope that triggers a clonally-restricted GC
response largely dominated by clones that carry a Vi186.2 Ig heavy chain coupled to a lambda Ig
light chain (B6 mice) (/50-153). The results of the present study specifically show that despite the
formation of larger GCs in the absence of ACKR4, NP-reactive VH186.2 IgL" GCB cells ascertain
the high affinity W33L mutation at a similar rate to a WT reaction. A possible explanation for

these data is that enhanced early VH186.2'IgL" precursor cell proliferation in the absence of
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ACKR4 was controlled for in the GC by a proportional increase in T cells (Supplementary Figure
2, 4, 8) available to implement affinity based-selection (/54). Given the clonally restricted nature
of the anti-NP response, whether ACKR4 truly influences the processes of affinity maturation in
more complex GCs that are colonized by diverse precursors of varying affinity and epitope

specificity remains to be determined.

Experiments that aim to isolate the study of ACKR4 function specifically in the GC would require
the circumvention of any ACKR4-dependent phenotype early in the reaction. Generating Ccrli-
floxed (CcrlI™) mice would be a useful tool to address this question. Crossing these to
S1pr2“FRT2 BAC transgenic mice that also report Cre activity with expression of red fluorescent

protein (final genotype: SIpr2“**? Rosa26™5-9Tom3 Cepp M

) would allow for the temporal
control of ACKR4 deletion (permanently marked by RFP) in mature GCB cells (/55). Studying
GC reactions in these mice would allow for the assessment of B cell intrinsic and/or extrinsic

ACKR4 function specifically in the GC.

In summary, the results of this chapter identify a role for ACKR4 in regulation of early activated
B cell migration and differentiation. In a monoclonal system, ACKR4 restricts the early
localization of activated B cells to the IFZ, limits their early expansion and negatively regulates
their entry into the PB compartment. Accordingly, absence of ACKR4 on B cells enhanced early
PB, GCB and EBM cell responses. Many questions, however, remain regarding the role of ACKR4
in the GC reaction. Addressing the questions outlined above will be required to better understand
the mechanism of how ACKR4 shapes the earliest events of B cell migration, how ACKR4 affects
the clonality of early GCs during a polyclonal reaction and how ACKR4 functions in established

GC structures.
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Activated B cells can initially differentiate into three functionally distinct fates—early plasmablasts (PBs), germinal center
(GC) B cells, or early memory B cells—by mechanisms that remain poorly understood. Here, we identify atypical chemokine
receptor 4 (ACKR4), a decoy receptor that binds and degrades CCR7 ligands CCL19/CCL21, as a regulator of early activated B
cell differentiation. By restricting initial access to splenic interfollicular zones (IFZs), ACKR4 limits the early proliferation of
activated B cells, reducing the numbers available for subsequent differentiation. Consequently, ACKR4 deficiency enhanced
early PB and GC B cell responses in a CCL19/CCL21-dependent and B cell-intrinsic manner. Conversely, aberrant localization
of ACKR4-deficient activated B cells to the IFZ was associated with their preferential commitment to the early PB linage. Our
results reveal a regulatory mechanism of B cell trafficking via an atypical chemokine receptor that shapes activated B cell fate.
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INTRODUCTION

Differentiation of activated B cells during the initial stages of
T cell-dependent antibody responses proceeds simultaneously
along pathways leading to early (extrafollicular) plasmablasts
(PBs), germinal center (GC) B cells, and GC-independent,
early memory B cells. These pathways differ in their spatio-
temporal emergence, the longevity of their end products,
their affinity for antigens, and their functional capacity (Tay-
lor et al., 2012) and are considered important for establishing
robust and diverse antibody responses. Adoption of these fates
is controlled in part by B cell-trafficking receptors, which
are dynamically regulated after antigen engagement to en-
able B cell access to antigens, interactions with T cells, and
positioning in distinct lymphoid niches that foster the for-
mation of immediate or long-lasting, antigen-specific anti-
body responses (Pereira et al., 2010). How antigen-activated B
cells regulate their response to the several chemoattractants to
which they may be simultaneously or sequentially exposed is
uncertain. It is, however, potentially crucial as a mechanism in
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determining stoichiometry in the distribution of B cells along
the differentiation pathways that generate the effector B cells
of the immune response.

A key event in the initiation of T cell-dependent hu-
moral immune responses is the CCR7-directed migration
of antigen-engaged B cells toward, and subsequent EBI2/
CXCR5/CCR7-dependent distribution along, the bor-
der between the T cell and B cell zones (Reif et al., 2002;
Okada et al., 2005; Chan et al., 2009; Gatto et al., 2009, 2011;
Pereira et al., 2009; Hannedouche et al., 2011; Kelly et al.,
2011). Cognate T and B cell interactions at this interface drive
EBI2-mediated relocalization to the interfollicular and outer
follicular regions in which activated B cells initially proliferate
(Chan et al.,, 2009; Gatto et al., 2009; Kelly et al., 2011; Ker-
foot et al., 2011). Proliferating B cells subsequently trifurcate
their differentiation trajectories, adopting a chemoattractant
receptor profile that drives their positioning to lymphoid mi-

croenvironments that promote their effector function. Early
PB differentiation is coupled with the induction of CXCR 4
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and down-regulation of CXCR5 and CCR7, which repo-
sitions these cells in extrafollicular niches and the splenic
red pulp (Hargreaves et al., 2001). These PBs are short lived
and elicit the first line of antigen-specific antibody defense
(Smith et al., 1996). GC-committed B cells down-regulate
EBI2 (Gatto et al., 2009; Pereira et al., 2009) but maintain
CXCR4 and CXCRS5 expression (Allen et al., 2004), draw-
ing them into the follicular dendritic cell-rich follicle center
where GCs form. Another subset of B cells ultimately adopts
a trafficking receptor profile that allows its continuous recir-
culation through the blood and secondary lymphoid organ
follicles as early memory B cells, which retain their germ-
line-encoded antibody. Whether the spatiotemporal control
of B cell chemoattractant responsiveness, which is a crucial
component of activated B cell differentiation, is stochastic or
is intrinsic to the identified receptors and ligands and whether
other receptors are involved remain unknown.

