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Mechanisms of Germinal Center and Norcanonical B cell Responses
Nikita Trivedi, PhD

University of Pittsburgh2019

B cell responses to pathogens and vaccines can be mediated by Germinal center (GC) and
nonGC processes. Usirighrlichia murisas a model pathogen for noanonical B cell responses,
we found that antibody forming cells (AFC) and memory B cells (MBC) eagemerated in the
absence of a GC reaction. In addition, #iymphoid sites of infection such as the liver can support
B cell proliferation, somatic hypermutation (SHM) and MBC generation and localization.
Ehrlichiainduced B cell responses are markedivgrse surface phenotypes antifit expression
and asubsebf T-bet MBC colonize the marginal zone (MZ) compartment of splé@&ese data
provide insights into neranonical B cell responses, tissue resident B cell responseshatdBr

cell biology.

B cell differentiation into a GC B cell (GCBC) phenotype is marked by disBneell
receptor BCR) signaling in comparison to naive B cells (NBC). This has been attributed to
regulatory mechanisms involving protein and lipid phosphatases that function exclusively in
GCBC. We extend these findings by uncovering the role of actin as a negative regfuBiét
signaling in NBC and GCBC. In addition, we discover the unique dynamics of BCR endocytosis
and antigen (Ag) presentation in GCBRese dataeveal goreviously unappreciated role for the
lipid phosphatase Phosphatase and tensin homolog (PTENRmfa@mics and Ag presentation.

Another lipid phosphatas&rc homology 2 domain containing inositol polyphosphate 5



phosphatase (SHIP-1) is crucial for proliferation and survival of GCBC. Taken together, these

data highlight the distinct waySCBGCs are ewired for efficient GC function.
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1.0Germinal Center and Non-Canonical B Cell Responses

Humoral immunity iscritical for clearance of pathogens and in mounting rapid memory
response upon {i@fection. Typically, these immune responses are generated in secondary
l ymphoid tissues (SLT). These SLTs include th
spleenetc. tissues that are strategically located at the site of potential pathogen encounter. The
spleen is a major secondary lymphoid organ which plays a vital role in the clearance of blood
borne pathogens. Classical B cell response to infections initis#€laselldependent antibody
response marked by the formation ajerminal centerGC) reaction. In thes&CBCsundergo
clonal expansionsomatic hypermutatiorSHM) and antigenspecific B cells get selected. This
process generates high affinfvCs and MBCs. However, certain pathogens suctsasmonella
Borrelia, E. murisdo not induce the GC pathway and instaatibody forming cellsAFCs) and
memory B cells MBCs) are generated through a roanonical extrdollicular (EF) pathway(1-
4). These two different pathways of generating B cell responses are discussed in the following

sections.

1.1 GC Reaction

Within secondary lymphoid orgarentigen(Ag) encounter leads to-B interaction at the
border of T cell and B cell zones. This interaction leads to the differentiatioaieé B cells
(NBCg) into GCBCs. Agactivated B cells migrate into the center of the B cell follicle and undergo

rapid proliferation. As the GC matures, two different zones start emerging. These compartments



are termed as the light zone (LZ), and dark zone (DZ). The LZ contains G@BICs)ar helper
T cells (Tth), and follicular dendritic cells (FDC%%, 6) The DZ consists of densely packed and
proliferating GCBCs and stromal cellBhe ciemokine receptor -X-C chemokine receptor type
4 (CXCRA4) is expressed on the surface of DZ GCBCs, and CD83 and CD86 proteins are expressed
on the surface of LZ GCB(S, 6) DZ stromal cells express stromal cell derived factor 1 (SDF1),
which is the ligand CXCR4 and this interaction retains GCBCs in the DZ. LZ FDCs, express the
chemokine €X-C motif ligand 13 (CXCL13) and its receptor>GCC chemokine receptor type 5
(CXCRY5) is abundantly expressed on the surface of LZ GGBG3

Classically, DZ GCBCs are referred to as centroblasts, and LZ GCBCs aredateas
centrocyteg5-8). In the DZ, centroblasts undergo proliferation and SHM in the Ab variable region
geneg5-8). Upon entry into the LZ, the centroblasts cease proliferation and become centrocytes
(5-8). In the LZ, centrocytes encounter FDCs that expcessplement receptors and Fc gamma
receptor 2B (FcR2B) (5). FDCs hold Ag in the form of immune complexes and present it to the
B cells(5). These centrocytes acquire Ag from FDCs and present it to T cells in the context of
MHC 1l (5-8). The interaction with T cells provides survival signals to GCBCs. Contrary to this
classical mdel, imaging studies and cell cycle analyses have found that both LZ and DZ GCBCs
have B cells in different phases of the cell cysleggesting that GCBCs can proliferate in either
of these compartmen{s-8). In thecontext of interactions with Tfh, GCBCs have to compéte w
each other to receive the required T cell {848). The number of B cells can be 5 to 20 times
higher tharthe number oT th cells within any given GC reaction. GCBCs that have higher affinity

for anAg will take upAg efficiently and present it to T cells and get positively sele(Get).



Upon differentiation into a GC phenotype, B cells undergo several phenotypic changes and
rewiring at thesignaling level that allows efficient GC function. These modifications in GCBCs

are discussed in Chapter$3

1.2 Non-canonical B cell Responses

After encounter with a cognate T cell, activated B cells either enter a follicle or migrate
into EF areas and contie to proliferate. In the spleen E€sponsesan occur in periarteriolar
lymphocytic sheathged pulp and in bridging areas between follieed in the lymph nodes this
can occur in medullary cord8). These EF sites are capable of SHM, isotype switching and B cell
differentiation into longived phenotypeg9). During ongoing GC reactions, B cells continue
responding from EF siteso these sites are a contributor to humoral immuimtyautoimmune
conditions such as lupusoth pathwayontribute in the production of autoantibod{&®). The
majority of our understanding of B cell immune responses is based on GC responses but there are
many pathogens that do not induce a GC reaction and the humoral immunity to these pathogens is
dependenon EF sites.

In the case ofBorrelia burgdoreferj GC responses ashortlived and have a deformed
structure andhe B cell responssoccur at EF site§-4). In Salmonella typhimuriunmfection,

GC responses are delayed and instead a massive EF B cell response is ¢bserypitally,
these responses are thought to be-smatific in nature. Howevegalmonellanfection of BCR
restricted mice has shown that these resmomséact require antigen (Ag) sensing through the
BCR(11). Moreover Salmonellanfectionrinduced ERB cell patches have been shown to undergo

SHM and clonal expansidd1). Also, thee is substantial isotype switching to IgGthe absence
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of a GC reaction t@almonella(11). These data have revised the view on B cell responses to
pathogens and highlighted the role of EF or-uanonical B cell responses. Anothertmagen that
does not induce a GC responsé&fslichia muris(12). Recently it has been shown that TNF
production uporkE. murisinfection disrupts the splenic architectyuteading to a dampened GC
response and insteawuction ofa massive EF AFC respongE8). Further details regarding.

muris and the noftanonical B cell responses are discussed in the next chapter.



2.0Liver is a generative site for the B cell response thrlichia muris

2.1 Introduction

2.1.1Ehrlichia muris

Ehrlichia muris is a gramegative, obligate, intracellular pathogen that calsesan
monocyte ehrlichiosis (HME)L4, 15) There are many strains of Ehrlichia that are known to cause
infections such aBhrlichia chaffeesis, Ixodeus ovatudOE), Ehrlichia muris Ehrlichia ewingii
Ehrlichia canisandEhrlichia ruminantium(14, 15) The strains most commonly causing human
infectionareE. chaffeensiandE. ewingii(16). Ehrlichia uses dogs and deers as animal reservoirs
and human infection can occur incidentally in a-tickne mannefl6). The infection is generally
selflimiting in immunocompetent host$7). However, in immunocompromised hosts it canse
severe complicatiaand can affect multiple systemsth symptomgesemblingoxic shock(17).

HME is generally characterized by nausea, vomiting, fevedauoee, myalgia, arthralgia, liver
inflammation and liver dysfunctiofi7). The infection responds well to doxycycline treatment and
clinical improvement is observed within 24 to 48 hopesttreatmen{(17). In our study, we have
usedE. muriswhich closely resemblds. chaffeens and induces a systemic infection but does
not cause pathologiL4, 15) This model gives us the advantage of studying the immasponse

without complications from immunopathology.



2.1.2Ehrlichia Infection

Generally,Ehrlichia infection occurs within macrophages, hepatocytes, and endothelial
cells (18). Within these cells, the infection can form moryhlabich are cytosolic vacuoles that
help tocontainthe Ehrlichia (18). Upon infection Ehrlichia can spread from one cell to another
via filopodia. Filopodia formation requires actin polymerization anebrganization of
filamentous actin (factin) (19, 20) Agents such as Cytochalasin D reduce actin polymerization
and in turn filopodia formation. Inhibiting filopodia formation by treatment of cells with
Cytochalasin D reduces bacterial burdaighlighting the importance of membrane extensions in
the spread oEhrlichia infection (19, 20) Data from electron microscopy experiments have also
shown the transmission &hrlichia via filopodia extensiongl9, 20) During infection Ehrlichia
can also spread by host cell lysis and infection of neighboring(&6ll20)

Ehrlichia species have sevenaathogerassociated molecular patterf®AMPS) ontheir
outer membrane. Sever@litermembrane proteins (Omps) of the Omp28 family such as Omp12,
Omp19, and Omp29 have been described previously and are kade immunodominar®l).
These Omps also facilitate adhesionEdirlichia onto host cell§21). The outer membrane of
Ehrlichia is also rich imandenrepeat units (TRPS) that are secreted \igpa 1 secretion system
(22). These TRPs are known to play maoles that disrupt host functions. Some of these functions
include 1) regulate the cytoskeletdsy interactions with actin and myosin filameng re
program the transcription factors that are associated with host sy8ydthrlichia species also
express a protein callexiter membrane entry triggering protéittPEC). EtPEC facilitates the
entry ofEhrlichia into the host cell by binding to DNase(X3). Typically, upon entryEhrlichia
entes endocyticcompartmentshat fuse withtransferrinreceptor TfR) positive endosomes to

acquire iron from the host cytos(l8). Ehrlichia also escapes degradation by the lysosomal

6



pathway(18). Throughits Type 4 secretion systerahrlichia secretes ECH_082&hichleads to

inhibition of ROS production and cell dedi8).

2.1.3Immune responses tdehrlichia

Ehrlichiais an obligate intracellular pathogen atttereforecell mediated immunity has a
major role in protection against pathog8everal different species Bhrlichia have been used to
study the immune response to the infectnchaffeensiandE. murisare mildly virulent strains
for murine infection, wheeas, IOE is a highly virulent strain that leads to pathogenasisiver
disease in mic€l4). There are many different immune cells thatypa key role in control of
Ehrlichia infection.

Neutrophils are innate immune cells that play a crucial role in clearance of extracellular
and intracellular pathogens by phagocytosis, generation of reactive oxygen species (ROS), and
antimicrobial peptiés. However, contrary to thesualprotective roles of neutrophils, in the case
of Ehrlichia infection, neutrophils play a pathogenic r{2d). Depletion of neutrophils during an
ongoing infection with IOE increased bacterial clearance and reduced patt@q@dyeutrophil
depletion also led to a reduction in the number of tumor necrosis factor alphd Ji¥éducing
CDS8 T cells, which is known to be a major contributor to fatal ehrlich{@gis

Macrophages are one of the main cells that get infecte&Hhsiichia. Macrophage
heterogeneity has recently been dissected in conte&tithia infection. In case of protective
E. murisinfection, M2 polarized mcrophages dominate in the lif@6). However, infection with
the virulentlOE strain leads to accumulation of INOS producing M1 macrophages and induction
IL-17 production by T, NK and NKT cell®5). These data highlig the role for macrophage
polarization in shaping the immune responsEhdichia.

7



Typically, cytotoxic CD8 T cells provide protection against intracellular infections by
producing perforin and granzymedd eliminating infected celland by producingytokines
suchasTNFJ and i nt er f-e jhatactivgtephagacyti¢ dels.Nnhfections with mildly
virulent species dthrlichia such as. muris triggers protective CD8 T cell respor{g6). In fact,
adoptive transfer of CD8 and CD4 T cells fremmurisinfected mice leads to protection against
IOE infection(26). However, a direct infection with virulent IOE leads to epesduction of TNF
U by CD8 T cell s t h@a)Micedacking thebTiNERewere pratecteddronh o | o g
liver injury and pathology and had prolonged survizl). However, mice lacking TNFR also
had greater bacterial burdesuggesting a role foFNF-ain the control of intracellular infection
(26).

Like CD8 T cells, depletion of NK cells also leads to reduced pathology and prolonged
survival in case of IOE infectio(27). However, in case dE. murisinfection, depletion of NK
cells leads to reducademoryCD4 T cells and AFGsuggesting a role for NK celis promoting
long-term adaptive immunity t&hrlichia (26). During Ehrlichia infection, IFN-2 produced by
CD4 Th1l cells, and NKT cells enhances the phagocytic functions of macrophages and aids in
bacterial clearancé8). Despite being an intracellular pathogé&tmrlichia infection leads to a

robustB cell response that is known to be protective.

2.1.4Humoral Immunity to Ehrlichia infection

It is generallybelieved that cellular, but not humagrimhmunity is crucial for the clearance
of intracellular pathogens. IBhrlichia chaffeensisnfection, SCID mice develop fatal infection

(29, 30) However, transfer of immune sera or antibodies from immunoetampmice reduced



bacterial burden and prolonged survival of SCID nfg®). These data demonstrate that humoral
immunity can play a significant role in the clearance of intracellular pathogens

Generally, B cell responses aréciééd via a germinal center response. Howevethe
case of certain pathogens suclBasrelia, SalmonellaandEhrlichia, GCs are not formed or their
induction is delayed and instead a saamonical B cell response leads to AFC formafi#).
The responding B cells duririghrlichia infection are known to express CD11c, B220, CD19,
CD1d and high expression of CD14hd CD43 (31). IgM-secreting B cells persist in the bone
marrow of antibiotic treated mice and provideg-term protectionagainst challenge infection
(32, 33) Generation of IgM memory B cells durigdnrlichia infection is CD4 Tcell-dependent
and requires I£21R signéing (31, 33, 34) IgM memory B cells are required for IgG immune
responses to a challenge infection and thus hgénoryB cells confer long ternprotection to
Ehrlichia infection (31, 33, 34) The gastric omentum is also known to be a site of generation for
protective IgM responses case oEhrlichia infection (35). Mice that lack spleen, lymph node,
and RBeatoheas dhave IgM B cells responding to adtielichia infection in the gastric
omentum(35). Moreover, these mice also haeaglasting humoral immunity that can protect
against a challenge with IOB3). Thus, even in the absence of GEhrlichia infection induces
a potent norGC AFC response th& generated in SLT and ndymphoid locations such as the

gastric omentum.

2.1.5Age-associated B cells or Ibet expressing B cells

In the past several years, B cell subsets that express the transcrigton-taet have been
discovered in many different modelsbet expression in B cells wasiginally documenteds a
regulator of isotype switch induced response to TLR9 signa{86, 37) T-bet expression has

9



been closely associated with-salled ageassociated B cells (ABQ)8, 39) ABC are found
especiallyin older female micand in autoimmung@rone micg38, 39) These TBet" ABC are
typically CD11lb+and CD11c+, but lack expression of CD21 and CH23 39) A similar
population has been identified in humans and is associatedupitis. T-bet+B cellscan also be
induced byvarious infectionsand TFbet can also be expressedPB (40-42). A subset of MBC
formed during certain conditions, includiBgyrlichia infection,can express-bet as wel(43, 44)

The role of Fbet in B cells and its relationship ABC, MBC and PB development and function
is an active area of research, and the relationsripsng these cells and processes is not fully

clear.