Recent studies have shown that a subfamily of atypi-
cal chemokine receptors regulates cellular migration (Nibbs
and Graham, 2013). These receptors are uncoupled from the
classic chemokine receptor-signal transduction machinery,
do not induce cell migration, are mainly expressed outside
the hematopoietic compartment, and mediate chemokine re-
moval or redistribution in vivo (Nibbs and Graham, 2013).
Atypical chemokine receptor 4 (ACKR4) binds CCR7 li-
gands CCL19 and CCL21 and the CCR9 ligand CCL25 and,
thus, regulates their bioavailability in vivo without initiating
cellular migration (Gosling et al., 2000; Comerford et al.,
2000, 2010; Heinzel et al., 2007; Bunting et al., 2013; Ulvmar
et al., 2014; Lucas et al., 2015; Bryce et al., 2016). However,
despite the important role of CCR7 in the development of T
cell-dependent antibody responses, the function of ACKR4
in this context is unknown. We now report an important,
B cell-intrinsic role for ACKR4 in regulating B cell differ-
entiation during the initial stages of the T cell-dependent
humoral immune response.

RESULTS AND DISCUSSION

Although a previous study (Heinzel et al., 2007) concluded
that ACKR 4 is expressed exclusively by cells of nonhemato-
poietic origin in unimmunized mice, we detected ACKR4
transcripts and protein expression by GC B cells (Fig. 1, A
and B). To investigate the possible functions for hematopoi-
etic ACKR4in T cell-dependent humoral immunity, we used
bone marrow (BM) chimerism to generate mice in which
ACKR4 deficiency was restricted to the hematopoietic com-
partment (H-Ackr4™'"). We immunized these H-Ackr4™'~
mice with sheep red blood cells (SRBCs) and observed an
increased frequency of GC B cells at all time points assessed
after immunization but most prominently on day 5 relative to
hematopoietic WT (H-WT) mice (Fig. 1 C).The number of
T follicular helper (TFH) cells, mediators of GC B cell selec-
tion and proliferation, and T follicular regulatory (TFR) cells,
implicated in regulating the magnitude of the GC reaction,
were also increased in immunized H-Ackr4™'~ mice relative
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to controls (Fig. S1 A). The formation of early PBs, despite a
lack of detectable ACKR4 expression, in H-Ackr4™’~ mice
was also enhanced on day 5 of the response (Fig. 1 D). These
data reveal a negative regulatory role for ACKR 4 expression
in the hematopoietic compartment on early PB and GC B cell
development. To determine whether this effect was intrinsic
to B cell expression of ACKR 4, we reconstituted lethally irra-
diated mice with a 4:1 mixture of BM recovered from B cell-
deficient (WMT) mice that lack endogenous B cells (Kitamura
etal., 1991) and either WT (B-WT) or Ackr4™'~ (B-Ackr4™'")
mice. Immunizing B-Ackr4~'~ mice with SRBC reproduced
the increased numbers of splenic GC B cells, TFH cells, and
early PBs seen in immunized H-Ackr4™'~ mice (Fig. 1, E and
F; and Fig. S1 B). Collectively, these data reveal a B cell-in-
trinsic regulatory role for ACKR 4 in the early stages of the B
cell response to aT cell-dependent antigen.

ACKR4 expression by GC B cells (Fig. 1,A and B), and
their disproportionate expansion in immunized H-Ackr4™'~
and B-Ackr4™’~ mice (Fig. 1, C and F), prompted us to inves-
tigate whether ACKR 4 functioned in GC biology. ACKR 4
internalizes and degrades CCR7 ligands without initiating
cellular migration (Gosling et al., 2000; Townson and Nibbs,
2002; Comerford et al., 2006; Heinzel et al., 2007). However,
CCL21 staining appeared to be normal around established
Ackr4-deficient GCs in histologic sections of mesenteric LNs
from H-Ackr4~'~ mice (Fig. 2 A). This suggests that GC B
cell expression of ACKR 4 does not determine the abundance
or localization of CCL21 outside GCs. GC B cells cycle be-
tween light zones (LZs) and dark zones (DZs) of the GCs,
reflecting the iterative process of affinity-based selection, pro-
liferation, and Ig somatic hypermutation that drives antibody
affinity maturation (Victora and Nussenzweig, 2012). Flow cy-
tometric assessment of DZ (CXCR4"CD86) and LZ (CX-
CR4°CD86") GC B cell phenotypes (Victora et al., 2010;
Bannard et al., 2013) revealed no differences between H-WT
and H-Ackr4™'~ GCs (Fig. 2 B). Further, GC B cell prolif-
eration and apoptosis were equivalent between H-WT and
H-Ackr4™~~ mice as measured by BrdU incorporation, DNA
content, and Annexin V analyses (Fig. 2, C and D). Assess-
ment of affinity maturation using Ig heavy chain—variable (V)
region sequencing of individual (4-hydroxy-3-nitrophenyl)
acetyl (NP)—specific IgG1* GC B cells revealed that over-
all somatic mutations and the affinity-enhancing W to L re-
placement at position V333 accumulated at similar rates in
Ackr4-deficient and -sufficient GCs (Fig. 2 E). Serum anti-
body titers of NP-specific IgG were enhanced in H-Ackr4™'~
mice at day 21 after immunization; however, the ratio of
NPs- (high affinity) to NPs,- (global affinity) reactive IgG was
equivalent between H-WT and H-Ackr4™~ mice (Fig. 2 F).
In addition, we addressed whether ACKR 4 influenced GC
B cell-affinity maturation in a cell-intrinsic manner. To do
this, we crossed Ackr4™'~ mice to SW Ig transgenic mice
(SWygL.Ackr4™'™) and measured GC B cell-afhinity matu-
ration in competition with WT SWyg B cells after trans-
fer. SWygL B cells express a B cell receptor (BCR) derived

ACKR4 shapes activated B cell fate | Kara et al.
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Figure 1. B cell ACKR4 limits early PB and GC B cell responses. (A) Quantitative PCR analysis of Ackr4 transcript abundance in sorted Fo B cells

(B220*1gD*Fas~GL7), GC B cells (B220*IgD~Fas*GL7*), and early PB (B220%-CD138") relative to the housekeeping gene Rp/p0 (means + SD). (B) Represen-
tative histogram of CCL19-Fc staining on GC B cells from Ackr4~~.Ccr7- (cannot bind CCL19-Fc), Ackr4~"~ (CCR7 staining), Cer7'~ (ACKR4 staining), and
WT (ACKR4/CCR7 staining) mice. Graphs plot geometric mean fluorescence intensity (GMFI) of CCL19-Fc staining on Fo B cells, GC B cells, and early PBs,
gated as in A (n = 5 mice/genotype; means + SEM). (C and D) H-Ackr4~'~ and H-WT mice were generated by reconstituting lethally irradiated B6.Ly5.1 mice
with BM from Ackr4~~ or WT mice, respectively. Representative plots of splenic GC B cell (C) and early PB (D) populations day 5 after SRBC immunization.
Numbers in plots present the means + SEM frequency of GC B cells per total B220* cells (C) or early PBs per spleen (D). Graphs present the total number
of GC B cells (C) and early PB (D) per spleen on the days indicated after immunization. n = 3 (day 0); n = 8 (day 5); n = 8 (day 8); and n = 5 (day 14) mice/
genotype; means + SEM). (E and F) B cell-Ackr4~~ (B-Ackr4™") and B-WT mice were generated by reconstituting lethally irradiated B6.Ly5.1 mice with a
mixture of BM from pMT (80%) and Ackr4~'~ mice or WT mice (2096), respectively. Graphs plot the total number of GC B cells (E) and early PB (F) per spleen
on the days indicated after SRBC. (A-F) n = 7 (day 5) and n = 8 (day 8) mice/genotype; means + SEM. Data are representative of two independent experi-