2.1.6Tissue resident immunity

During infection orautoimmunity, immune responses occur in lymphoid organs such as
the regional lymph nodes or spleen, but sometimes immune responses are also observed in the
infected noAymphoid tissue. In case of influenza, tuberculosis infections, localized immune is
observed in the lungéls, 46) There are several infections such as hepatitis B and C, Schistosoma,
Plasmodium, that lead to liver infection and interfere with liver functio case of chronic HCV
infection in humans, lymphoid follicles form in the liver parenchy@#&49). Moreover, these
lymphoid follicles were found to contain clonally expanded B cells within intraportal lymphoid
follicle-like structures(47-49). HCV-infected patients also have high levels of AID mRNA in
blood and in liver biopsies in comparison to healthy con{dds50) In thecase of primary biliary
cirrhosis (PBC), the intrahepatic portal tracts express high levels of CX@&1).3This leads to B
cell aggregation that proliferate locally and secrete-mrtbchondrial antibodies (CZR5
CXCL13) (51). In mice and humans, liver is a site for IgA production by B cells. Thes@lgA

10



are specific to oral and gut associafegs (52, 53) Moreover, inthe case ofalcoholassociated

liver injury, thee is a increase in the numbers of IgA secreting c€lig, 53) Schistosoma
infection leads to therpsence of IgG1 secreting plasma cells in the liver parenchyma and the
hepatic lymph nodés4, 55) There are several instances where-lyomphoid organs can adapt to
support the functions of B cells and other immune cells. Liver is a pronsiterdf infection for

Ehrlichia; howeverthe role of liver in generating immune responses to this infection is not known.

2.1.7Study Goals

The conventional B cell response to pathogens such as the influenza virus and the malarial
parasite is dependent on a @&thway that results in the production of antibdéolyning cells
(AFC) and MBC(56, 57) However, certain pathogens such as Borrelia burgdorferi, Salmonella
typhimurium andEhrlichia muris suppress or delay the onset of a GC response and B cell
responses instead follow a roanonical pathwayl, 3, 11, 12)E. murisis a gramnegative,
obligate, intracellular bacterium, that induces an alternative B cédreliftiation pathway12).
Ehrlichia infection induces large numbers of IgM AFC and considengdieompaatively lower
numbers of IgG AFG12, 29, 31) Recently, it was found tha&thrlichia infection induces the
expression of the transcription factoib&t in a subset of splenic B cels3). Moreover, afteAg
clearance, Ibet+ splenic B cells persist as MBC aaak capable of differentiating into muiti
lineage effector B cells umochallengg43, 44) Despite the fact that liver is a primary site for
infection in humans and mice that undepgthology(14) during the course of infection, there is
only very limited information on hepatic B cell responseEhdichia (27, 58) In particular, the
extent to which this response can occur locally in the liver and if so, what are the consequent
outputs is unknown.
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In this study, we corrolyate and extend earlier findings that show Hfadichia infection
induces a nowanonical B cell differentiation pathway that results in the production of AFC and
MBC (12, 33) Most interestinglyye find that liver, as a primary site of infection, is also a major
locus for B cell proliferation and SHM during the acute phase of the immune response. To assess
whether there is crosstalk between local liver and splenic responses, we use high throughput
sequencing (HTS), which reveals-directional trafficking of mutated B cell blasts and PBs
between the spleen and liver. After pathogen clearance, we obsbeteeXpressing MBC that
persist in the spleen and which are localized in the liver. Moreaeefind that both splenic and
hepatic B cells induced tihrlichia infection during the acute and memory phases possbss T
protein signature. This study highlights the role of-hamphoid organs such as the liver as a

generative site for humoral immuayiand provides new insights intebet expressing B cells.

2.2 Materials and Methods

Mice: The mice used in this study were bred under specific pathogen free conditions in the
animal facility at the University of Pittsburgh. All mouse work was done accotalihg protocols
approved by the University of Pittsburgh Institutional Animal Care and Use Committee. The
following mice strains were used: C57BL/6 (Jackson Laboratories), B18+/+ and B18+/+ VK8R+/+
(59), huCD20 TamCrég60), T-bet fl/fl (61), huCD20 TamCre -bet fl/fl, and B18+/ Vk8R+/-

CD45.1/2.
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Bacteria, Ags, Infection and Treatment ProceduresE. muriswas kindly provided by
Dr. Nahed Ismail, Department of Pathology, University of Pittsburgh. E. coli strains containing
recombinant plasmids for E. mu#gs Omp 12 and Omp 19 were provided by David Walker at
University of Texas Medical Brand62). The recombinant His tagged proteins were produced
and purified using NNTA spin kit from Qiagen as per standard proto¢6B). E. murisinfections
were done according to procedures described previg@8ly Briefly, E. murisinoculum was
prepared by passage through wijygpe C57BL/6 carrier mice. Single cell suspensions from spleens
harvested from carrier mice were used for infection of experimental mice. Mice were infected
intraperitoneally with 19 E. murigmouse. The baati@l burden was assessed by quantitative
RTPCR as described previougl§3). Tamoxifen treatments were done at day 3, 5 and 7 post
infection at a concentration of 1 or 2 mg per dose orally in corn oil. For labeling B cells in the
circulati on, leg Cdveh@uslyPAiter & enisutes, blpod, spleendandi livet r
were harvested and analyzed. For MBC homing experiments, CD45.2 MBC subsets were FACS

sorted, CFSE labeled and transferred intravenously into BY&8R+/- CD45.1/2 mice. 28

ELISpot Assays and Flow Cybmetry Analysis: Single cell suspensions from spleen
were obtained by mechanical disruption of the tissue, followed by treatment with ACK buffer for
lysis of red blood cells. Single cell suspension of the liver was prepared by mechanical disruption
using he MACS dissociator along with use of 50KU/mL DNase and collagenase 100U/mL,
followed by treatment with ACK buffer for lysis of red blood cells. The single cell suspension
from the liver was subjected to 80:20 Percoll gradient for isolation of lympho&de&LISpot
assay, Immulon-4HBX plates were coated with the followidgs: antikappa at 5 mg/ml, Omp12

at 4mg/mL and Ompl19 at 4mg/mL. Ngpecific binding was blocked with 1% bovine serum
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albumin (BSA) in PBS. Splenocytes were incubated overnight @&.3&XFC were detected by
using alkaline phosphatasenjugated secondary antibodies (to IgG or IgM, Southern Biotech)
and 5bromo4chloro-3-indolyl-phosphate in agarose. For flow cytometry staining spatific
binding was blocked using a+ficR clone 2.4@ and dead cells were excluded using cell viability
dye (Tonbobio). The antibodies were either purified in our lab or purchased and are as follows.
Anti-B220 (Biolegend RA®B?2), antitCD19 (BD ID3), antlgM (homemade B76), anttCD21
(homemade 7G6), anBD23 (ebioscience B3B4) for B cells, aftb4 (Biolegend GKL1.5),
antifTCRb ( Bi ol e&pe)rfod T ¢els,7antCD138 (Biolegend 282) and antCD44
(Biolegend IM7) for B cell blasts and PBs, a@iD73 (Biolegend TY11.8), antiCD80
(ebioscience 1-40A1), anttPD-L2 (ebioscience TY25) for MBC, PNA (vector labs), aGiD95

(BD Jo2) for GCBC, antiCD169 (Biolegend 3D6.112) for metalophillic macrophage$;2afib
(Santa Cruz Mi70), antiCD11c (ebioscience N418), aBGD69 (ebioscience H1.2F3), aitID
(eboscience mAIDB2) and antiT-bet (Biolegend 4B10). The click IT Plus Edu kit was purchased

from Invitrogen and the staining was done according to the recommended protocol.

Immunofluorescence imaging 7 mm spleen sections were prepared from é@Zen
tissues, fixed in acetone for 10 min, and store@&tC. The slides were thawed andhgdrated
using PBS and blocked using PBS+1% BSA and 2.4G2 for 10 minutes. The slides were then
stained with relevant Abs as described in the figure legends in a darkl leharnber for 30
minutes. The Abs were either purified in our lab or purchased and are as follow&226ati
(Biolegend RA36B2), anttCD19 (BD ID3), antlgM (homemade B76), for B cells, antiCD4
(Biolegend GK1.5), alfiCR-b ( Bi o | e597 fordl el 5am@tiCD138 (Biolegend 282)

for PB, anttCD169 (Biolegend 3D6.112) for metalophillic macrophages;@btl1c (ebioscience
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N418) and antil-bet (Biolegend 4B10). The slides were washed thrice using PBS and the same
steps were followed for secondarp A-or intracellular staining, the sections were permeabilized
using 0.3% Triton X100 reagent before staining. Sections were mounted using ProLonrigdeti

Gold (Life Technologies) and imaged using Olympus Fluorescence MicroscopgSW3and

acquired usig Cell Sens Dimension software.

V region sequencing V region sequencing was done on FACS sorted PB or micro
dissected B cell patches. 7 mm spleen sections were prepared froffrd2@T tissues on the
membranecoated PEN slides (Leica). PB patches weetected using antgM Alexa488
staining. Microdissections were performed usdgjss PALM MicroBeam Laser Capture
Microdissection SystemDissected patches were collected in the cap of PCR microtubes in
12uL of digestion buffer (50 mM TrHBICI, 50mM KCI,0.63 mM EDTA, 0.22% Igepal, 0.22%
Tween20, 0.8 mg/ml proteinase K). The patches or FACS sorted PB were digested fir3y
hours and at then at 90 for 5 minutes. Primers, V region amplification and data analysis has
been described previoudly1). Briefly, a primary PCR was performed using the priniés¥HE-
short: 5GGGAATTCGAGGTGCAGCTGCAGS3 and a mix of 4 JH region argense primers 3
Sall RmJHO1: 5TGCGAAGTCGACGCTGAGGAGACGGTGACCGTGA 3SallPmJH02: 5
TGCGAAGTCGACGCTGAGGAGACTGTGAGAGTGE 3SallPmJHO3: 5
TGCGAAGTCGACGCTGCAGAGACAGTGACCAGARE 3SallPmJHO04: 5
TGCGAAGTCGACGCTGAGGAGACGGTGACTGAGE. A second nested PCR was

performed using 1uL of the product from thé& PCR using the primers MsVHE:-5

(@)}

GGGAATCGAGGTGCAGCTGCAGGAGTCTGE& and a mix of JH antisense pem s- 5

(@)

TGGTCCCTGTGCCCCAGACATCG3 6 ,- GBGTGCCTTGGCCCCAGTAGTG3 6 ,- 5

15



AGAGTCCCTTGGCCCCAGTAAGC-3 o6 a n GAGGTGCCTTGACCCCAGTAGTC-3.

High fidelity polymerase PfU Turbo (Agilent) was used for the PCR amplification to minimize the
possibility of PCR ewr while generating the V region sequence. The resulting PCR products
were cloned and sequenced using Zero Blunt PCR cloning kit (Thermofisher). Sequence analysis

was done by usingttp://www.imgt.ag/IMGT_vquest/analysis

Cell Sorting and RNA preparation: PB were sortedas TCR negati ve, CD138
CD44 positive, CD19 intermediate, B cell blasts were sorted aslfiCRh e gat i v e, CD4 4
CD138 negative, CD19 positive, naive B cells wergesibas CD19 positive, CD138 negative and
CD44 negative, CD73 negative. For HTS, B cells were sorted from naive mice as CD45 positive,
CD19 positive, CD73 negative, and MBC were sorted from memory mice as CD45 positive, CD19
positive and CD73 positive. FaTRNA sequencing analysis, B220 positive, CD73 positive MBC
were sorted as CD11b, CD11c double negative and CD11b, CD11c double positive from memory
mice. The staining was done as described earlier for FC. After sorting, cells were spun down and
washed wit PB and resuspended in RLT+1% betaercaptoethanol. RNA was prepared with

RNAeasy microplus kits from Qiagen, according to recommended protocol.

HTS library preparation and analysis: For HTS, B cell blasts, PB, and MBC were FACS
sorted and RNA was preql as described above. The method foriigbughput sequencing of
the B cell repertoire was performed as previously desc(ibed64) Briefly, RNA was reverse
transcribed into cDNA using a biotinylated oligo dT primer. An adaptor sequence was added to
the 3' end of all cDNA, Wich contains the lllumina P7 universal priming site and-audeotide

unique molecular identifier (UMI). Products were purified using streptaadaied magnetic
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beads followed by a primary PCR reaction using a pool of primers targeting the IGHA, IGHD,
IGHE, IGHG, IGHM, IGKC and IGLC regions, as well as a samptiexed Illlumina P7C7
primer. The immunoglobulispecific primers contained tails corresponding to the lllumina P5
sequence. PCR products were then purified using AMPure XP beads. A secondama®Ben
performed to add the lllumina C5 clustering sequence to the end of the molecule containing the
constant region. The number of secondary PCR cycles was tailored to each sample to avoid
entering plateau phase, as judged by a prior quantitative a@Rsis. Final products were
purified, quantified with Agilent Tapestation and pooled in equimolar proportions, followed by
high-throughput paire@nd sequencing on the Illumina MiSeq platform. For sequencing, the
lllumina 600 cycle kit was used with tmeodifications that 325 cycles were used for read 1, 6
cycles for the index reads, 300 cycles for read 2 and a 20% Phixisfikeéncrease sequence
diversity.

FASTA files provided by Juno were analyzed with ImmuneDB v0.24.0 using default
parameters forlbestageq65). The GL reference sequences were acquired from IMGT's GEBIE

https://www.imgt.org/genedb/After clonal assignment, lineages were generated with clearcut

(66) using neighbefoining, excluding mutations that occurred in only one sequebDega were
then exported from ImmuneDB for downstream analySikones were included in this analysis
only if they had between 1 addnontemplated CDR3 residues (as measured from the first non
GL-encoded nucleotide) or at least 4 commoigerie mutations across all sequencé3E3

v3.1.1(67)was used to calculate tree metrics and numpy v1.15.0 was used for all statistical testing.

RNA seq analysis:Samples were sequenced using lllumina NextSeq 500 with 75 bp

pairedend reads and aligned to the mm10 genome using the STAR db@&efhe number of
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uniquely aligned reads rangeaiin 22 to 32 million. Gen&vel counts were determined using

featureCountg69), and raw counts were quantile normalized to each other for differential

expression using the voom meth@®)in the limma R packag@ 1) The presence of certain liver

specific transcripts indicated unavoidable liver cell contamination in the liver sample; to prevent

this from confounding our analysis, differential expression was performed only on genes, which

were having at least 30 counts in the all liver and spleen samples. AllsRetji8ata were deposited

in the NCBIG&6s Gene Expressi ononOODMSEIBIIS4AIDd at ab a s

geneset enrichments were preformed using the rankSumTestWithCorrelation function in limma,

which explicitly corrects for correlation among genes in the gene set being interrogated. For

differential analysis of splenic and liver memaosybsets in figure S18, the naive B cell

transcriptional profile was extracted from a previously published microarray $4ddyFor

normali zation of the datasets, the ANormali ze
Statistics: Statistical analysis was performed with Prism (GraphPad Software). P values

were determi ned us i fajed).SRorurdutiplet cddraparisons,t TeW§aty s (t we

ANOVA or Mann Whitney tests or Chi square analysis were applied. Differences between groups

were considered significant for P values < 0.05 (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p <

0.0001).