ments. *, P < 0.05; *, P < 0.01; **, P < 0.001. (B) One-way analysis of variance with the Bonferroni multiple-comparisons test. (C-F) Two-tailed, unpaired
Student's t test or two-tailed, nonparametric Mann-Whitney test, as appropriate.

from the hen egg lysozyme (HEL)-specific HyHEL10 mAb
(Brink et al., 2015). Immunization with the reduced-affinity
HEL mutant HEL™ (acid dissociation constant [K,] = 1 X
10" M™) elicits a SWyg GC B cell response characterized by
aY53D substitution in the Ig heavy chainV region, which in-

creases HYHEL10 affinity to HEL™ by >100-fold (Paus et al.,

2006; Chan et al., 2012; Brink et al., 2015). The additionally
reduced affinity HEL mutant HEL** (K, = 2.3 x 10> M™)
does not bind the SWig BCR in a physiologically relevant
manner but can bind the Y53D mutant form of HyHEL10
selected during the SWyg, GC response to HEL™ (Chan et

JEMVol. 215, No. 3

al., 2012), thereby providing a metric for affinity maturation
in the anti-HEL™ response. WT (CD45.1/2) and Ackr4™"~
(CD45.2) SWyer B cells were cotransferred into CD45.1
congenic recipient mice and immunized with HEL**-SRBC
(Fig. 2 G). On day 9, DZ/LZ phenotypes (Fig. 2 H) and
the frequency of HEL*-binding GC B cells (Fig. 2 I) were

equivalent between WT and Ackr4 '~ SWyg GC B cells,

indicating that, in this system, the absence of ACKR4 on GC
B cells does not compromise the processes of affinity-based
selection or establishment of DZ and LZ phenotypes in the
presence of competing ACKR4-sufficient GC B cells. Col-
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lectively, these data show GC B cell proliferation, apoptosis,
DZ/LZ phenotype ratio, somatic hypermutation, and affin-
ity maturation to be unaltered in Ackr4-deficient GCs and
suggest, instead, that B cell expression of ACKR4 negatively
regulates, specifically, the pre-GC stages of development
of the B cell response.

Our findings in H-Ackr4™'~ and B-Ackr4~~ mice in-
dicated that ACKR4 negatively regulates both early PB and
GC B cell responses (Fig. 1, C—G). Recent evidence has indi-
cated that a single B cell clone can enter all three possible dif-
ferentiation fates, and that this positively correlates with the
magnitude of their early proliferation and resistance to apop-
tosis (Taylor et al., 2015). Based on these observations and
our data, we hypothesized that ACKR4 functions in undif-
ferentiated, activated B cells to negatively regulate both early
PB and GC B cell responses. This hypothesis predicts that
Ackr4-deficient B cells will preferentially enter early PB and
GC B compartments in an environment in which Ackr4™'~
and WT B cells are in competition. To test this, we studied
Ackr4~'~ early PB and early GC B cell responses (day 5 after
SRBC administration) in the context of mixed BM chimeras.
In mice reconstituted with an equal mixture of Ackr4™~ and
WT BM, ACKR4 deficiency enhanced early PB and early
GC B cell responses relative to concurrently activated WT
cells (Fig. 3 A).To extend these observations, we studied con-
current WT (CD45.1/2) and Ackr4™'~ (CD45.2) SWy B
cell responses to the reduced affinity HEL mutant HEL™ (K,
= 8 x 10’ M™"). This response forms early PBs, GC B cells,
and a population of cells (B220"Ig[HEL]"GL7") that likely
encompass early memory B cells (Chan et al., 2009; Brink
et al., 2015) by day 5 after immunization. At this time point,
Ackr4™~ SWyp B cells outcompeted WT SWyg B cells in
the early PB and GC B and B220"HEL"GL7" cell popula-
tions, most prominently among SWyyg; early PBs (Fig. 3 B).
We hypothesized further that enforced expression of ACKR 4
prior to B cell activation by antigens may limit entry into
early PB and GC B cell compartments. We tested this by
generating Ackr4 knockin mice (Rosa26""4** Fig. S2 A)
and making expression conditional to follicular (Fo) B cells
by introducing a Cre recombinase driven by the regulatory
elements of Cd23 (Cd23™; Kwon et al., 2008). Fo B cells
from Cd23“"'*.R0sa26"" % ** mice expressed functional
ACKR4 (Fig. S2, B and C) and had frequencies of splenic Fo
B cells and marginal-zone B cells that were equivalent to WT
littermates (Fig. S2 D). Transgenic ACKR 4 expression by Fo
B cells did not alter CCR7 or CXCRS5 expression at rest or
after anti—IgM stimulation (Fig. S2 E), but, consistent with the
known function of ACKR4 as a scavenger of CCR7 ligands
(Comerford et al., 2006, 2010), inhibited anti-IgM—stimu-
lated B cell migration toward CCL21, but not CXCL13, a
non-ACKR4 ligand in mice (Townson and Nibbs, 2002; Fig.
S2 F). Supporting the hypothesis that ACKR 4 negatively reg-
ulates activated B cell differentiation, in mixed BM chimeric
mice reconstituted with Cd23“"*. R 05a26" =A% ** and WT
BM, ACKR4 transgenic B cells were less represented among
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early PB and GC B cells that form on day 5 of the SRBC
response (Fig. 3 C).These data suggest that enforced ACKR 4
expression in Fo B cells limits their ability to form early PB
and GC B cells when in competition with WT cells. Col-
lectively, we conclude that ACKR4 negatively regulates early
PB and GC B cell responses in a B cell-intrinsic manner.
Furthermore, these experiments did not reveal a cell-intrinsic
role for ACKR4 in TFH or TFR development (Fig. S1 C),
suggesting that the enhanced T cell responses observed in
H-Ackr4™~~ and B-Ackr4~'~ mice (Fig. S1,A and B) are sec-
ondary to enhanced B cell responses, an observation that is in
keeping with recent evidence, indicating that the magnitude
of the TFH cell response is proportional to the magnitude of
the GC B cell response (Baumjohann et al., 2013).