2.3 Results

It has been reported previously that inoculation of mice ®itimurisleads to systemic
infection of spleen, and livé63, 72) However, unlike classical infections, splenic B cells do not

form GCsin response t&. murisand instead respa by rapid EF expansidd2). In agreement
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with previous reports, we found thgt murisinfection was marked by considerable bacterial
burden in spleen and liver alomgth enlargement of these organs (figd#e-B). In both spleen

and liver, infection elicited large numbers of AFCs by day 10, which remained elevated until at
least day 28 poshfection (figurel D-E). There was a substantial IgG response, but the number
of IgG AFC was remarkably lower than IgM AF@iglre 1 D-E). The responding B cells were

observed in patches at EF sites in spleen and in the liver parendiguma 2 A-D).
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Figure 1 E. murisinfection does not induce a GC raction

(A-C) Weight (A), Bacterial burden (B) and (C) Percentage of GCBCs of total B cells in spleen (blue) and liver
(red) over the course of infection. (D,E) Total IgM and IgG AFC measured by ELISpot assay duririg. muris
infection in spleen (D) andiver (E). Data are representative of at least two independermperiments with and

are represented as mean with SD of groups of at least two mice.
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Flow cytometric analysis ofpleen and liver from infected mice revealed expanded
populations ofactivated B cells that express CD44 (referred to as B cell blasts) and B cells that
express CD44 and CD138 (referred to as PBglire 3A-C). Consistent, with previous reports,
we did not find induction of PN4vositive GC B cells by flow cytometnfigure 1C). E. muris
induced PBs express the transcription factdueT, as reporte(f3), as do the B cell blasts, some
of which express everrgater amounts of-bet, a finding previously not appreciatdigigre 3 D

E).

Naive spleen . miarfs spleen

¢

Naive liver D10 E. muris liver

Figure 2 E. murisinfection induces a robust AFC response

(A-D) Immunofluorescence staining of cryesections from spleen (AB) and liver (C-D) of naive mice (A,C) and

D10 E. muris infected mice (B,D) for B cells and T cells. Scale bars represent 00 in A-B and 100 pixels in

C-D. Data are representative of at least two independergéixperiments with and are represented as mean with

SD of groups of at leat two mice.
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Figure 3 E. murisinfection induces a robust PB response

(A) Gating strategy for B cell blasts and PBs. (EC) Total B cell blasts (blue) and PB (green) measured by FC
over the course ofe. murisinfection in spleen (B) and liver (C), (BE) Histogram (D) and Mean Fluorescence

Intensity (E) of T-bet expression inB cells during acuteE. muris infection. Data are representative of at least

two independentexperiments with and are represented as mean with SD of groups of at least two mice.
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To decipher the role of-bet in the acute B cell response, we usedoxifen(Tam)
inducible Cre mediated deletion ofbet during an ongoing. murisinfection (figure4A). The
control mice- huCD20 TamCre and-bet fl/fl - are combined into one grougbeledas TFbet
sufficient and huCD20 TamCre et fl/fl mice are referred tas Fbet deficient. The mice were
infected withE. murisand treated with -2 mg of tamoxifen 3, 5 and 7 days after infection.
Assessment of -bet expression oday 11postinfection revealed that treatment with tamoxifen
significantly reduced -bet expresion on splenic B cell blasts and PBs and showed a similar trend
in hepatic B cell populations (figudB-E). Since liver is a metabolically active site, we suspect
that tamoxifen 6 gets metabolized rapidly by liver cells and is not available for B/Xel&ssessed
the total number of responding B cells and found that splenic plasmablasts were significantly
higher in Fbet deficient mice compared to theéb&t sufficient group (figurBA-D). There was no
significant difference in the total numbers of spde® cell blasts, hepatic B cell blasts, and hepatic
PBs upon Tbet deletion (figurdA-D). ELISpot assay showed a trend of increased IgM AFC in
the spleen and liver but there was no significant difference in totahgsgpecific splenic and
hepatic AFC pon T-bet deletion (figur&E-J). These data are consistent with previously published
data that shows that-fet does not play a role in the regulatiomPA&iC-associated transcription
factors such as Blimp{73). Also, T-bet is dispensable for IgG1 AFC responses to the parasite
Heligmosomoides polygyrg3). However, unlike influenzefection and mouse models of lupus
disease, we do not observe a dampened AFC response in the abseet(@B8T74) This was
an unexpected finding andased on our data, we conclude thdd€et controls the differentiation
of B cells into PBs but may not play a major role in shaping acute humoral immuBhylitchia.
Alternatively, it is possible that even though we did observe loweeflexpression in responding

populations, that deletion during development and beyond as performed in the influenza and lupus

22



models differed from inducible deletion we performed here or thereehedisn for escaped cells

that masked a phenotype.
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Figure 4 Tamoxifen inducible B cell specific Fbet deletion

(A) Schematic diagram for T-bet deletion. (BE) MFI of T -bet in B cell blasts and plasmablasts of -bet
sufficient (huCD20 TamCre and T-bet fl/fl) and T-bet deficient mice (huCD20 TamCre Fhet fl/fl). Data are
representative of at least two independergxperimentswith and are represented as mean with SD of groups of

at least two mice.
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Figure 5 B cell specificT-bet deletion increases PBs in the spleen

(A-D) Total number of plasmablasts (B,D) and B cell blasts (A,C) measured by flow cytometry in the spleen
and liver of T-bet sufficient and T-bet deficient mice. (EJ) Total AFCs (EH), Omp12 specific AFCs (F,l) and
Omp19 specific AFCs (G,J) measured by ELISPOT assays in the spleen and liver ebét sufficient and T-bet
deficient mice. Data are representative of at least two independergxperiments with and are represented as

mean with SD of groups of at least two mice.
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Given the atypical nature of the B cell response, we wanted to examine the specificity of
the response t&hrlichia. We usedE. murisouter membrane proteins Omp 12 and Ompl19 as
coating Ags in ELISot assayg(62). Strikingly, though theségs (Ags) were reported to be
immunodominank. murisAgs (31, 33) we found that less than 1% of IgM and IgG AFC were
specific to these Ags in both spleen and liver (figai#e-D). This result is consistent with non
specific expansion of B cells mediated by signals through different pathapgmiteon receptors
(PRRs) without relying on BCR recognition or stimulation. However, if the B cell response were
indeed specific, then restricting the BCR repertoire would negatively impact the AFC response.
To examine this, we used heavy cheestrictel B18+f mice that utilize B18 heavy chain gene
paired with diverse light chains as well as heavy and light chain restricted-B18+8 R mite
that utilize B18 heavy Wéadbsemweda tmedd oMed8cedtdtalagcht c |
Ag specificAFC response in the spleens and livers ofB@&-restricted mice when compared to
WT counterparts (figuré). In spleen, we observed that heavy and light chain restriction led to
significantly reduced total and Omp12 and Omp19 AFCs at day 12 post inféagiore 6A-B).

The splenic total andlg specific IgM AFCs were also significantly reduced merely by heavy chain
restriction at day 12 post infection (figuéd). The hepatic total IgM and IgG AFCs, Omp12
specific IgM and IgG AFCs and Omp19 specific IgM®@s were significantly reduced in B18+/

V 8 8 R mite/compared to WT mice at day 12 post infection (fig@+). In all scenarios, BCR
restricted mice mounted an increased response in comparison to baseline, however, failed to mount
an AFC response thabatched the magnitude of the WT repertoire (figereNo significant
differences were observed in the AFC response between WT and BCR restricted mice at-D22 post
infection as the acute response subsided (fiGur& hese data demonstrate titiae Ehrlichia-

induced B cell response is a product of BCR specific anespenific stimulations. Howevefg
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sensing through the BCR is required for the massive AFC response that is seéh opois
infection and suggest that while it may be of low affinity, thgomity of it depends on specific

BCR recognition.
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Figure 6 BCR restriction reduces the magnitude of B cell response t. muris

(A-D panel 1) Total IgM and IgG response tde.muris in spleen (AB) and liver (C-D) measured by ELISPOT
assay, (AD panel 2,3)Ag specific IgM and 1gG response tde.muris in spleen (AB) and liver (C-D) measured
by ELISPOT assay.Data are representative of at least two independemkperiments with and are represented

as mean with SD of groups of at least two mice.
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Figure 7 Localized proliferation of B cells in the spleen and liver
EdU positive B cell blasts (A) and PB (B) of spleen (blue) and liver (red) over the course of infeat measured
by FC. (C-D) 40X image of proliferating B cells spleen (C) and liver (D). In C an®, scale bars represent 20m.

Data are representative of at least two independemiperiments with and are represented as mean with SD of

groups of at least twomice.

While increased numbers of B cell blasts and PBs were found in the livErsnairis
infected mice, it was not clear whether the hepatic B cell response is a product of infiltrating B
cells derived from lymphoid organs or from local proliferataoml differentiation of B cells in the
liver. To investigate this, we injected the mice with EdU 30 minutes prior to the harvest of organs
to label cells that were actively undergoing DNA synthesis during that period. As expected, there
was a substantial anease in EdU positive splenic B cell blasts and PBs compared to the naive
control at 10 days postfection (figure7 A-B). Interestingly, hepatic B cell blasts and PBs were

proliferating to an extent comparable to the splenic responders (Tig\H®). Histologic analysis
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showed that proliferation of IgM and CD138 positive B cells in the spleen occurred within and
outside of B cell folliclesf{gure 7Q. Proliferation of IgM positive B cells in the liver was seen in
the liver parenchyma and around thetabtriads figure 7D). These data indicate that liver is a

generative site for the B cell responsé&tanuris
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Figure 8 E. murisinfection induces AID expression in B cells
(A-C) Histogram (A) and quantification of AID in T cells, B cells, B cell blasts and plasmablasts in spleen (B)

and liver (C). Data are representative of at least two independemxperiments with and are represented as

mean with SD of groups of at least tw mice.

To investigate the presence of SHM in PB responses that lacked GCs, we assessed the
expression of the enzynaetivatiorinducedcytidine deaminas@AlD). We observed that both
splenic and hepatic B cell blasts and PBs expressed significantly aigbents of AID than naive
B cells and T cellsfigure 8A-C). To further asses SHM, we amplified and sequenced V region
genes from DNA of splenic and hepatic FACS sorted PBs. The mutation rate was 1% for PBs from
spleen and 1.5% from liver (figu@A-B). However, approximately 50% of V genes sequences
were unmutated at both sitdégy(re 9A-B); this indicates that a significant percentage of cells did

not induce the SHM program. Mutated PBs could either be generated during local proliferation or
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undergo mtation at a separate site and then migrate. Since liver is a generative site, we
hypothesized that mutation could occur within locally responding foci. To address where
mutations were actually occurring, we used laser microdissection of IgM patches érdirreth

and spleen parenchyma. These microdissections typically captured ~20 cells, of which the full
nucleus would be present in about %2 of them. The finding of intraclonal diversity among small
groups of isolated cells demonstrates ongoing mutation ait dite (11, 75, 76) Of 11
microdissections from spleen, 6 had clones with sequences 9 that were mutattk fobmsest

GL (GL) Vh gene (Table 1). Of 10 microdissections from the liver, 7 had sequences with mutations
when compared to the closest GL Vh gene (Table 1). These clonally related sequences could be
assembled into 4 clonal lineage trees from the spliggure 10 AD) and 4 clonal lineage trees

from the liver {igure 10 EH). The finding in multiple cases at each site that there were cells that
shared mutations (i.e. the clones had trunks) and that also differed by other mutations (i.e. the
clones had tanches) provides evidence that SHM occurs locallyoitt the spleen and the liver

parenchyma.
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with 2 mice in each experiment.
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Figure 10 Localized SHM in splenic and hepatic B cells

(A-H) Laser microdissections of IgMpositive PB patches (green) and corresponding clonal trees from Ig regio
sequencing from the spleen (AD) and the liver (E-H). Inferred nodes are blue. Node size is proportional to the
number of sequences. The CDR3 amino acid sequence of each clone shown at the bottdata are

representative of at least two independergxperiments.
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Number of
Micro- unique Total
dissection|Clone # Organ CDR3 AA Vh usage sequence{sequence

1 1 Spleen CAKVPYYFDYW IGHV1-81*01 F 2 9
1 2 Spleen CARRSGGAYW IGHV1-67*01 P 1 4
2 3 Spleen CARHGDGDYFDYW IGHV1-81*01 F 3 3
2 4 Spleen CARGDYDPYWYFDVW IGHV1-81*01 F 1 7
3 5 Liver CARHEDLLRYAMDYW IGHV1-62-2*01 F 2 4
4 6 Liver CAREGGFAYW IGHV1-37*01 F 1 14
5 7 Liver CARGYDGYFDYW IGHV14-3*01 F 1 9
6 8 Liver CARSDYGNYFDYW IGHV1-56*01 F 2 18
7 9 Liver CARSNWDDRGFDYW IGHV1-80*01 F 1 16
8 10 Liver CARREGAQVPLFAYW IGHV1-81*01 F 3 17
8 11 Liver CARYYYGRDYFDYW IGHV1-82*01 F 1 2
9 12 Liver CASTGPSSAWFAYW IGHV14-3*01 F 2 4
10 13 Liver CARYYSNYYAMDYW IGHV1-9*01 F 1 8
11 14 Liver CARSGGWLLQAMDYW IGHV1-42*01 F 1 14
12 15 Spleen| CARGGPYGYHDASYAMDYW IGHV1-7*01 F

12 16 | Spleen CARTGTGYYAMDYW IGHV14-3*01 F 3
13 17 Spleen CARPRAIYYGNSGFAYW IGHV1-80*01 F

14 18 Spleen CAPDSSGYGYW IGHV14-3*01 F

14 19 | Spleen CARGWSCDYW IGHV14-3*01 F

15 20 Spleen CARAPSYYGSSHWYFDVW IGHV1-4*01 F 3
16 21 Spleen CARRGITTVFDYW IGHV1-47*01 F 3

Table 1 LCM clone characteristics

CDR3 sequence, Vh gene, total number of sequences angnber of unique sequences from microdissections

of spleen or liver sectiongrom which sequences were obtained.
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To more deeply investigate the extent of SHM and the magnitude of overlap of the
responding B cell repertoire in different B cell populati@isboth sites, we performed high
throughput sequencin@dTS) of the heavy chain VDJ mRNA, as described previo(kly. We
sortedsplenic and hepatic B cell blasts and PBs at D13ipéesttion andcreated libraries with V
region sequences of these 4 populations. HTS analysis was duewiassly describe(b5, 66)
Clones were included ithis analysis only if they had between 1 and 4-tenplated CDR3
residues (as measured frahe first noAGL-encoded nucleotide) and/or at least 4 commen V
gene mutations across aequences. We fad that about 75% of the clones within the 4
populations were unmutatgtigure 11A), suggesting thaEhrlichia infection induced SHM in
only a subset of B cells, which é@nsistent with our microdissection results (figi@. Overall,
10-15% of the clors had armverage mutation of >0 and <=1 and®% of the clones had an
average mutation betweerbl(figure 11A). To gain insight into how clones grew and migrated,
we categorized the clonascording to their clonal lineage characteristics into 3 grthgisnight
reflect different origins opatterns of clonal expansiomnmutated GL branched (mutated clones
that do not have aommon shared mutation) amidink (clones that have a common shared
mutation and bifurcatéurther). Although the total numbef anmutatecclones was the greatest
(at ~75%, Figl1A), GL branched clones were substantially larger in terms of both clone size and
Ai nst anc e statal uehberf of umiqué sequences), witilek clones were intermediate
(figure 12). Hencewhile thereis a greater number of unmutated clones, those that do mutate have

expandecatonsiderably in terms of numbers of sequences andphesumablynumbers of cells.
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Figure 11 SHM in spleen and liver B cell blast and PBopulation

(A) Mutation distribution in splenic and hepatic B cell blasts and PBs populations. (B) Fraction of unmutated,
GL branched and trunk clones found in any of the 4 populations of hepatic and splenic B cell blasts and PBs.
(C-F) Fraction of clonesshared within splenic and hepatic B cell blasts and PBs populations of allones (C),
unmutated clones (D), GL branched clones (E), anttunk clones (F), (G) An examplef a multi-tiered clonal
lineage that was found in both spleen and liver. Nodes areloo coded,the ones found in both organs are green,

the ones found in spleen only are blue, the ones fouirdliver only are pink, inferred nodes are shown in black.
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The size of the node is proportional tdhe number of sequences that make that nod®ata are from one HTS

experiment with 4 mice in the infected group and 1 uninfected control mouse.