To examine ACKR4-dependent regulation of the ini-
tial antigen-engaged B cell differentiation in more detail, we
tracked early WT and Ackr4™’~ SWyg B cell responses to
HEL? using mixed SWyg B cell transfers. Profiling CFSE
dilution revealed a cell-intrinsic proliferative advantage for
Ackr4™~ over WT SWyyg B cells as early as day 2 (Fig. 4 A),
which was increasingly apparent as the response progressed
(Fig. 4 B). Notably, the magnitude of the advantage for
Ackr4™"~ SWyg B cells on day 3 of the reaction (KO:WT =
1.26 £ 0.01) was similar to their advantage among the day 5
GC B cell (KO:WT = 1.36 + 0.01; Fig. 3 B) and B220"HEL-
MGL7™ cell (KO:WT = 1.49 + 0.02; Fig. 3 B) populations.
These findings suggest that enhanced early proliferation of
responding Ackr4~'~ SWy B cells may contribute to their
accumulation among the effector cell compartments by day
5 of the reaction (Fig. 3 B). In experiments in which WT or
Ackr4™~ SWig B cells were transferred into separate recip-
ients, Ackr4™~ SWyr B cells were detected at greater fre-
quencies by day 2.5, and remained more abundant during
the first 5.5 d of the response (Fig. 4 C). By day 5.5, mice re-
ceiving Ackr4™~ SWyg B cells had an increased total num-
ber of early PBs, GC B cells, and B220"HEL"GL7~ cells per
spleen compared with controls (Fig. 4 D). Ackr4™~ SWygp
B cells showed a greater propensity to form early PBs (Fig. 4,
E and F), which was apparent by flow cytometry on day 4.5
(Fig. 4 G) and translated to increased circulating anti-HEL
IgM and IgG1 titers and kinetics (Fig. 4 H). Together, these
findings suggest that ACKR4 limits early antigen-engaged B
cell proliferation in a B cell-intrinsic manner, reducing the
number of antigen-engaged B cell precursors available for
early PB and GC B cell differentiation.

Comparisons of SWy B cell responses elicited by HEL
antigens that differ in their affinity for HyHEL10 (Paus et al.,
2006; Chan et al., 2009), or conjugated to SRBCs at varying
epitope densities (Paus et al., 2006), have revealed that affinity
and/or avidity of initial BCR-mediated activation positively
regulates the initial expansion of antigen-engaged B cells. To
investigate whether ACKR 4-dependent changes to activated
B cell responses were congruent across different initiating af-
finities and/or avidities of BCR -mediated activation, we stud-
ied WT (CD45.1/2) and Ackrd4~'~ (CD45.2) SWy B cell

ACKR4 shapes activated B cell fate | Kara et al.
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Figure 2. ACKR4 in GC biology. (A) Representative histology of CCL21 (green) abundance surrounding mesenteric LN GCs in H-WT and H-Ackr4~"~ mice.
BCL-6, blue; gD, white; and CD3, red. Right: IgD and CCL21 staining. Middle: IgD, BCL6, and CCL21 staining. Left: All stains merged. Bars, 50 um. n = 2-3
mice/genotype. (B) Representative DZ (CXCR4"CD86'°) and LZ (CXCR4°CD86") phenotype staining and ratios among splenic GC B cells (B220*1gD~Fas*GL7*)
from H-WT and H-Ackr4~"~ mice day 8 after SRBC. n = 8 mice/genotype (means + SEM). (C) BrdU (2 mg) was administered i.p. 5 h before euthanasia. Repre-
sentative BrdU and 7-aminoactinomycin D (DNA content) staining and quantitation of splenic GC B cells from H-WT and H-Ackr4~/~ mice day 8 after SRBC.
n =5 mice/genotype (means + SEM). (D) Representative staining and quantitation of Annexin V* splenic GC B cells day 8 after SRBC. n = 5 mice/genotype.
(E) Total mutation (left; means + SD) and high-affinity W33L mutation (right) frequency per V4186.2 gene segment from single WT and Ackr4~"~ NP*1gG1*
splenic GC B cells day 14 after NP-KLH immunization. Numbers in doughnut plots indicate the number of W33L* sequences of the total V;186.2" sequences
analyzed. (F) Total (NP3;) and the NP/NP;;, titer of serum NP-specific IgG antibodies in H-WT and H-Ackr4~ mice day 21 after NP-KLH immunization. n =
8 mice/genotype (means + SEM). (G) Experimental schematic. WT (CD45.1/2) and Ackr4~/~ (CD45.2) SWi, B cells were cotransferred into B6.Ly5.1 (CD45.1)
mice and immunized the next day with HEL*-SRBC. (H and I) Representative flow cytometric DZ/LZ ratio (H) and HEL* (I; high-affinity) staining on concur-
rent WT and Ackr4~~ SWyg GC B cells (B220*HEL*CD138-GL7*) on day 9. n = 5 mice. Numbers in plots present means + SEM (A-I). Data are representative
of one (A and E) and two (B-D and F-I) independent experiments. ***, P < 0.0001. (B-D and F) Two-tailed, unpaired Student's t test. (E) Two-tailed, unpaired
Student's t test (left), Fisher's exact test (right, doughnut plots). (H and |) Two-tailed, unpaired Student's ¢ test.
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responses to intermediate (HEL*)- or low (HEL)-affinity
HEL proteins conjugated to SRBCs at intermediate or low
epitope densities (Fig. 4 I[; Paus et al., 2006; Chan et al,,
2009). Ackr4™~ SWyg B cells preferentially formed early
PBs (Fig. 4 J) and outcompeted WT cells in GC B cell and
B220"HEL"GL7" cell compartments 5 d after immuniza-
tion when either HEL* or HEL** of equivalent intermedi-
ate epitope densities were used (Fig. 4 K). Conversely, when
the epitope density was reduced (low density), both WT and
Ackr4™'~ SW g, PB responses were barely detectable by flow
cytometry on day 5 (Fig. 4 ]), but the cell-intrinsic advantage
for Ackr4™'~ SWyg GC B cell and B220"HEL"GL7 cell
development at that time point remained apparent (Fig. 4 K).
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These data indicate that ACKR 4-dependent negative regula-
tion of B cell responses is independent of the initiating affin-
ity or avidity of BCR-mediated activation.