Within each category we then assessed the extent of sharing of clones between the 4
populations that were sequenced. Amangiutatectlones, the vast majority $9%) were found
in only one population and only 10% were foundas many as 2 populations (figutdB).
However, the Glbranched clones demonstrated extensive spread among the different populations,
with 40% ofclones found in 2 populations, ~25% clonesrfd in 3 populations and ~5% shared
among all gopulations (figure.1B). In the case of thieunk clones, we found that about 20% of
the clonesvere shared between 2 populations (fighiiB). These data suggested that the more
mutationghe responding Bells gathered, the more likely they were to differentiate and to spread
betweerliver and spleen and to populate both B cell blasts and PBs.

To determine patterns of migration and differentiation we assessed the fraction of clones
thatoverlapped among all the populations. Overall, splenic and hepatic PBs demonstrated the most
overlap (~5%) (figurd.1C). Upon breaking down the clones based on their unique clonal lineage
categories defined above, we found that splenic and hepatic PBapopsilexhibited the most
overlap that amounted to ~20% of the GL branched subset and 5%rofthsubset (figurd 1D-

F). The GL branched category demonstrated the most overlap, wherein, 15% of thevelenes
shared amongst splenic B cell blast andd&hg with hepatic PB and 5% of the clovesre
shared by all 4 populations (figutdE). Analysis of the selection pressure on the B delhes
revealed that the responding GL branched clones exhibited a greater degree of eksgioe

in comparisorto trunk clones (figurel3). Because we only sampled a small fractiérthe total
clones in both spleen and liver, it should be recognized that the extent of sharimgnisnal

estimate. Overall, these data demonstratedBEhdichia infection inducedSHM in a subset of
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responding B cells and that within the mutated clones, there was a great detifieeeritiation

and spreading.
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Figure 12 Clone size analysis in the BCR repertoire afteEhrlichia infection
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Analysis of clore size of unmutated, GL branched and trunk populations irE. muris infected mice (34) and

naive mice by copy number (A) and instances (Bata arefrom one HTS experiment with 4 mice in the infected

group and 1 uninfected control mouse.
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Figure 13 Selection pressure analysis in the BCR repertoire afteEhrlichia infection

Distribution of clones with different degrees of selection pressure in CDRs (A, B) and FRs (C, D) of B cell blasts
(A, C) and PB (B, D). In each scenad, selection pressure in GL branched was significantly different than that
in the Trunk clones (p<0.05).Data are from one HTS experiment with 4 mice in the infected group and 1

uninfected control mouse.

These conclusions were further supported by exaimmadf detailed genealogies of
representative larger expanded clones that were found in both spleen and liver {fiheesd
14). In figures11G and14A the clones depicted had a GL sequence that was found infgaihs;
however, the clone further dirgfied, accumulating additional mutations that demarcatetks
and branches that were found only in spleen or liver. In figjdBe the GL sequence wésund
only in the liver, but other nodes of the clone overlapped between the spleen and lavbrasuath
was found only in the spleen. The clone depicted in figd€edemonstratesxtensive additional

mutation restricted to either spleen or liver (see left and centefareainhes). These data are most

37



consistent with bidirectional spreading of B cétirees along witlcontinued local mutation and

expansion after dissemination.
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Figure 14 Examples of B cell clonal lineages induced by acuEhrlichia infection

(A-C) Examples of multitiered clonal lineage that were found in bdt spleen and liver. See legend of figurkl

for details on the organization of the clonal treedData arefrom one HTS experiment with 4 mice in the infected

group and 1 uninfected control mouse.
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Previously, CD19, CD80, CD11c, anebEt+ B cells have beeathown to persist in spleen
for substantial periodsf time after initial Ehrlichia infection (33, 43, 77) These were interpreted
to depend on inflammation or chronic ldevel Ag stimulation, sincde. muris causegpersistent
infection. We sought to determine whether generation and maintenance of bothespldrepatic
MBC populations depends ofg persistence. To eliminate persistent Ehrliciméection, we
treated mice with doxycycline at 4 weeks piogection, and then examined the MBEsponses
in the spleen and livers between weeks 6 and 12ipiestion. We refertotesemicea s A me mor y
mice0 We gated on MBC by wusing a comnBOmarkgrs,used
CD73(78), along with Fbet expression (figur&5). We founda significant number of MBC in
both spleen and liver of the memory mice compared to tla@mecounterparts (figur&6A-C). In
both spleen and liver, these cells expressed the classical iBkers CD80 and RPD2 in a
unimodal fashion (figur&6 D-E). By contrast a distinct subpopulationf the CD73T-bef cells
expressed the ABC markers CD11b a@bDl11lc (figurel6F-G). Moreover, these MBC were
guiescent, with few expressing Ki67 (figuréH).

IgM was expressed by most of the MBC, with a fraction lacking IgM being more
predominant inthe liver (figurel6l). These findings, though consistent with prior w@4g),
extend andnodify previous findingsn several ways. First, they revabht themarkers CD11b
and CD11c, which up to now halveen used to identify AB&/pe MBC, only identify a fractiod
in fact less than haif of all T-bet+ elicited MBC, indicating that many MBC have been
overlooked in prior work and raising thguestion of whether there is additional functional
heterogeneity among-bet expressing MBC. Aan approach to resolve this, we find that CD73

and CD80 both coetated well with Fbet expression and could be used as surrogates-bat T
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intracellular staining at least in this settiffigure 17). Second, they demonstrate a tiskaealized

MBC population in the perfused livérat is phenotypically similar to that the spleen.
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Figure 15 Gating strategy for MBC subsets in spleen and liver.

Data are representative of at least two independemperiments.
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Figure 16 Memory-like T-bet positive B cellspersist in the spleen and liver after infection

(A) Gating strategy for CD73 positive and Fbet+ B cells present in spleen and livesf naive and memorymice.

(B-C) CD73 positive and Fbet+ B cells in spleen (B) and liver (Charvested after perfusion with PBS of naive

and memory mice. (D-G) Histogram, MFI and percentage of cells positive for CD80 (D), PID2 (E), CD11b

(F), CD11c (G) in CD73 and Thet negative and CD73 and Tbet+ B cells in the spleen and liver of memory

mice. (H-1) Histogram and percentage of Ki67 positive cells (H) andhistogram and percentage of IgM positive

cells inCD73 and T-bet negative and CD73 and Ibet+ B cells in the spleen and liver of memory micéata

are representative of at least two independerxperimentswith and are represented as mean with SD of groups

of at least two mice.
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To rule out any contamination from circulating M8@at were not removdam the liver
by perfusion, we employed an approach that involved labeling all circulating B cells via
intravenous injection adnt-rCD19-PE. We harvested spleen, blood and liver 3 minutes after the
injection. Though all the B callin the blood become labeled, given the short window of time and
because of the large size and molecular weight of the fluorophore PE, the antibody is not able to
reach the liver parenchyma to a substantial exiénis any liver localized MBC would banti-
CD19PE low or negative. In practice, during tissue processing, tlesaézed cells encounter
anttCD19-PE released from the substantial vascular compartment of the liver (which is
unperfused) anthereby become stained, albeit to a substantialgtdevel. Posprocessing, we
further stainedhe cells with antCD19 in a different color (BUV395). In the liver there was a
clear population o€ells that are much more dimly stained watit-CD19-PE (~5x dimmer) but
more brightly stainedith antrCD19-BUV395 (figurel8 A-B). No such population existed in the
blood (figurel8 A-B). Asexpected, spleen had mostly CBRE-low cells as follicular B cells are
not directly accessible talood and are not quickly stained by an antibody (figié-B). Thee
were about 10% of liveMBCs in unperfused liver that weakly stain@ith anttCD19-PE and
brightly stainedwvith anttCD19-BUV395. Moreover, the number of these cells is comparable to
the number of MBCs that we observed in the liver after perfusionr¢fitC and figurel6C).
These data provide support for the interpretation that there is alissliegedMBC population
thatpersistsafter perfusion of livers. The other ~90% of callsinperfused liver that stain brightly
with anttCD19-PE within 3 mnutes are presumably intravascular spaces, suchths sinuses
and these would very largely be washed awaypédyusion. Moreover, by histology, we found
CD19 and CD11leexpressing MBC in the livgparenchyma of immune mice (figui® A-B).

Upon comparison to livers from naive mice, aleserved significantly more CD4énd CD11e
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double positive cells per field in the immumeuse livers (figurd9 C-D). Taken together, these

data suggest that therea liverlocalizedMBC population induced b. murisinfection.
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Figure 18 Short term labeling of circulating MBC using CD19 PE

(A) Representative contour plots of CD73+ Tbet+ MBCs unlabeled (top panel) or CD19 PE labeled (btim
panel) in the blood, spleen liver and spleen. (B) Percentage of CD19 BUV395 positive cells in the blood, liver
and spleen of mice i.v. injected with PBS or CD19 PE. (C) Number of total CD73+@det+ MBC in the liver
(black bar) and number of CD19 BUV395 CD73+ T-bet+ MBC as per the gating shown in (A) in the liver
(grey bar). Data are representative of at least two independemxperiments with and are represented as mean

with SD of groups of at least two mice.
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Figure 19 Ehrlichia induced MBC localized in the liver parenchyma

(A-B) CD19 and CD11c staining imaivelivers (A) and memory livers (B) at 40X magnification, scale bars in

the first and second row represent 20em. Scaldmblears in
positive cells are marked by white arrows. (B) 100 cells were counted from 20 fields from the liver parenchyma

of 3 naive mice and 371 cells were counted from 53 fields from the liver parenchyma ofrémory mice. (C)

Percentage of CD11c positive, B19 positive and CD19 and CD11c double positive cells out of the total number

of cells counted in the liver parenchyma ohaiveand memory mice. (D) Average cells per each field in the liver
parenchyma of naive and memory mice. Chisquare analysis comparing the numbers of CD19+ and CD19+

CDl11c+ B cells fromnaive and memory groups had a pvalue of 0.002318Data are representative of at least

two independentexperiments.
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The validation of CD73 as a marker fob€&t+ MBC inthis setting allowed us to sort CD73
positive hepatic and splenic MBC from memory mice and perform V region HTS to assess both
SHM and clonal sharing among sites and subsets. As seen from the fraction of clones that are
unmutated (figure20A), 60% IgM MBC and 80% of IgG MBC clones were mutated in both
organs.Overall, 1gG clones harbored more mutations than IgM clones and 40% of splenic 1gG
clones an@0% of hepatic IgG clones had an averafjgetween 5 and 2@utationgfigure 20A).

A substantialfraction of clones had -b mutations per sequence, which is comparable to levels
seen in MBGafter primary responses to modejs that occurred in GGZ8, 79) Thus, theextra
GC pathway that generated these cells also induced anddB@artment that was mutatedao
similar extent a®ne generated by GA@ependent pathways. &ddition, these data establish that
the MBC compartment localized in the liver is similarly metato that in the spleen.
Approximately 90% of the clones were found only in spleéth about 5%found in only in liver
and 5% shared between spleen and lifigu{e 20GD). The GLbranchedcategory had the most
clones shared in spleen and liviadicative of the fact that thisategory includes clones with more
mutation and expansion, though a smaller category overainms of numbers of clonefigure
20CG-D). A major reason for the relative lack of overlagcloines in spleen and liver coubé the
much larger size of the spleen MBC pool and differemtesampling depth. Alternatively, it is
possible that onlpfew splenic MBCs engraft the liver andtbe majority of liverderived MBCs
engraft the splenic MBC compartment. It could alsoha tvhile B cell blasts and PB clones
disseminate as they are generated, MBC form as ddfsdloots of dividing clones without much
further disbursement after they differentiate. Du@ananability to sample all the cells in each
organ these possibiliseare difficult to distinguish. Analysaf clonal trees from large clones does

reveal trees that are consistent with both migration dftearentiation as well as extensive local
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production of diversified MBC clonal populations (figlt#). However, thee clones represent a
small fraction of the overall MBC clonal distribution thweds recovered.

Concurrent with this expansion was selection upon mutating clones, which occurred in
both complementarity determining regions (CDRs) as positive selectiorraandwork regions
(FR) as negative selection; a large fraction (between ~1/3 and 2/3 of total, not shown) of both B
cell blast and PB clones of bottunk and GlL-branched showed more statistically significant
selection compared to the underlying neutral atiab model. GEkbranched clones also
demonstrated more selection pressure thamk clones in both B cell blast and PB populations

(Fig. 13).
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Figure 20 Repertoire and phenotypic characteristics of the MBC population ofpleen and liver

Mutation distribution of MBC population in spleen and liver from memory mice and B cells from a naive
mouse. (BC) Overlap within different subsets of MBC clones analyzed by fraction of clones (B), and number
of clones (C). (BE) Volcano dots demonstrating highly expressed genes in spleen and liver DN (D) and DP (E)
MBC subsets.Data are from one RNAseq experiment with DN and DP MBC FACS sorted from 3 different

mice.
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Figure 21 Examples of MBC clonal lineages induced bighrlichia infection

(A-C) Example of a multi-tiered clonal lineage among MBC that was found in both spleen and liver (A), mostly
liver (B) and mostly spleen (C). Nodes are color coded: ones found in both organg @reen, the ones found in
spleen only are blue, the ones found in liver only are pink, inferred nodes are shown in black. The size of the
node is proportional to the number of sequences that comprise that node. Boxed areas show enlargement of
representative parts of the clonesData are from one RNAseq experiment with DN and DP MBC FACS sorted
from 3 different mice.
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To phenotypically characterize the splenic and hepatic MBC, we performedsBiNA
analysis of CD114€CD11¢ (double negativeDN) and double psitive (DP) MBC on FACS sorted
populations (figure22A). We found 730 genes that were differentially expressed (FDR<0.01, 2
Fold change) in the splenic and hepatic MBC populations (fgBg Gene clusters marked with
navy blue, red and dark red werersfgantly and differentially expressed in the DN subsets
compared to the DP subsets regardless of the site of origin (4B)e Gene clusters marked
with yellow, purple, pink, turquoise blue and light pink were differentially expressed in the liver
MBC compared to the splenic counterparts (fig@2B). Amongst the genes that were
differentially expressed between spleen and liver MBC subsets with an FDR<0.01Z6¢ &),
comparing liver and splenic DN subsets, we found genes related to cell cytlassBOLO like
kinase 2 (Plk2) and genes relatedsignaling such as Nur77, GTPase activating protein Tagap,
and Ras GTPase Diras2 to iggregulated in the liver (figur2OF). G-protein coupled receptors
S1pr2 anB1pr3, and cell cycle associated genea2deere upregulated in the spleen (fig20E).
Comparing the liver and splenic DP sulksete found B cell development and maturatgenes
such as Lamin A (Imna) andterleukin5 receptoralpha (IL5Ra) and genes relatedsignaling
such as Mapk12 wengpregulated in the liver (figure0G). G protein coupled receptors S1pr3
inhibitory receptorCD72, anda protein involved in cAMP degradationphosphodiesterase 4d
(pde4d) wereupregulated in the spleen (figu26G). A positive regulator of thidotchl signaling
pathwayDtx1 was also found to be differentially expressed in splenic DP MBCs (&g We
found that liver MBC subsets both expressed CD69 wdmmpared to splenic MBC subsets
(figure 20F-G), consistent with expression patterns ofdédetissueresident memoryl cells.