To explore the relationship between ACKR4 func-
tion as a regulator of CCR7-dependent cellular migration
and its negative regulation of activated B cell responses, we
studied the distribution of WT and Ackr4™'~ SWyg B cells
within the spleen after HEL**-SRBC immunization using
histology (Fig. 5 A). WT and Ackr4™~ SWys B cells were
located throughout B cell follicles before immunization
(unpublished data). Within 24 h, a proportion of WT SW g
B cells had redistributed along the T/B border or had em-
igrated into the T cell zone. By days 2—2.5, most of the

ACKR4 shapes activated B cell fate | Kara et al.
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SWhyg B cells were cotransferred into B6.Ly5.1 (CD45.1) mice and immunized with HELZ-SRBC. (A) Representative flow-cytometric CFSE profiles and analysis
of CFSE GMFI among responding SWyg, B cells (B220*Igk*HEL*CD1387) on day 2 (n = 6). Undivided SWyg B cells were analyzed from mock-SRBC-immu-
nized recipients (n = 2). (B) Contribution of WT and Ackr4~~ among responding SWig( B cells (B220*Igk*HEL*CD1387) over the first 3 d of the HEL**-SRBC
response (n = 4 mice/time point). (C=H) WT or Ackr4~'~ (both CD45.2) SWyg B cells were transferred into B6.Ly5.1 (CD45.1) mice and immunized with
HEL*-SRBC (n = 4 mice/genotype per time point). (C) Frequency of total responding SWyg B cells (CD45.2*Igk*HEL*) per 10° splenocytes (means + SEM).
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total responding SWyg B cells. (E) Frequency of SWyg. B220*HEL"GL7™ cells, GC B cells and early PBs (gated as shown in D) per 108 splenocytes and total
number per spleen on day 5.5 (means + SEM). (F) Representative histology of responding SWyg B cells on day 5.5 (n = 4 mice/genotype). Bar, 200 pm. HEL,
green; IgD, blue; and CD4, red. (G) Frequency of SWyg, early PBs (gated as in E) per 108 splenocytes (means + SEM). (H) Anti-HEL IgM and 1gG1 serum con-
centration as determined by ELISA (see Materials and methods; means + SEM). (I-K) WT (CD45.1/2) and Ackr4~'~ (CD45.2) were cotransferred into B6.Ly5.1
(CD45.1) recipients and immunized with HEL?* (intermediate affinity) or HEL** (low affinity) conjugated to SRBCs at intermediate or low epitope densities (n
= 4 mice/genotype per condition). (I) HEL* or HEL** were conjugated to SRBCs at intermediate (black histogram; 100 pg/ml; SRBC) and low (gray histogram;
5 pg/ml; SRBC) epitope densities and detected using HyHELS mAb. Mock-conjugated SRBCs (open histogram) are shown for comparison. (J) Representative
plots of concurrent WT and Ackr4~'~ SWyg early PBs on day 5 (pregated Igk*HEL* and CD45.1*CD45.2* [WT] or CD45.17CD45.2* [Ackr4~]). Numbers in
plots represent the mean (+ SEM) frequency of early PB as the frequency of total responding SWyg. B cells. (K) SWig.Ackr4 ™~ competitive ratio is plotted
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WT SWygr B cells remained at the T/B border, although
some redistribution to the interfollicular zone (IFZ; defined
here as the lateral poles of the Fo B cell proximal to bridg-
ing regions, also referred to as the marginal-zone bridging
channel) was apparent. In contrast, an increased proportion
of Ackr4™~ SWyg B cells were localized in the IFZ early
during the response. On days 2-2.5, a larger proportion of
Ackr4™~ SWyyg B cells were localized in the IFZ and were
visibly more abundant than the WT SWyg B cell response
at that time, which became increasingly apparent during the
next 60 h of the response. Whereas most WT SWyg B cells
were positioned in the IFZ and at the T/B border on days
3-3.5,a proportion of Ackr4™~ SWyg B cells were distrib-
uted in the outer follicle, with the emergence of SWye B
cell clusters in the outer follicular regions and the IFZ and
the appearance of cells exhibiting a PB phenotype in the
bridging channels on day 3, which became more obvious
by days 3.5—4.5. These early ACKR4-dependent changes
to the migratory patterns of SWyg, B cells were indepen-
dent of detectable cell-intrinsic defects in CCR7, CXCRJS5,
CXCR4, or EBI2 expression during the first 3 d of this re-
sponse (Fig. 5 B). Thus, in the absence of ACKR4, a propor-
tion of activated B cells preferentially home to the splenic
IFZ during the early stages of the humoral immune response.
Favorable positioning to interfollicular niches was accompa-
nied with the enhanced expansion of Ackr4™~ SWy B
cells in these zones and exaggerated early PB responses.

CCR7 guides activated B cell homing toward the T/B
border but also contributes to the lateral spreading along
that interface and positioning within the splenic IFZ (Reif
et al., 2002; Okada et al., 2005; Gatto et al., 2011). To deter-
mine whether ACKR4-mediated regulation of early B cell
responses was dependent on CCL19 and/or CCL21, these
ligands were neutralized in mixed BM chimeras. This revealed
that the advantage of ACKR 4-deficient B cells to enter early
PB and GC B cell compartments was dependent, at least in
part, on physiological CCL19/CCL21 (Fig. 5 C).

Concluding remarks

Our findings establish ACKR4 as a B cell-intrinsic reg-
ulator of early PB and GC B cell responses. First, using
ACKR4-deficient anti-HEL monoclonal B cells, we
demonstrate that ACKR4 limits the early migration of an-
tigen-engaged B cells to splenic interfollicular niches. Un-
restricted access of activated B cells to these niches in the
absence of ACKR4 was associated with their enhanced early
expansion, which we propose increased the precursor pool
of activated B cells available for subsequent differentiation
into early PB and GC B cell fates. Further, we demonstrate
that aberrant, splenic IFZ localization by antigen-engaged

ACKR4-deficient anti-HEL B cells was accompanied by the
preferential formation of early PB responses.

Existing evidence indicates that migration of activated
B cells 1s predominantly shaped by their balanced responsive-
ness to CCR7, EBI2, CXCR5, and CXCR4 ligands (Pereira
et al., 2010). Gatto et al. (2011) demonstrated that transfer
of Cxcr5-deficient, activated B cells results in their exclu-
sion from B cell follicles and accumulation in marginal-zone
bridging channels; however, compound deletion of Cxcr5
with Cer7 was shown to direct cells away from this niche and
toward the outer regions of the follicle. These data indicate
that, in addition to its established role as driving activated
B cell migration toward the T cell zone (Reif et al., 2002),
CCRY7 also contributes to positioning activated B cells to-
ward the IFZ and bridging zones of the spleen. Our experi-
ments with SWyg B cells indicate that deletion of ACKR 4, a
scavenger of CCR7 ligands, promotes responding B cell mi-
gration to splenic IFZ.We speculate that ACKR4 may func-
tion to “tune” early CCR7-dependent cues on a proportion
of responding B cells, limiting their CCR7-driven homing
to splenic IFZ. Our findings that physiological CCL19 and
CCL21 were required, at least in part, for ACKR 4-dependent
changes to early PB and GC B cell responses supports a rela-
tionship between ACKR 4 and CCR7 function in the regula-
tion of activated B cell responses.

Our results indicate that the propensity of ACKR4-
deficient SWygp B cells to form early PB responses correlated
with their favorable accumulation in the IFZ during the early
stages of T cell-dependent humoral immunity. These data,
together with published findings that (a) EBI2-deficient B
cells, which are defective in their ability to access splenic IFZ
and bridging channels, fail to form robust early PB responses
(Gatto et al., 2009); (b) forced EBI2 expression on B cells pro-
motes early PB responses (Gatto et al., 2009); and (c) targeted
antigen delivery to splenic DCIR2" dendritic cells, which
localize to this niche, elicit robust early PB responses, and are
implicated in promoting PB survival (Garcia De Vinuesa et
al., 1999; Chappell et al., 2012), support a model in which B
cell migration at the early stages of activation has an import-
ant role in coordinating and balancing differentiation to early
PB and GC B cell fates.

In summary, our results describe an in vivo, cell-intrinsic
role for ACKR4 in shaping activated B cell differentiation
and further our understanding of the cellular events that gov-
ern antibody production.

MATERIALS AND METHODS

Mice

All mice were on the C57BL/6] background and housed
in specific pathogen-free conditions at Laboratory Animal

as the ratio of Ackr4™'~ to WT among SWyg GC B cell (left) or B220*HEL"GL7~ cell (right) compartments (gated as in D), normalized to the input ratio, as
determined from mock-SRBC-immunized mice. n = 4 mice (means + SEM) on day 5. (A-K) *, P < 0.05; **, P < 0.01; ***, P < 0.0001; data are representative
of two independent experiments. (A and J) Two-tailed, paired Student's t test. (B and C-H) Two-tailed, unpaired Student's t test. (C-K) Means + SEM.
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O SWg @ SW Ackrd of antigen-engaged B cells to splenic IFZs.
wann (A) WT or Ackr4™'= SW, B cells were trans-

ferred into WT recipients and immunized the
next day with HEL?*-SRBC (days 1-2.5 analysis,
transfer of 5 x 10° SWye B cells, immunization,
2 x 107 HEL*-SRBC; and days 3-4.5 analysis,
transfer of 2 x 10° SWye B cells, immunization,
10° HEL*-SRBC). Representative histology
of responding SWyg B cells in the spleen on
days 1, 2, 2.5, 3, 3.5, and 4.5 after immuniza-
tion. Quantification of SW,g B cell frequency
per splenic region is depicted for days 1, 2,
and 2.5 (see Materials and methods; means +
SEM). Bar, 200 um. Blue, IgD; green, HEL; red,
CD4; OF, outer follicle; FC, follicle center; T/B,
T/B border; TCZ, T cell zone. Images are repre-
sentative of five mice/genotype per time point;
two-tailed, unpaired Student's t test. (B) WT
(CD45.1/2) and Ackr4™'~ (CD45.2) SWyg B cells
were cotransferred into B6.Ly5.1 (CD45.1)
mice and immunized with HEL>*-SRBC. Rep-
resentative plots of CCR7, CXCR5, CXCR4,
and EBI2 staining on responding SWyg B cells
(B220*Igk"HEL") relative to endogenous Fo B
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Services, University of Adelaide (unless indicated oth-
erwise). C57BL/6 (WT) and B6.Ly5.1 (B6.SJL Ptprca)
were purchased from the Animal Resource Center and
bred in house. Ackr4™'~, Ccr7'~, pMT, Ackr4™'~.Cer7™'~
SWyer (CD45.2), SWyg (CD45.1/2), and SWyg;.
Ackr4™~ (CD45.2) mice were bred and maintained in
house. Cd23“™ mice were provided by M. Busslinger (Re-

JEM Vol. 215, No. 3

+ +
B6.Ly5.1 BB6.Ly5.1

WT Ackrd
+ +
B6.Ly5.1 B6.Ly5.1

search Institute of Molecular Pathology, Vienna, Austria).

Cd23°™ R 0sa26"- A%+ mice were generated by inter-
breeding and maintained in house. Mice used in exper-
iments were gender- and age-matched animals and were
between the ages of 6 and 12 wk. All animal experiments
were approved by the Animal Ethics Committee of the
University of Adelaide.
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BM chimeras

Recipient mice were lethally irradiated with 1,000 rad (two
doses of 500 rad) and reconstituted with 4-5 X 10° total BM
cells 1.v. of genotypes indicated in text. A minimum of 8 wk
was allowed for reconstitution before experimentation.

Transfers, immunizations, and BrdU treatment

T cell-dependent humoral immune responses were induced
with 2 X 10” SRBC (Applied Biological Products) or 50 ug
NP-KLH (Biosearch Technologies) and precipitated in alum
(Analar) i.p. HEL™, HEL’*, and HEL", with varying affini-
ties to HyHEL10, as described (Brink et al., 2015). Conjuga-
tion of HEL proteins to SRBCs was performed as described
(Brink et al., 2015). Unless otherwise indicated, HEL con-
jugation to SRBCs was performed using 300 pg/ml HEL.
Successful conjugation was confirmed using HyHEL9 mAb
(Brink et al., 2015) before immunization. Unless otherwise
indicated, splenocytes or Fo B cells purified by magnetic-
activated cell sorting (CD43 Negative Isolation kit; Miltenyi
Biotech) from SWyp or SWyg . Ackrd™'~ mice containing
10°> HEL-binding B cells were transferred i.v. into B6.Ly5.1-
recipient mice. The next day, recipient mice were immu-
nized i.v. with 10° HEL-conjugated SRBCs. For assessment
of SWyg; B cell proliferation, splenocytes containing SWygp
B cells were CFSE loaded, as described (Quah et al., 2007),
before transfer and immunization the next day. For BrdU ex-
periments, 2 mg BrdU (Sigma-Aldrich) in 0.85% saline was
injected 1.p. 5 h before euthanasia.