We verified CD69 expression on liver MBC subsets dutitgacute response by flow cytometry

(figure 22 C-D). Together, thesdata demonstrate that while there are shared genes that are
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expressed in MBC subsetgardess of their tissue localization, there are several genes unique to
the subset and site ofigin. This suggests that the local tissue microenvironment may be shaping
the MBC differentlyin the spleen and liver, much as it does for T cells and macrop{@iyel)

We performed gene set enrichment analysis (GSEA) compare it to a published dataset from
CD11cexpressing splenic B cells isolated 30 days &tetfichiainfection that were presumptive
MBC (43). GSEA revealed that genes found in that database are signifieartiized in splenic
and hepatic DP MBCs compared to DN MBC (fig@g&-F). Thes data are consistent with the
previously published dataset with referenc&lwlichia infection. Since we did not perform our
own RNA-seq on naive B cells, we performdifferential analysis of splenic and liver memory
subsets with respect to naivec8lls from goreviously published study#l) (see Methods of inter
study normalizatiomletail). Usinga set of genes upregulated for nitrophenol)¢hieluced MBC
(F. Weisel andV. Shlomchik, unpublished data and manuscript in preparation) we found that
splenic DN,splenic DP, and hepatic DP MBC subsets had significant enrichment of memory
genes, whilehepdic DN MBC had a similar trendhat did not reach statistical significance
(p>0.05)(figure 23A-D). These data suggestat Ehrlichia-induced splenic DP and Dlong
with hepatic DP MBC subsetsxpress gendbhat are characteristically expressed by otas& G

induced MBC.

52



Gated
w | on
B220+
CD73+

107 N
on
qu 82
-10?
o 10 1t

CD11b

@)

Spleen Liver

10 wod

5 8 =
&

Normalized
to mode

o

D 3

(9)]

o
+19G-1 +£/0D
490-1-€/AD

E CD11c positive MBC genes enrichment F CD11c positive MBC genes enrichment
« InSpleen DP vs DN (P-value 0.02) In Liver DP vs DN (P-value 0.01)

Enrichment
08:

-0.19

rrorere T r—r—rTrTrTrTrTr T T
Exz888% R R
- > 5w o o ~ o o =1
g« °cee?PPTHI = - FTTTYT
statistics ! statistics

Figure 22 Comparison of splenic and hepatic MBC subset gene expression

(A) DN and DP MBC subset gating based on CD11b and CD11c expression on CD73 positive MBCs from the
spleen used for sorting of cells prioto RNA-seq analysis. (B) Heat map of 730 differentially expressed genes in
splenic and hepatic MBC populations. (ED) Histogram (C) and quantification (D) of CD69 MFI in splenic and
hepatic MBCs during acute Ehrlichia infection. (EF) RNA-seq data were ued to construct gene set enrichment
plots illustrating genes differentially expressed in the DP subset compared with the DN subsetH( 3 per group)

for spleen (E) and liver (F) with respect to a known set of genes specific for CD11c positive MBC induced during

Ehrlichia infection (Winslow et al., 2017)Data in B, E and F are from one RNAseq experiment with DN and
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DP MBC FACS sorted fom 3 different mice. Datain A, C and D are representative of at least two independent

experiments with and are represented as mean with SD of groups of at least two mice.
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Figure23Enr i chment of HfAcl as s encarldbepatieMBC supsetgenes i n spl
(A-D) RNA-seq data were used to construct gene set enrichment plots illustrating genes differentially expressed
in DP or DN subsets compared with naive B cells from a previously published microarray dataset (Barnett et
al., 2016) (n= 3 per group) for liver DP (A), liver DN (B), spleen DP (C) and spleen DN (D) with respect to a
known set of genes specific for nitrophenol (NP) induced memory B cells (F. Weisel and M. Shlomchik,
unpublished; manuscript in preparation). Data are from one RNA-seq experiment with DN and DP MBC

FACS sorted from 3 different mice
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During the acute phase Bfrlichia infection, the histologic MZ architecture is disrupted,
with loss of CD169 positive metallophilic macrophages that demarcate the MZ.IdBy f
cytometry, CD23IaCD21+ MZ phenotype B cells are also lost (fig@d\). At a memory time
point the histologidViZ was largely regenerated with a border of CD169+ cells, albeit somewhat
less organized than a naive animal (figurg4B-C). Remarkably,hough, by flow cytometry at
this time point, very fewof the CD23lo CD21+ MZ phenotype cells that had repopulated this
compartment were -bet negative, unlike in the naive mouse in which essentially all MZ
phenotype B cells lacked-Get expression (figur@4 B-E). In terms of cell number on average
there were 2-3old more Fbet+than Fbet MZ B cells in the memory mice (figur24 F-G).
Histologically, in memory mice -bet+ cells were found abundantly in the MZ region and were
also scattered in the folli@ar (FO) region(figure 24B-C). A prior report had identified CD11c+
B cells in or near the MZ at day 63 pastection (33), although as noted earlier, CD11c would
only pick up <40% of tatl T-bet+ MBC. Generally, ABCs, which have been considered
synonymous with Ibet+ B cells or evemo be best defined asfiet+ B cells , are thought to
characteristically lack the expression of B albset markers CD21 (high on MZ B cells) and
CD23 (highon FO B cells)39). Howeverthe T-bet+ B MBC formed in this setting peEtrlichia
infection were mainly of a MZ phenotype, with strong expression of CD21, widiksical ABC.
Interestingly, the Ibet+ MBC that arose postfection were diverse and includdebth ABC
phenotype (CD21egCD23neg) as well as FO phenotyqals From this we conclude that
infection dramatically reprograms the MZ B cell compartment, largely replacing the inkiet T

populationwith T-bet+, and presumabBhrlichia-responsive MZ phenotype B cells.
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Figure 24 After infection resolves, T-bet positive MBC dominate the MZ of the spleen.

(A) B cell subset gating on CD19 positive B cells in naive or D12 pd&stmurisinfection. (B-C) CD169 (green),

T-bet (red) and CD19 (blue) staiing in Naive (B) and memory spleens at 40X magnification (C). In-B scale

bars represent 2@ m. (D-E) Histogram (D) and percentage (E) of Tbet" B cells innaiveand memory mice (F)
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B cell subset gating on naive and memory-bet" B cells. (G) Quantification of T-bet* MZ B cells in naive and
memory mice. (H) 20X images of CFSHabeled CD19 CD73" CD45.2/2 splenic MBC populations sorted as
CD23" CD21 (FO), CD21" CD23 (MZ) and CD21 CD23 (ABC) and transferred into CD45.1/2mice, shown at

42 hours posttransfer. Scale bars in the top and bottom panels represent 5th and 1&m, respectively. (1)
From the recipient mice as in (H), 67 CFSE labeled cells from the FO transfer group were counted over 42
images, 108 CFSE labeled cells from the MZ transfer group were counted over 21 images, and 105 CFSE
labeled cells from the ABC transfer group were counted over 44 images. Percentages of the CFSE positive
transferred MBC subsets found in FO or MZ or neither of those locations are presented in the bar graphs.
Data are representative of at least two independergxperiments with and are represented as mean with SD of

groups of at least two mice.

To assess whether the FO, MZ and ABC MBC subsets retain their phenotype and
preferentiallyhometo those sites upon transfer, we sorted FO, MZ and ABC CD45.2 M&<esl
ontheexpression of CD2and CD23. We&CFSElabeled the MBC subsets and transferred into a
B18+- V a8 8 R&D45.1/2 naive mouseéhenharvested the spleens of the 808 hours after
transferto assess homing of the MBC subsets. Based on histologic analysis, >50% FO MBCs
preferentally populated the follicle, >70% MZ MBCs populated the MZ area and the ABC
populated all the zones (figurd®H-1). These data suggest that the MBC subsets eaometo
the compartment that they originated in and that their localization is a relastabje

characteristic.
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2.4 Discussion

Here we show that liver is a generative site for B cell responses to thenggative
intracellularpathogerE. muris This was established by showing the presence of B cells in the
liver parenchyma and porttiiads of infected mice, demonstrating that they are proliferating in
situ viashortterm EdU uptake, and most critically demonstrating clonal expansion andamtah
V region mutationn situvia microdissection.

B cell responses in ndgmphoid organshave been reported in several other contexts.
Influenzainfection yields local responses in lung that involve generation of tertiary lymphoid
tissue(82). In steady state in the small intestine there is lpaaduction of IgA AFC in the lamina
propria(83); this response is likely largeljriven by commensal floréB4). However, lung and
gut are barrier mucosal sites that are constantly challenged with environmental pathogens and
require protective Ab at their surfac&n the other handiver has no direct mucosal interface
with the environment.

Hepatitisinfection in humans also can generate B cell infiltration, again involving tertiary
lymphoid tissue (TLT) and even local GC formati¢h8, 49, 85) These responses are in the
context of chronic infection anthke weeks to months to evolvedamay depend on TLT
formation; in contrast, hepatte. murisresponses are detectable very early after infection and do
not seem to involve organized TLWoreover, in the absence of TLT no GCs famthe liver
(nor do they in the spleen), yet SHM andsskwitch are induced in a fraction of responding cells
in the liver. Thus, under circumstancesirdection, much more robust and mature local B cell
responses can ensue directly witharenchymal tissue than had previously been considered.

Though antibdies (Abs) can spread throughout the bodyretrere several theoretical

advantages of being able to molodal B cell response Some pathogens may not infect or spread
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well to lymphoid tissueintracellular bacteria such & muriswould be in that cagory. Some
pathogens such & murisand Plasmodium maye efficientlycleaedsystemically but persist in
the liver adow-level infections(86, 87) Therefore, if local B cell responses weia possible,
there might be little if any Ab produced against such pathogens. Intraparendhgeliakesponses
and infiltration are more commonkeen; local B cell responses might optimilzese, as they
would allow for enhanced Ag presentation to T cells. In addition, B cells praadirstantial
amounts of inflammatory cytokines, such as6liand TNFa, which could stimulatether arms
of the immune system and be directly protective in a local manner.

By tracking local responses at two different sites, we were able to use HTS of V regions to
track the dissemination of expanded clones as the primary response evolves. @hexmllyas
remarkable lonal mixing, as exemplified by sample clonal trees in which liversgohelen were
represented by multiple cells and branches. Limited sampling depth leadsgémeaal
underestimation of the extent of clonal size, diversification and -sexssing of tisses.
Nonetheless, it is reasonable to assume that not all clones disseminate. The respoimatudesy
many small clones that neither induce SHM nor undergo isotype switch. Owertdtjors were

only observed in about 25% of clones and it was thieses, which we termeld GL Branched
A , that tended to be found in multiple sites and in both PB and B cellcblagtartments. More

than half of all GL Branched clones were found in both spleen andTivese clones are evidently
much larger thathose in either the Unmutated or Trunk subsets ftot clear what controls
whether clones initiate SHM and expand to a greater extent; it cowdfibigy-driven and/or
depend on proximity to sites of proliferating bacteria and thereby the defypeesistentAg-

stimulation as well as T cell help.
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Patterns of distribution of clone members were most consistent with bidirectional
interchange dboth PBs and B cell blasts in clones that were expanding and undergoing SHM. We
found manyexamples of clonaletatives interspersed at different sites of extensive clonal trees,
with no clear directionality towards either tissue as the clone evolved towards morerdisthes.
However, without direct lineage tracing it is not possible to prove any particuétidir of
evolution. Regardless of how such clones evolved, their disseminating nature illumfeatesea
of the immune system that would anticipate pathogen dissemination by enabling actively
responding B cell clones to populate sites distant from evtiezy received their initial stimulus,
thus creating a more comprehensive adaptive immune response.

At later ' memonA time points, following elimination of persistent infection via

administration ofantibiotic, we found resting MBC in both spleen andedivCompared to
responding B cells at eartime pointspostinfection, MBC clones had more V region mutagon

with about 60% of IgM an80% of 1gG clones containing at least some mutations and about 1/3
of each containing betwedrand 5 average mutat®per sequence. This suggests that either most
MBC were formed alater time points in the response, after more mutations accumulated, or that
the more expandeadones that had more mutatswere more likely to spawn longéved MBC.

As with the acuteesponse, at least a minor fraction of GL Branched clones could be found in both
spleen and liverAgain, this is likely an underestimate as we only sampled a small fraction of the
spleen. Asteadystate expanded B cell clones are also disseminated in@dramans, as inferred
from V regionHTS of DNA obtained from unseparated cells isolated from gut, spleen, blood and
lung sampledgrom individual organ donorg8). Cerutti and colleagues identified an IgM MBC
subset disseminated throughout human gut, which does not share clonal origin with most

peripheral MBC but is the precursor of local IgM and IgA product{@®). TheseVIBC are likely
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driven by gut commensals, but their precise site of origin remains unclearallbgous elegant

studes, Lindner et al. found dispersed clones of MBC in multiple Peggratches, though they

did not examine lamina propria; these MBC were directly shown to mitgragpleen and they
were clonally related to mammary gland IgA plasma d@). In these settings, the inductive
phase was considered to occur in secondary lymphoid tissuesubgkquent spread of both MBC
and plasma cells (PC).