Histology

For assessment of SWyg B cell responses by histology (days
1-2.5),5 x 10° HEL-binding B cells from SWyg or SWigg;.
Ackr4™’~ mice were transferred i.v. into WT mice, which
were immunized with 2 X 10° HEL**-SRBC i.v. the next
day. For assessment of SWyg; B cell responses by histology
(days 3-5.5), 2 X 10° HEL-binding B cells from SWyg or
SWyg . Ackr4™~ mice were transferred i.v. into WT mice,
which were immunized with 10° HEL**-SRBC i.v. the next
day. Organs were frozen in Tissue-Tek optimal cutting tem-
perature—embedding medium (Sakura Finetek). Cryostat sec-
tions (8 pm) were fixed in ice-cold acetone and stained, as
previously described (Bunting et al., 2013). For detection of
HEL-binding B cells, sections were first blocked with 30%
normal horse serum and incubated with HELY" (100 ng/
ml; Sigma-Aldrich), which was detected using unconjugated
rabbit anti-HEL (polyclonal; Rockland) and goat anti—rabbit
Ig-Alexa Fluor 488 (Life Technologies). For SWyg; histology,
antibodies to IgD (11-26¢; eBioscience) and CD4 (RM4-5;
BD) were used. For the GC stain (Fig. 2 A), antibodies to IgD,
CD3 (145-2C11; BD), BCL-6 (K112-91; BD), and CCL21
(goat polyclonal; R&D) were used. To enumerate transferred
SWygr B cell positioning in spleen sections, the outer follicle,
follicle center, T/B interface, IFZs, and T cell zone per white
pulp region were first defined (Gatto et al., 2011) in a blinded
manner on images stained with IgD/CD4, with HEL-bind-
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ing fluorescence removed. HEL-binding fluorescence was
then merged with these images, and the total number of
HEL-binding cells per white pulp area and HEL-binding
cells in defined regions were enumerated by four indepen-
dent researchers. Means = SEM values across those four inde-
pendent data sets are presented.

In vivo CCL19/CCL21 neutralization

Affinity-purified anti-mouse (m) CCL21 was generated
and purified in house as described (Comerford et al., 2010).
Anti-mCCL19 antibodies were raised in New Zealand
white rabbits by immunization with full-length, synthetically
manufactured CCL19, which was active in calcium mobi-
lization and chemotaxis assays (Clark-Lewis et al., 1994).
Serum IgG was purified from preimmunized bleeds (nor-
mal rabbit IgG [NRIgG]) and mCCL19- or mCCL21-im-
munized rabbits using Protein A columns (Millipore). The
CCL19- or CCL21-neutralizing ability of these antibodies
was confirmed in chemotaxis assays before their use in vivo.
Recipient, mixed-BM chimeric mice were administered 500
pg affinity-purified rabbit anti-mCCL21 and 500 pg affin-
ity-purified, rabbit anti-mCCL19 or 1 mg NRIgG i.p. on
days —1, 0, 2, and 4. Mice were immunized with SRBCs i.p.
on day 0 and analyzed 5 d later.

Vy, gene sequencing analysis of NP*IgG1* GC B cells

Single NP IgG1" GC B cells were sorted from NP-KLH-
immunized (day 14) mice using a BD FACSAria cell sorter.
Two rounds of PCR were performed on cDNA using a sin-
gle proximal 5’ primer for the J558 Vi gene family (Ehlich
et al., 1994; Smith et al., 2000), together with nested primers
specific for Cyl (McHeyzer-Williams et al., 1991; Smith et
al., 2000). Bands of expected size were purified, sequenced,
and analyzed for V;186.2-containing sequences as described.
ForV;186.2" clones, the region encoding amino acids 10-96
were compared in detail with the germline V;186.2 sequence
as described (Smith et al., 2000).

Chemotaxis assay

Fo B cells purified by magnetic-activated cell sorting were
activated with 5 pg/ml goat anti-mouse IgM (Jackson Im-
munoResearch) for 24 h or rested overnight (unstimulated
control). Various dilutions of recombinant mouse CCL21
(provided by the late I. Clark-Lewis) or CXCL13 (Pepro-
Tech) in 150 pl chemotaxis buffer (RPMI-1640 with 0.5%
BSA and 20 mM Hepes) were added to the lower cham-
bers of Transwell chemotaxis plates (96-well, 5-um pore size;
Corning). Cells were extensively washed in chemotaxis buf-
fer and loaded into the upper chambers at 10° cells/well in
50 pl chemotaxis buffer and incubated for 3 h at 37°C. To
enumerate B cell migration, cells were harvested from the
bottom chambers, and B220" cells were assessed by flow cy-
tometry using a defined number of CaliBRITE beads (BD)
as an internal reference. The migration index was calculated
as described (Kara et al., 2013).
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Chemokine-scavenging assay

FACS-sorted Fo B cells (2 X 10°) were incubated in RPMI-
1640 medium containing 5 or 10 ng/ml recombinant mouse
CCL19 (R&D Systems) at 37°C for 3 h with inversion every
30 min. 100 pl of cell-free supernatant was then assessed for
CCL19 concentration by ELISA as described previously
(Comerford et al., 2010).

ELISA

Serum HEL-specific IgM and IgG1 concentrations were
quantified using HyHEL10 IgM and IgG1 standards as de-
scribed previously (Phan et al., 2003). NP-specific IgG was
detected using NPs-BSA or NP3,-BSA (10 pg/ml; Biosearch
Technologies)—coating antigen. ELISAs were developed with
3,3',5,5'-tetramethylbenzidine substrate.

Quantitative PCR

RNA was harvested using the Qiagen microR Neasy kit with
on-column DNase treatment. cDNA synthesis was performed
using Transcriptor First Strand ¢cDNA synthesis kit (Roche)
and used as the template in reactions with the LightCycler
480 SYBR Green Master Mix I (Roche). Relative Ackr4
transcript abundance was calculated with reference to the
housekeeping gene Rplp0 using the formula: 274" (ACT
= CTaaet — CTrppo); Rplp0, forward: 5'-AGATGCAGC
AGATCCGCAT-3', reverse: 5'-CAGTGAGCTTCCCGT
TCAG-3"; Ackr4, forward: 5'-AGATGCAGCAGATCC
GCAT-3', reverse: 5'-CAGTGAGCTTCCCGTTCAG-3".

Flow cytometry and sorting

Cells were stained as described previously (Kara et al., 2015)
using antibodies specific for: CD45.2 (104), B220 (RA3-6B2),
IgD (11-26¢), IgD® (217-170), Fas (Jo2), GL7, CD86 (GL1),
CD138 (281-2), Iek (RMK-45), CD93 (AA4.1), CD21
(7G6), CD23 (B3B4), CD11b (M1/70), CD3 (145-2C11),
CD4 (RM4-5), CD44 (IM7),PD-1 (J43), CXCRS5 (2G8), and
CCRY7 (4B12;1in house); and EBI2 (chicken polyclonal; Gatto
et al., 2013), CXCR4 (2B11/CXCR4), Nrp-1 (3E12), and
Foxp3 (FJK-16s). Unconjugated/biotinylated antibodies were
detected using goat anti-rat IgG (Life Technologies), goat anti—
human IgG-Fcy fragment specific (Jackson ImmunoR esearch),
streptavidin-PE (Jackson ImmunoR esearch), -Alexa Fluor 647
(Jackson ImmunoR esearch), -BV510, -BV421, or -BV450.All
antibodies and secondary reagents were purchased from BD,
eBioscience, or BioLegend unless otherwise indicated. Dead
cells were excluded using LIVE/DEAD fixable near-infrared
dye (Molecular Probes). 7-aminoactinomycin D (eBioscience)
was used to detect DNA content. BrdU staining was conducted
using the BrdU Flow kit (BD). NP-binding was detected using
NP-PE made in house (Smith et al.,2000). CCL19-Fc is a chi-
meric protein of mouse CCL19 fused to human IgG1 constant
region (Reif et al., 2002). The Annexin V apoptosis detection
kit (eBioscience) was used to detect Annexin V. Foxp3/TF
staining buffer set (eBioscience) was used to detect FoxP3. For
detection of HEL-binding cells,2 X 10° splenocytes were incu-
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bated with soluble HEL (200 ng/ml), followed by detection of
BCR-bound HEL using mAb HyHEL9 conjugated to Alexa
Fluor 647 as described (Brink et al., 2015). Data were acquired
on BD LSR II, BD FACSAria, or BD LSRFortessa flow cy-
tometers. For sorting experiments, a BD FACSAria was used.
Data were analyzed using FlowJo software (Tree Star).

Statistics

Data were analyzed with Prism (GraphPad Software) using
either two-tailed (unpaired or paired, as appropriate) Student’s
t tests (for normally distributed data sets comparing the mean
of two samples), two-tailed nonparametric Mann-Whitney
tests (for data sets that were determined by an F test not to
have a normal distribution and where there was a comparison
of the mean of two samples), or one-way analysis of vari-
ance with appropriate posttests as indicated in text (for com-
parisons of multiple samples). For all analyses, P < 0.05 was
considered significant. Sample or experiment sizes were de-
termined empirically for sufficient statistical power. No statis-
tical tests were used to predetermine the size of experiments.
No data points were excluded from statistical tests.

Online supplemental material

Fig. S1 shows that follicular T cell responses to SRBC immu-
nization are enhanced in the absence of hematopoietic or B
cell expression of ACKR4. Fig. S2 shows the generation and
characterization of Rosa26""4*"* knockin mice.
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Figure S1.  Follicular T cell responses are enhanced in the absence of B cell ACKR4 (related to Figs. 1 and 3 A). (A) TFH (B220~CD4*CD44"PD1"CX-
CR5"Foxp3~) and TFR (B220~CD4*CD44"PD1"CXCR5"Foxp3*) cell numbers in spleen of H-WT and H-Ackr4~"~ mice after SRBC immunization as described
in Fig. 1 (C and D; means + SEM). Representative plots are from day 5 after SRBC immunization. Data were analyzed using a two-tailed, unpaired Student's
ttest or a two-tailed, nonparametric Mann-Whitney test. (B) TFH and TFR cell numbers in B-WT and B-Ackr4~ mice described in Fig. 1 (E and F; means +
SEM). Data were analyzed using a two-tailed, unpaired Student's t test or a two-tailed, nonparametric Mann-Whitney test, as appropriate. (C) Represen-
tative flow-cytometric gating strategy identifying naive CD4* T cells, thymic-derived T regulatory (tTreg) cells, TFH, and TFR cells in mixed BM chimeras, as
described in Fig. 3 A. Left: Representative histograms of CD45.2* cells among concurrent naive CD4* T cell and TFH compartments. Right: Representative
histograms of CD45.2* cells among concurrent tTreg cell and TFR compartments. Numbers in plots indicate means + SEM frequencies of CD45.2* cells
among indicated cell populations (n = 6 mice/group). Data are representative of two independent experiments.
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Figure S2.  Cd23%%/* Rosa26S-A%/* mice (related to Fig. 3 C). (A) Rosa26 targeting strategy. (i) Rosa265*¥* targeting construct; (i) WT Rosa26
locus; (iii) targeted Rosa26 locus; and (iv) targeted Rosa26 locus after Cd23-Cre-mediated recombination. loxP:loxP, targets for Cre-mediated recombination;
Puro-STOP, puromyecin resistance gene, followed by STOP cassette (transcriptional pause sequence with two polyA sites); IRES, internal ribosome entry site;
Bgeo, fusion of B-gal and neomycin resistance cDNA; PGK-DTR, diphtheria toxin receptor control by the PGK promoter. (B) Quantitative PCR analysis of
Ackr4 transcript abundance in sorted marginal zone B cells and Fo B cells (n = 3 mice/genotype; gated as shown in D). Data are presented relative to the
housekeeping gene Rp/p0(means + SD). (C) CCL19 scavenging assay. Sorted Fo B cells from WT (n = 3) or Cd237%*.Rosa 26544+ (n = 3) mice wereincubated
with 10 or 5 ng/ml recombinant CCL19 for 3 h at 37°C. CCL19 concentration in cell-free supernatants was determined by ELISA. Samples with no addition of
cells (chemokine only) were used to determine input CCL19 concentration. One-way ANOVA with the Bonferroni multiple comparisons test (means + SEM).
(D) Representative flow cytometric analysis of marginal zone B cell (B220*CD11b-CD93-CD23"-CD21*) and Fo B cell (B220*CD11b-CD93-CD23+*CD21"")
frequencies in spleen of WT (n = 3) and Cd23“*.Rosa26-#%4+ (n = 3) mice. max, maximum. (E) Representative flow cytometric analysis of CCR7 and
CXCR5 expression on unstimulated (rested overnight) and anti-lgM-stimulated (5 pg/ml; 24 h) WT and Cd23“%**Rosa265-#%+ B cells. (F) Anti-IgM-
stimulated (24 h) WT and Cd23%%/*. Rosa 2644+ B cell transwell chemotaxis to CCL21 and CXCL13 (means + SEM). Unpaired, two-tailed Student's t test.
(Cand F)*, P <0.05;* P <0.01; ** P < 0.001.
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