We conclude that many of the B cells in the liver detected at memory time points are MBC;
it is unlikely that they are passenger B cells from blood that remained despite our perfusion of the
liver prior to harvest. Their memory characteristics, including/s®switch in a fraction, V region
mutation, and particularly expression ob&t, CD73 and CD80, are all unlike B cells found in
blood. Intravenous injection of arfiD19-PE also demonstrated the presence of a-ln@alized
MBC population that was resst to rapid labeling. Using a distinct approach, we found by
histology an elevated number of CD19+CD11c+ B cells localized in the parenchyma of livers of
immune mice compared to naive mice. Because we have not directly studied their migration, we

prefer to call these cellE tissuelocalized\ MBC to reflect that they are not in lymphoid

structuresor blood vesselsrather thanreferring to them asissueresident, which could imply
long-term residence. While tissudBC are relatively understudiedompared to their T cell
counterparts, prior work has identifiedch cells in gut at steady state in both mice and humans
and they can be induced by influennéection or oral immunization in micg6, 52) In flu
responseshese cellsare mostly associated with TLT and may need such tissue to accumulate
there. Notably, imeither ofthese two studies was parabiosis performed and thus they lack formal

proof of longtermresidence of the MBC that were observed in tissues.
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As discussed for the primary response, the presence of MBC localized in the liver is
distinctive,in that it is nota mucosal barrier site, unlike lung and gut. We could not find prior
documentatiorof pathogerinduced MBC that persisted after infection in livers of either mice or
humansHowever, MBC populationeave beertlearly identified during chronic livetisease in
humans, includinghronic hepatitis and autoimmuni9). In these cases, continuous immune
stimulation is likelyresponsible for the development and maintenance of such populations. By
analogy, MBC in lier after E. murisinfection may have been formefliring prior local acute
responses and/or may hawégrated from splenic populations, as exemplified by clones that are
both liverspecific and foundn both spleen and liver. The functional implicationsligér-
localized MBC for subsequeintfection and protection are unclear, but it is tempting to speculate
that they can provide protectidor certain types of local reinfection, as is proposed for resident
memory T cells(80) and certain types of tissue localized MBS, 52) Thisis an area that
deserves further study in multiple different contexts.

Overall our analysis of the B cell respons&tanurisreveals the capacity and complexity
of GC independentB cell responses to infection. Though we had previously shownShat
typhimuriuminfection also induced ne@C responses in spleen that nonetheless underwent
isotype switching,SHM and affinity maturatin, these were nonetheless within secondary
lymphoid tissue (SLT§11). Intrahepatic responsesEo murisinfection involve both portal triads
and focithat are within the parenchyma itself. Analysis of HTS of V regions suggests theat ther
are twopathways of extr&C response, only one of which generates substantial clonal expansion,
SHM and MBC formation. We further note that MBC that express CD73 and CD80 are effectively
induced by the extr&C response, further reinforcing the notion that neitharspecific marker

for GC-derived MBC, as had been previously thou@hii).
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Based on the work of Winslow and colleag(@3), the responses thatgander SHM and
likely MBC are T celdependent, though this was not directly shown for responses within the
liver. It is possible that in the absence of organized lymphoid structures in liver, or after infection
associatedlisruption of normal structure the spleen, T cell help becomes limiting. This would
allow only aportion of the responding B cells to achieve full developmental potential. In this view,
the GC carbe seen as a site that optimizeB Tnteractions but that is not required for induction
of AID and SHM (92-94). The EF response, tontrast to the GC response, generates abundant
concurrent effector cells.e. PBs almost fromthe onset of theeaction, and thus seems better
adapted as a response to local infection.

Our findings also have implications for understandidget+ MBC in terms of their origin,
identity, location and function. First, in agreement with results of others, we confatnthtése

cells areindeed MBC. There are-fet+ PB s, but we could easily distinguish them by other

surfacemarkers, proliferation and higher expression abel. Hence, Ibet expressiontself
cannot be used to define specific populations but needspathe biological context awell as
combined with expression of surface markers in order to define specific B cell populdioas.
we showed that -bet+ MBC were present 8 weeks pogection after using antibioticgo
eliminate residual bacteria. Thevere also largely not proliferating, as they were almod€iall
negative.

Our data also revealed more plasticity and cordepiendent diversity among-bet+
MBC thanpreviously realized. While previousudiesof responses t&. murishave relied on
CD11cas a surrogate markir MBC, we found that there are fully 50% ofoet+ MBC that do
notexpress CD11c or CD11b. Conversely, there are also mangakapress CD21 and CD23,

although the canonical ABGswhich have been considered synonymous Withet+ MBC'Hare
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described as not expressing those markg®3. This basic immunophenotypg thus reveals
considerable heterogeneity among EhemurisinducedT-bet+ MBC. Moreover, the RNAeq
analysis demonstrated certain shared genes thekjpressed in MBC subsetegardless of their
tissue locationbut also a substantial numberg#res unique to the particular subset and site of
origin. This suggests that the local tissnieroenvironment may be shaping the MBC differently
in the spleen and liver. Future work in thaisd other systems should explore the ontogeny of such
diverse Fhet+ MBC subpopulationsincluding whether they represent static MBC subsets or
transient states, and most importanglyaluating their functional significance.

Finally, in the course of tracking the B cell respons&.tonurisover time, we made an
unexpeatd and remarkable observation that infection caused a wholesale remodeling of the
splenic MZ. Afterinitial disruption and dissolution of the histologic MZ, accompanied by a loss
of MZ markerexpression, we observed that the MZ slowly reforms. MZ dismipdie part of more
pervasivesplenic architecture disruption, has been reported in the context of multiple infections,
including LCMV, Salmonella, and malari#95-97). However, it had not been previously
documented that upon eventual reorganization of thetMit, it is repopulated by MBC induced
by infection, rathethan by more typical primary MZ B celldence, the repertoire and presumably
the functional capacity of the MZ B cell compartment weagkedly reprogrammed, with ~70%
of MZ phenotype B cells expressingbEt postinfection, compared to a negligible progiom
prior to infection. This major alteration lasted for at leaste®ks postnfection, and we assume
for much longer. It is unclear why-Get+ B cells, rathethan naive MZ B cells, preferentially
repopulate the MZ. This may relate to the presenceutéted IgM MBC in the MZ observed in
human spleen@®8); Ehrlichia-inducedMBC seem to mirror that phenomenon and may represent

an example of how human Maecomes naturallygpulated with mutated IgM MBC.
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There is a great deal of literature on the effectaroinfection with one pathogemn
subsequent infection with @ifferent pathogenwith many potential mechanisnigving been
invoked Given theimportance of MZ B cells itheacuteresponséo infection, the remodeling of
the MZ byE. muris and potentially other similar infections, could be a previously unappreciated
mechanism by whichranitial infection could alter or impair the response to subsequofzution.

This kears further exploration in this and other systems.

Taken together, these studies reveal a novelpdaranchymal B cell immune responses in
theliver. Our datadocument how this local response disseminates and interchange with parallel
responses in SLTWe further show that these Gi@dependent responses undergo SHM with
clonal expansion and diversification, ultimately generating MBC that also disseminate. They
uncover and characterizebet MBC in the liver as an aspect of the oveMBC compartment.

They demonstrate unexpected plasticity and phenotypesbef MBC, altering our emerging
concepts of these cells, which are important in pathogen responses and autoimmunity. In addition,
they describe a process of MZ remodeling causethfiegtion that is predicted to substantially

alter the response to subsequent infection by other pathogens.
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3.0 The role of the actincytoskeletonand BCR endocytosis in GCBC function

3.1Introduction

Humoral immunity is crucial for clearance of infections dadgenerating memory to
pathogens and vaccineBypically, B cells differentiateinto a GC phenotypeundergo clonal
expansionandSHM in thar Ab gene GCBCthat haveBCR with higher affinity towards an Ag
get positively selected through tipisocess. Moreover, the GC reaction désals to the generation
of Ag-experiencedong lived B cell subtypessuch asAFC and MBC.

A robustGC responserequiresthe integration ofsignak from various receptors. Two of
the most important signaling exnecessary for efficier®CBC functionand output are thi) B
cell receptor signalingqnduced by antigeand2) CD40 signalingmediated by the interaction of
GCBC with T follicular helper (Tfh) cell99). These signaling axes are rewired in GCBC when
compared to NB@nd asynergy of BCR and CD40 signaling is necessary for positive selection
of GCBC(99). There are many regulatory mechanisms that tightly coB€#& signaling and thus
GC phenotype and function. More details al®0R signaling and its regulatian the context of

GC reactionare discussed as follows.

3.1.1BCR signaling

Upon stimulationwith antigen cell-surface BCRsaggregate together. This leads to the
phosphorylation of the immune receptortyrosma s ed acti vati on moti fs (

by the Src family kinase Lyn(100) further leadingo the recruitment of the cytosolic tyrosine
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kinase Syk, which couples these initial events to various signaling effectors downstream of the
BCR (101) Lyn also phosphorylates accessory receptor protein CD19, which in turn leads to the
recruitment of the enzynmghosphatidylinositeB-kinase (PI3K)102, 103) This enzyne converts
the plasma membrane lipid inositghosphatidylinositol4,5 bisphosphate R4,5P. to
phosphatidylinositol3,4,5 trisphosphate (P4. The generation of PIP3 is crucial for the
recruitment ofpleckstrin homology®H) domainrc ont ai ni ng ef fector prot ¢
tyrosine kinase (Btk)phosphoinositidelependent kinasé (PDK-1) and serine/threonineAkt
kinaseq104, 105)

The activity of Akt and PDKL is linked to PI3K activity and the concentration of PIP3
(106). PDK-1 phosphorylates Aktat the threonine 308'308)site in aPI3K-dependent manner
(106). Subsequently, Akt camephosphorylated aerined73(S473) this doublephosphorylabn
of Akt is needed for maximal Akt activatiqii07) The mTOR signaling pathways are closely
linked to the Akt signaling axis. mTOR kinases fmend in largemulti-protein complexes that
constitutethe functional enzymg08) mTORC1includesa protein subunit known aaptorand
leads to the activation of S6 kinases phdsphorylation of ribosomal prote86 and 4EBPin an
Akt-dependent mannefl09) mTORC2 includes the iictor subunit, among other proteins.
MTORC2 can phosphorylate Akt at the S473 i&0). Thus, mTORC1 furions occur
downstream of Akt, whereas, mTORC2 functions occur upstream of Akt kinase. Together, Akt,
MTORC1 and mTORC2 regulate the pathways for B cell growth and proliferdaon Akt
kinase has several substratese of which that isrucial for B cell biology isforkhead box
subgrougO (FOXO). These FOXO proteins arsuallylocalized in the ndeus where they cause
cell cycle arresf111) Upon Aktactivation, FOXQs phosphorylated by Akt, which leads to the

exit of FOXO proteins from the nucleus into the cytosol wheredhegventually degraded 12).
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Thus, the AKIFOXO axis is crucial for B cell proliferation ams suctplays a crucial role in the
maintenance of the GC reacti(99, 113)

Thegeneratiorof PIP3leads to theecruitment ofPH-domain containing proteiBtk near
the signaling comfex. Together, PIP3 and Btgromotethe recruitment and activation of the
enzymePLC 2, in a process mediated by the adapter prddaiall linker BInk) (114-116). PLC 2
catalyzes the breakdown of the lipid inositol Pl(4:500 two signaling effector molecules
inositol triphosphate (B, and diacylglyercol (DAG)117). IP3 induces G4 influx in the cells
and these elevated €devels lead to the activation of the transcription factorst Bfvia protein
kinase C (PKC), and NFAT via €=binding messenger protealmoduln (118120). DAG, on
the other hand, can lead to the activation of the mitogen activated protein kinase (MAPK) family
(121) Moreover Blnk can form a complex with adapter proteins Grb2 and S@aativatehe
small G protein®Rac and Ragdeadng to the activation of MAPK pathway&21)

The MAPK family consists of mainly 3 different protein kinases known as-egthalar
signatregulated kinase (Erk);d&un NH2terminal kinase (JNK) and p38 MAPK. The activation
of thesekinases leads to the pghorylation and activation of different transcription factors such
as Elkl, cMyc, c-Jun and ATR2 (122) Asdiscussed aboy®& B and NFAT ae transcription
factors that are important downstream mediators of the BCR signaling path22y Upon
activation, all the aboveentioned TE translocate into the nucleus and carry out transcription of
different proteinghatcanlead to B cell activation, proliferatiodg presentation, morphological

changes and cytokine producti(i®?2).
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3.1.2BCR signaling in GCBCs

In comparison to NBC, BCR signaling in GCBC is markedly dampened. Previously
lab has shown through flow cytometry and western blot appes#utdt several signaling proteins
downstream of the BCR in the GCBCs have reduced phosphornyjilatomparisorio NBswhen
receiving a BCR stimulatio(60, 99, 123)Reduced tonic and inducible BCR signallmyebeen
reported by other groups as wgl?4) However, use o strong BCR stimulation can lead to
restoration of the most proximal signaling to the B@RS5). This dampened signaling through the
BCR in GCBC has been atttited to the enhanced activity of protein and lipid phosphatases such
as Src homology region 2 domaiontaining phosphatagde(SHR1), SHIP-1andPTEN(60, 123)

SHPR1 is a protein tyrosine phosphatase that can be activated by inhibitory receptors in B
cells such as CD22 armhired immunglobulirlike receptorB (PIR-B) (122) SHR1 can de
phosphorylate its substrates SYKD79, Vav, Blnkand Btk and dampen proximal BCR signals
(126). In NBC, SHP1 is calocalized with the BCR under resting conditions, however, it moves
to the opposite pole of the cell upon receiving BCR stimulgB0h On the other handpiGCBC
SHPR1 is hyperphosphorylated and remainslaxalized with the BCRit the basal level arelen
after BCR ligation(60). These data suggest that constitutive association oflShih the BCR
is a potential mechanism for dampened BCR signaling in GCBC. Moreover, inducible deletion of
SHPR1 in GCBC during an ongoing GC reaction leads to a reduction in the numideegunehcy
of GCBC suggesting a prominent role for SHRn sustaining the G&action(60).

SHIP-1 and PTEN are lipid inositol phosphatases that work on the sulRtPatSHIR 1
de-phosplorylates PIR to generatghosphatidylinositoB,4-bisphosphatéP1(3,4)R) and PTEN
de-phosphorylates PHRo generate PI1(4,5)F127) Classically, these phosphatases are thought to

be negative regulators of BCR signaling because their activity reduces the levels ohitiP is
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an important secondary messenger necessary for coupling initial BCR signalifigctore
proteinssuch as Btk and Aktl27) Moreover, SHIPL can also function as an adapter protein
independent of its enzymatic activif¥28) More details about the functions of SHIPandits
role in B cell biology are discussed in tGbapter 4

GCBC exhibit a different lipid inositol profile upon receiving BCR stimulation when
compared to NBC§123) Upon BCR igation with anti>, NBC generate significant amounts of
PIP; and PI(3,4)Rwithin five minutes of stimulation. On the contrary, GCBC generate minimal
amount of PIRand PI(3,4)P and generate a substantial amount of Pl(4,5)Romparison to
NBC within few minuteg123) These data suggest a praent role for PTEN in the regulation
of the levels of PIPand thereby proximal BCR signaling in GCBC. Treatment of B cells using a
PTEN inhibibr (SF1670)eads tancrease in the production of Bl&énd reduction in the levels of
P1(4,5)R in both NBC and5CBC (123) Moreover treatment with PTEN inhibitor alsodds to
restorationin the phosphorylation of Akt at the-&73 site and pSé GCBC to the magnitude
observed in NBG123) This data suggests that PTEN is a major regulator of BCR signaling in
GCBC that dampens the AB6 axis of BCR signaling by reducing the amounthef available
PIP; (123)

Recently a novel feedback loop involving Akt kinabas beemliscovered irGCBCthat
is not found in NB((123). Akt kinase specifically targets the phosphatases Csk;Hakd SHP
1 enhancing their functions thus negatively regulating the BCR sigradithgvay(123). Taken
together, these data demonstrate the different ways in which BCR signaling is rewired in GCBC
in comparison to NBC. A summary of the &létsignaling effector molecules that are differentially
expressed/phosphorylatgenerated in GCBC when compared to NBion BCR stimulatioms

presented in the table below.
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Number | Signaling Signaling status in GCBC upon BCR stimulation in| References
molecules comparison to NBC
Signaling effector molecules

1 Lyn Dampened phosphorylation of activating site (Tyr 39 Unpublished
and enhanced phosphorylation of inactivating site (T| data
507).

2 Syk Dampened phosphorylation. Upon inducible deletior] (60, 99)
Syk, GC collapses and loss of LZ GCB

3 Btk Dampened phosphorylation. (99)

4 Bink Dampened phosphorylation. (60, 99)

5 PLCo2 Dampened phosphorylation. (99)

6 Akt Dampened phosphorylation of Serine 473, Increase( (99, 123)
phosphorylation of Threonine 308kt targets and
enhances activity sk, HPk1, SHR1 in GCBC but
not in NBC.

7 S6 Dampened phosphorylation. (99)

8 l aBU Dampened phosphorylation. (99)

9 Erk Dampened phosphorylation. (99)

10 Ca* flux Dampened. (60)

Transcription Factors

11 FOXO1 Increased phosphorylation. (99, 129)

12 NF-a B Dampened phosphorylation. (99)

13 NFAT Dampened nucledocalization. (99)

Lipid Inositols

14 PIPs Reduced generation. (123)

15 PI(4,5)R Significantly increased generation. (123)

16 PI(3,4)R Reduced generation. (123)
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Protein/Lipid Phosphatases

17 SHR1 Constitutive association with the BCR, (60)
hyperphosphorylated, GC collapse in the absence o
SHP1.

18 SHIP-1 Increased expression, hyperphosphorylated cycle | (60) and
defects in GC in the absence of SHIP Chager 4

19 PTEN Increased expression, GC collapse in the absence g (123, 130,
PTEN. 131)

Table 2 Signaling status of effector molecules in GCBC upon BCR stimulation in comparison to NBC

3.1.3Cytoskeletal regulation of BCR signaling

The importance of the actin cytoskeleton in immune cells was first recodniztddying
the basis forcertain autoimmune conditions. Wiskdtidrich syndrome an immunodeficiency
that often leads to systemic autoimmunisycaused by mutations Wiskott-Aldrich syndrome
protein (WASp) which is an actin regulat¢t32). In murinehematopoietic cellsvo isoforms of
this protein WASp and neuraWASp (NWASp), are ubiquitously expressgd33) B cells
deficient in NWASp have elevated BCR signaling and higher numbers ofessitive B cells
suggesting arole for NWASp in negatively regulating B cell activatioand prevening
autoimmunity(133) Moreover, WASp deficient animals also have elevated signaling responses
to BCR and ToHlike recepto(TLR) signals spontaneous GC formation, clessitched auteAbs
and renal diseagé 34, 135) These findings establishecetimportance of the actin cytoskeleton
in regulation of immunity and specifically B cell signaling and func{i®®, 136, 137)Moreover,
knock ou mouse models ¢feveral othecytoskeletal regulators such as WASp interacting protein

family member 1\Vipfl), dedicatorof cytokinesis protein 8 (Dock 8) amarin,are also known
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to impair B cell development or response&\gs (138). The differenttomponents of the cortical

cytoskeleton are discusseext

3.1.3.1Components of the cortical cytoskeleton

The cortical cytoskeleton in B cells consists of several different components such as
globular actin (Gactin), filamentous actin (&ctin),myosin actinnucleating proteins Arp2/3 and
formin; actin severing proteirfilin, gelsolin anddestrinandseverabther actin regulatond.38,
139) Actin exists in the cells in its monomeric globular form aadBn which can be polymerized
to form Factin (138, 139) Two major nucleation factors involved in this procegsfarmin and
Arp2/3 proteing138). Arp2/3 nucleates a new filament at an oblique angle to an already existing
filament(138). Formin, on the other hand, genesatew Factin from Gactin(138). The cortical
cytoskeletons made up of a meshwork ofdetin nucleated by Arp2/3 aformin. Arp2/3 activity
is necessary for the generation of lamellipodia whichnaeenbraneextensios often found in
GCBC (140, 141) The Factin network can be deolymerized by actin severing proteins such as
gelsolin cofilin anddestrin which can lead toapidremodeling of the cortical cytoskeletander
different stimulug138).

The Factin network is linked to the plasma membraneezian radixin andmoesinthat
are together known as tl&RM proteins(142). The ERM proteins have a conserved threonine
residue in the cytoplasmic tdl142), phosphorylation of whiclkeads to a conformational change
exposinga FERM domairin the N terminus and an actiinding domain in the C terminy$42,
143) The FERM domain in the f#&&rminus can bind to different molecules on the plasma
membrane such akelipid inositol PI(4,5)B and transmembrane receptorsisas CD44, CD43
and intracellular adhesion molecules (ICAMjve shown that disruption in the actin cytoskeleton

adversely affects B cell activation, proliferation and funct{@38, 142, 143) Upon BCR
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stimulation, the cortidaactincytoskeletorand the ERM proteingndergorapid remodelling that

both positively and negatively regulatee BCR signaling.

3.1.3.2Actin cytoskeleton inregulation of BCR diffusion

The movement of BCRs can be tracked using single particle labelingotathinternal
reflection fluorescence (TIRF) microscof44-147). In their resting statdgM BCRs on naive
primary B cellsexistas monomers or narctlusterswith a diffusion coefficient of 0.0&/s (145,
148, 149) The meshwork of factin plays an important role in restricting the lateral mobility of
the BCR (145, 148, 149)In resting B cells, the &ctin network creates compartments in the
plasma membran&ithin which individual BCRs or BCR nandusters are restrictgd 45, 148,
149) The Factin acts as a barrier that reduces the lateral mobilithe BCRs and accidental
clustering of the BCR$145, 148, 149)This is aproposedmechanisnfor reguldion of tonic
signaling in B cell§144, 145, 149)The diffusion coefficient of BCRs within actiich areas
(0.014>/s) of the cells is significantly lower in compais to that outside of actirich regions
(0.039?/s) (145)

Upon treatment of B cells with tie de-polymerizing agents such kgrunculinA (LatA)
and cytochalasinD (Cyto-D), the Factin undergoesapid de-polymerization and that leads
increased diffusion of the BE(145, 150) In the study by Treanor et al. treatment of NB@h
0.5>M LatA increagd the BCR diffusion coefficient to 0.086>%/s (145) Moreover, LatA-
mediated actin disiption leadsto BCRlike signaling in the B cellas measuredy the
phosphorylation of signaling proteins Aé&ndErk, and induction of Ca flux (145) This BCR-
like signaling induced bwctin disruption does not occur in B cells that lack key BCR signaling

effector proteins such as PLZ; Btk, Vav, Blnk and Lyr{145). These data provided evidence that
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actin disruption changes the diffusion rate of B@Rdinduces signaling in B cellsia a process

that is dependent on effector proteins closely associated with BCR signaling.

3.1.3.3BCR activation remodelsthe actin cytoskeleton

Sinceactin acts as a barrier to BCR diffusion, actimredeling must be required for
allowing efficient interactionamongBCRs and formation of BCR clustarpon BCR stimulation.
Indeed, the actin cytoskeleton undergoes dynamic chamges B cells are stimulated through
the BCR (151, 152) In NBC, BCR stimulation leads to a rapid reduction waétin andthe de-
polymerization phase iB-actin network has beenrelated toanincrease irthelateral mobility
of the BCRs(145, 152, 153)Upon BCR ligation, the lateral mobility of tHRCR transiently
increases to 0.65/s from 0.03>?/s (153) This depolymerization phasesithought to be mediated
through the actisevering proteircofilin (152). Cofilin has a phosphorylation site at the Serine 3
residue, the phosphorylation of whidhk,inverselyrelatedto its actin severing functio(iL54).
Cofilin undergoesrapid dephosphorylation upon BCR ligation in primary B cells and this
dephosphorylation allowsofilin to sever Factin around the plasma membr&h82). This Factin
depolymerization leads to increased movement of the ,B@ich eventuallyleads to BCR
clustering and enhancement of signalitg5, 152, 153)Another actirsevering protein known
asgelsolinalso celocalizes with the BCR upon BCR ligation andy also playa role in actin
remodeling in B cell§155).

As mentioned previously, the&ttin network is linked to the plasma membrane by ERM
family proteins(142) This attachment of the plasma membrane to the cortical cytoskeleton via
ERM contributes in the formation of compartments that réstrecdiffusion of BCR$143, 153)
However, upon BCR ligation, ERM proteins undergoptesphorylation and the plasma

membrandransientlydetaches from the-&ctin (143, 153, 156)At the same time, the overall
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levels of Factin reduce becse of the activity of actin severing protefth§3) This process allows
for increased lateral mobility and diffusion of the BCRs on the plasma membrane within seconds
of BCR ligation(143, 145, 153)

This increased diffusion leads to the formation of BCR matusters from the association
of individual BCRs and BCR narndusters(152, 153) The lateral mobility of the BR within
these clusters reduces and the BCR matugters move to one pole of the cell with a diffusion
coefficient of 0.0%%/s (148, 157) This movement eventually leads to the fusion of BCR micro
clusters to formra B@R ca on one pole of the cglll55, 157. When NBCs are stimulated using
soluble Ags, BCR caps can be detected within 5 minutes of stimul@@nWhen NBCs are
stimulated through membraitethered Ags, BCR central cluster is detected at the contact zone of
Ag presentatiorf155, 157, 158)The BCR clustering process stabilizes the lipid rafts and brings
signaling effector molecules closer to RER and leads to further propagation of the signaling
events(159). During the later stages of BCR clustering;mbo actin polymerization occurs
around the BCR clusters and ends up surrounding the BCRLE&p157) At this point, ERM
proteins also become phosphorylated and the linkage betweeamwttcal cytoskeleton and the

plasma membrane is reestablisigdb, 153, 160)

3.1.4BCR Endocytosis

Apart from triggering a signaling cascade, BCR ligation aldaéegheinternalization of
the BCR. Upon endocytosis, B@®ntainingendosomes ctocalize with MHC Ikcontaining
compartment$161) Theendocytosed\g is thenproteolyzedandsome of the resultant peptides

are presented on the surface of B cdig MHC Il. Ag presentation leads to efficient-B
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interactions and allows B cells to receive helper signals from T cells. These helper signals are
crucial for B cell differentiation anfibr positive selection of GCB(29).

The endocytic process is thougbtrequire bothclathrin and dynamirf162, 163) The
plasma membrane around tAg clusters invaginates and the -8R complersaccumulate in
clathrincoated pit4164). The BCR is linked to the clathrin via tadapter protein AP@.65). The
adapter protein Abpl links the endocytic machinery withctn by binding to Factin and
dynamin simultaneousl{165). Dynamin creates a restriction around the neck ofctatrin
coated pits and the vesicle detaches from the plasma membrane because of the force generated by
F-actin flaments around the neck of the vesifl®2, 163) Recently, in GCBC, a different
mechanism of endocytosis has been described. Ussntbnaneethered Ag antligh-throughput
imaging, the authors show thgton extractionAg in GCBC is transportedong the sides of the
cells and is subsequently endocytosed from the cell perigh@8y This is unlike the mechanism
described in NBC, where endocytosis occurs through the central L&6grlt is proposed that
using these unique pdike structures GCBC internalize the Ag am affinity-dependent way
(166). Thesedata suggest th&CBC have rewired their endocytic machingsgrhapgo match
their unigue function the competitive GC environmenh agreement with thigreviously our
lab has shown that BCR organizes differently upon BCR stimulation in GCBC compared to NBC.
BCR capping is not observed in GCB@likein NBC (60). In the stugks described in this chapter
we extend these findingand compare the dynamiasd requirementsf BCR endocytosis and Ag

presentation between NBfhd GCBC.
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3.1.5Study goals

Previous work from our lab has shown in a series of papers that several axes of BCR
signaling are selectively dampened in GCBC in comparison to (6B(9, 123)The reason for
this phenomenon has been attributed to higher activity of phosphatases like PTEN,a8HP
SHIP-1 in GCBC and the recently discover@#it-mediated feedback loop that enhances the
activity of phosphatases SHE Csk and HPK1 in GCB@®0, 123) Given that actin is a known
negative regulator afarlyBCR signaling in NBG144, 145, 149, 153jve sought to determine if
F-actin wasalso acting asa negative regulator of BCR signaling in GCBC by restricting the
movement of the BCR.

We used.atA-mediated actin disruption to demonstrate that GCBC had higher resistance
to actin depolymerization andhatactin disruption restored signaling in GCBC along the 8@t
signaling axis. Moreover, we found through single particle tracking on live cell TIRF microscopy,
that individual BCR on GCBC moved at a lower speed in corsgaro that on the NBC. Future
experiments will determine whether this is aa#&pendent or not by TIRF imaging of individual
BCRs on untreated arichtA treated NBC and GCBC.

We alsowanted to determine if tHack ofclustering of th&sCBCBCRs led to dferential
endocytosis and Ag presentatiddsing standardflow cytometry and imagng cytonety we
demonstrated that BCR endocytosiscurred moregapidly in GCBC in comparison to NBC.
Moreover, Ag presentation also occurred more rapidly in GOIBhe enhanced endocytodis.
addition we found thaAg presentation in both NBC and GCBC was dependent on the function
of tyrosine kinase&syk and thelipid phosphatase PTEN.hese data have provided new insights

into how GCBC interpret BCR signals differently than NBC and how the process of BCR
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internalization and Ag presentation is enhanced in GCBC. Moreover, it sheds light on

previously unknown te of the phosphatase PTEN in B cell Ag presentation.

3.2 Methods

Mice and immunizations All mice were maintained under specific pathogen free
conditions in accordance with guidelines issued by University of Pittsburgh Institutional Animal
Care and Use Comnite. 616 weeks old B18 BCR knock in Balb/c, IgM B18i BCR transgenic
Balb/c (referred to as MEG), WT C57BL/6, and B18+/e 8 R@D45.1/2 C57BL/6 mice were
used as sources of NBC and GCBC as mentioned in the figure lelyd@snice carry IgM B18i
transger and are bred to the JHPbackground and as a result all B cells in these mice have the
IgM B18i heavy chai(60). MEG mice do not undergo isotype switchifdEG mice were
i mmuni zed u Nitrapheryl&Bickan Ganfma GlobulinNP-CGG) precipitated in
Alum. The C57BL/6 strains were immunized using 75ug of PG pecipitated in Alum. Mice
were analyzed between daf-16 post immunization.

B cell purification and treatment: Total B cells, or GCBC were purified from relevant
strains as mentioned in the figure legends using streptavidin beads based negative sekbctitbn m
as described previousp9, 123) The cells were rguspended in B cell media (RPMI 1640
medium supplemented with 5%etalplex (Gemini bioproducts) penicillin/streptomycin,
gl ut ami ne -rercapto&hanol} avid viarmed t87in 5% CO2 for at least 15m before
the following treatments. For experiments udiagA, 2 € m o katA PAbcam) disolved in

et hanol or et hanol alone was added to the

cel

antre was added to the cell s20d&mrofexpladibtongidt B u
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Echelon Biosciences) dissolved in ethanol26re m o f SF1670 (PTEN inhib
dissolved in DMSQor 20 € m BAY 61-3606 (Syk inhibitor, Calbiochem)or the respective
diluentswere added to the cells. FAg presention assay, 25&g/ mL EUGFP di sso
25eg/ mMEUGFP di s s 04 5segNRBSA oPHBS alone was added to the cells
for 1 or 2 hours.

Reagent Preparation and ConjugationsFor BCR labeling, Fab fragments were prepared
from homemaderat ant mouse IgM (clone: B-®) by papain digestion usinipe Pierce Fab
Preparation kit (Thermo fisher scientific; 44985). The digestion was performed as per the
recommended protocol from the manufacturer. Agitl Fab was conjugated to Alexa 647 as
previouslyd escr i bed. Plasmid expressing EU@&HP was
The B peptide gets processed by the endocytic machinery and presented on the surface in the
context of MHC 11(167). This peptideMHC Il complex can beletected on the surface by an
antibody known by the clone name YA&67) The plasmid was transformed into TOP10
competent cells. The expression of EUGFP was
His tagged protein was done usingMiT A spin kit ( Qi agen, 31314) .
conjugated to NIRising Alexa 647 NHS Ester (Thermofisher A 2Q06)

Flow Cytometry: The stimulations and/or treatments were stopped by fixing the cells
using 1.5% paraformaldehyde (PFA) at room temperature for at least 15 minutes. The cells were
permeabilizd using BD Perm Wash buffer or 0.1% TritoAlRO at room temperature for at least
20 minutes. Fc receptors were blocked using@mti6/32 (homemade 2.4G2 antibody clone).
Phalloidin A488 (Santa Cruz Biotechnology-33791) was used to labetdétin. Fa flow
cytometry, the following conjugated reagentand antibodies were used, PNA (Vector

laboratories), antiambda (Goat polyclonal; Southern Biotechnology), -&id95 (clone: Je&;

80



BD Pharmigen), arHCD45R (clone RA%®%B2; BD Pharmigen), anttD19 (clore 1D3; BD
Horizon), aniCXCR4 (clone L276F12; Biolegend), artt D86 (clone GE1; Biolegend), anti
IgM (clone B%#6; homemade) and antil-A/l-E (clone M5/114.15.2; Biolegend). Fda&kg
presentation assgyantrEa5268 peptide bound to K (clone YAe; Eloscience) was used. For
signaling assays, conjugated antibodies 486p(S235/236; clone: D57.2.2E; Cell Signaling
Technology), pAKT (S473; clone: M8%1; BD Biosciences),-AKT (T308; clone: 244F9; Cell
Signaling Technology), Btk (Y223/Itk pY180; clone N35-86; BD Biosciences), PLC-0 2
(Y759; clone: K86689.37; BD Biosciences), -pyk (Clone 17A/PZAP70; BD Biosciences),
Cofilin (D3F9; Cell Signaling Technology), andQofilin (S3, clone: 77G2; Cell Signaling
Technology) were used.

Imaging flowcytometry: Cells were labeled as described earlier for flow cytometry assay.
For BCR clustering and endocytosis, data were collected using Amnis ImageStream®X Mark I
Imaging Flow CytometeData were analyzed by gating on focused, singlet cells usinD B#S
sdtware The cells were further gated as B2BINA" Lambdd (GCBC) and B220PNA Lambda
(NBC) or B220 PNA* CD95' (GCBC) and B220 PNA CD95 (NBC). For BCR clustering
analysis he ADel t a OwsusedantbdBCRdENndoaytosidi lent er nal i zati on
was usedEMD Millipore). For defining the internalization feature, B220 was used as the cell
surface mask.

TIRF Imaging: For single BCR labeling, bead purified NBC and GCBC were labeled
using 0. 2leggM nH.a ba nA 6 4L urlabaled antig8id-ab. Labeled cells were
then allowed to adhere to Mattek dishégaftek CorporationP35G1.514-C) coated with
5eg/ cm2 Fibronectin (Millipore °Sang5COfThel 4 1) f

cellswere imaged on a Nikonditpse Ti inverted microscope (Nikon, Melville, NY, USA) with a
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100 x 1.49 NA oHimmersion objective using47nm laser lineAll experiments were performed
at 37°C and 5% CO2 iR10 medium. Images were collected using Nikon Elements software
(version 4.8, Nikon, Melville, NY) and an Andor (Belfast, Ireland) Zyla 5.5 camera; at full
resolution under these conditions the pixel size with a 1 x coupler matches Nyquist sampling (120
nm xy exactly).The cells were imaged usimgjkon Ti microscopeData were deonvoluted in
NIS Elements using 2D deconvolution by the Richardsacy method.A647 signalswere
marked as spots. The spots were tracked over time with a maximum distance of movement set as
le M per fspots mere conVented into a channel andkgaeere generated Imaris 7.1
software (Bitplane INC, South Windsor, Clhased on the movement of the sp&sownian
motion particletracking algorithm was applied to trace objects through sequential frames and
calculatetrack parameters such as meaeesj distance, length and displacement.

RNA Sequencing analysisWe ut i |l i zed in house RNAseqg dat
Omnibus database (GEO) accession ID GSE128748), for sorted naivein vivo activated B
cells, and GCBC cells (unpublished data). Cytoskeleton genes were taken from
http://amigo.geneontology.org/amigo/term/G0O:000586&neset enrichments were preformed
using the rankSumTestWithCorrelation function in limma, which explicitly ctsri@r correlation
among genes in the gene set being interrogated.

Statistics Statistics for data werealculated byGraphpadPrism usingSt u d e #est@rs t
Two-way Anova as described in the figure leger8ignbols for levels of significance atg<

0.05, * * p<0.01, * * * p<0.001, * * * * p< 0.0001
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3.3 Results

To study the role of the actin cytoskeleton in GCBC function,fivg¢ measurd the
amountsof polymerized filamentous actin {&ctin) by flow cytometry. We set a stringent gate
around the forwardcatter area (FS@®), so as not to introduany bias in the measurements based
on cell size figure 25 A-B). We observed that GCBC expressed higher levels-adtiR, in

comparison to NBfigure 25 C-D).
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Figure 25 GCBCs express higher levels of factin than NBCs

(A) Gating strategy of NBC and GCBC. The cells are prggatedon B220+ cells. (B) Size gating based on FSC
A, (C-D) Histogram (C) and Quantification (D) for F-actin usingphalloidin stainingin NBCs and GCBCs.Data
are representative of at least two independerxperimentswith and are represented as mean with SD of groups

of at least two mice.
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Figure 26 GCBCs have higher resistance to actide-polymerization in comparison to NBCs
(A-C) Histogram (A) and quantification (B,C) of phalloidin staining by flow cytometry in NBC and GCBC after

2uM (A,B) and 5uM (A,C) LatA treatment. Data are representative of at least two independeréxperiments.

Previously itwasshown that NBC undergo actin depolymerization when treated aith
(145). To characterize the effeatf actin depolymerizatioon GCBC, we treated both NBC and
GCBC with2 ¢ Mr 5 ¢ MatA; (figure 2A-C). GCBC requiredh higher dose of.atA anda
longer treatment time to dmlymerizethe F-actin networkfigure 6A-C) . Tr eat ment wi |
did not completely dpolymerizethefact i n i n GCBC, but treat ment
polymerizationafter 3 minutes of treatmerffigure 26A-C). NBC, on the other handnderwent

complete dgolymerizationafter3 mi nut es of tLatd digumeebA-C). Based h 2 ¢ M
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on these data, we conclude that GCBC have higher resistance to aptiyrderization in

comparison to NBC.
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Figure 27 Actin de-polymerization induces BCR clustering in B cells

(A)Schematic diagram of treatment and stimulation of B cells for data presented in figures 3&2. (B-E) Images
(B-C) and quantification (D-E) of BCR clustering in NBC and GCBC either untreated orLatA treated and
stimulated with 20ug/mL anti-mstimulation. Quantification of BCR clustering was used by the Delta Centroid
function in the IDEAS software and data are presented as percent cells with BCR caps (D) and mean delta
centroid value (E) for each condition. At least 1000 cells were analyzed for each conditio Data are

representative of at least two independergxperiments.
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Actin depolymerization leads to increased diffusion of the BCR in NBL5, 153) To
study the effect of actidepolymerization in GCBC in BCR diffusion and clustering, we tised
treatment regimen describabove(figure 27A) and measured BCR clustering by Image stream.
We usedhedelta centroid function from th®EAS software taneasure BCR clusterifapping.

Our data showed that, actin-delymerizationmediated by LatAed to increased BCR clustering
in NBC and GCBC f{gure 27B-E). Upon BCR stimulation, there was a further increase in the
magnitude of BCR clustering in NBC aGiCBC (igure 27B-E). In NBC, BCR stimulation
induced BCR clustering within 10 minutes of treatmefigre 27 B, D, E). BCR clusteringvas
further enhanced upon treatment wlitltA (figure 27 B, D, E). However, inthe case of GCBC,

as previously reporte@0), BCR stimulation by itself id not induce BCR clustiang (figure 27C-

E). Instead, we observed that BCR clustemndy occurredvhen the actin cytoskeleton was de
polymerized figure 27C-E). These datauggest role for polymerized actin in preventing BCR
clustering in GCBC.

Next, to study the effect ofain-depolymerization on the BCR signaling we treated NBC
and GCBC with a suboptimal dose ladtA for 15 minutes followed by BCR stimulation using
antie figure 27A). This allowed us to study the change in BCR signaling in the absence of F
actin Treatmemnwith LatA induced BCR likéP13K signaling in NBC as previously report€5)

(figure 28 A-F). LatA treatment causedraoderatencrease irthe basal levels of Akt (S473)

and significant increase in the basal levelpakt (T308) and pSén GCBC (figure 28A-F).

Moreover, upon BCR stimulation, we observed a further increase in Akt (T308) phosphorylation

in both NBC and GCBfigure 28A-F). However,Sy k , Bt k a n lorylBtiorGr@anotp h o s p
significantly affectedby LatA in GCBCs(figure 29A-F). In NBC, pBtk and pPL C22 had a

similar trend as GCBChowever, Syk phosphorylation wasghtly although not significantly
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increased at 3m poe®CR stimulation inLatA-treated cell (figure 29A-F). GCBC have
significantly higher SHRL activity compared to NBGSinceSyk is a known target of SHP(168),
increased SHP1 activigould prevent Syk phosphorylation induced lbgtA in GCBC Overall,
these data demonstratleast GCBCR signaling can be partially restored by actipdimerization

and as previously reportethe absence of-kctin network leads to increased signaling along the

Akt-S6 axis.
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Figure 28 Actin de-polymerization induces and enhances BCR signaling in B cells.
(A-F) Histograms and MH of pAkt (T 308) (A, D), pAkt (S 473) (B, E) and pS6 (C,F) untreated or treated with
2eM LatA for 10m followed by BCR stimulation and measured by flow cytometryfor time points mentioned

in the legend.Data are representative of at least two independergxperiments.

89



Anti-p Anti-p

20ug/mL
GCBCzOLg!mL NBC GCBC “é NBC GCBC

Om

3m . ‘
pSyk pBtk pPLcY2
—— DMSO treated = 2uM Lat-A treated
B D F
4000 ns
p=0.096!
« 3000 I
& g
o 2000 ; | X
= 10004, . " °
T
& & e Sy & o ) & of®
Time after BCR stimulation Time after BCR stimulation Time after BCR stimulation
NBC I Lat-A treated NBC GCBC I Lat-A treated GCBC

Figure 29 Figure 29 Actin depolymerization does not enhance signaling along the Syitk axis.

(A-F) Histograms and MFI of pSyk (A, D), pBtk (S473) (B, E) and pPLe2 (C,F) untreated or treated with

2eM LatA for 10m followed by BCR stimulation for the indicated time points. Data are representative of at

least two independenexperiments.

Previously, it has been shown thhé extent ofactin networkpolymerizationinversely

corelates to BCR diffusion. GCBC have a more polymerized actin network compared to NBC.

Also, the BCR expression isféld lower inGCBC compared ttNBC. There is more amount of

F-actin per each BCR in GCBC. As the Image Stream experiment describetbove BCR

clustering in GCBC seems to be restricted by the presenceacfirf- and uponactin de
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polymerization, GCBCR demonstrate cluster{figure 27). To study whether increasedaktin

in GCBC influences BCR movement, we performed TIRF microscopy to track the movement of
the BCR in NBC and GCBC. We used fibronectin coating to allow NBC and GCBC to adhere to
the Mattek dishes. The BCRs were labeledaliyixture of unlabeledntrigM Fab (0.8g/mL)

and A647 conjugatedntiigM Fab (0.2>g/mL). The cells were labeledith Fab fragments to
avoid crosdinking the BCRs. We imagedeadpurified NBC and GCBC under basal conditions

in the TIRF plane at 25 fnd recorded the movement of A647 signal. We created spots (referred
to asfiBCR spotsg) based on the intensity of the A647 signal in NIS Eleméigare 3A). In
Imaris, we created tracks of the movement of the Bp&s and measured the speed, distance,
displacement and duration of the individual traffigure A-E). We observed that GCBCR had
lower track speeds in comparisonNaive BCR NBCR) and a trend of higher track duration in
GCBC compared to NB(igure 3C, E) However, GCBCRvere not differatin track distance
anddisplacementfigure 3B, D). These data demonstrate that under basal conditions, GCBCR
movel significantly slower than NBCR whickve theorize to be th@roduct of its highly
polymerized actin networlEuture experiments will focus on measuring track statistics of BCRs

in NBC and GCBC with or withoutatA treatment to test the abowgentioned theory.
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Figure 30 BCRs on GCBCs move slower in comparison to NBCs at resting state

(A) Representativeimage from a GCBC of BCRs labeled with IgM Fab A647 (red dots), image at 25 fps in
TIRF. The grey spheres and dragon tails represent tracks of the movement of BCR over time.-(B Track
statistics from NBCs and GCBCs demonstrating displacement length (B), duration (C), length (D) and speed

mean (E) of BCRs at resting stateData is from one TIRF experiment with 20 cells per each cell type.
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Figure 31 Differential actin dynamics in GCBC upon BCR stimulation compared to NBC

(A-B) Histogram (A) and quantification (B) of F-actin in NBC and GCBC upon BCR stimulation. (C-D)
Histogram (C) and quantification (D) of p-cofilin in NBC and GCBC at resting state. (E) Histogram of pcofilin
in NBC and GCBC after CIP treatment (shaded) and BCR stimulationData are representative of at least two

independentexperimentsin A-B and is from one experiment in GE.
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Previous studies have shown that B cells undergo a rapid and transient phase of actin de
polymerization upon receivingssimulusthrough the BCK151) This depolymerization has been
attributed to the actisevering proteircofilin (152). Upon BCR stimulationgofilin undergoes a
transient dghosphorylation whiclactivatescofilin to perform its actin severing functiqi52).

Since, GCBC have higher levels of polymerized actin at the resting state, we sought to determine
if the Facin dynamics in GCBC were any differeénbm those irNBC.

Upon BCR stimulation, in agreement with published regii4), we observed a deiction
in the global levels of factin as measured by flow cytometry for phallodinding (figure 3LA-

B). Within 30 seconds of BCR stimulation;a€tin levels were significantly reduced in NBC
compared to 0 seconds and 180 secomten the Factin levels were restored to the basal levels
(figure 3LA-B). However, in GCBC, factin levels did not change after BCR stimulatffigure
31A-B). The transient deolymerization of actin is critical for increasing BCR diffusion and to
form acentral BCR clustef139). BCR clustering is not observed in GCB(pasviouslyreported

by our lab(60) and in figure 30. The lack of transientpelymerization of actin offara potential
explanation as to whthe BCR does not cluster in GCBC. It is possible that because of the
continued restriction of the actin cytoskeleton, BCRs have limited contacts with other BCRs and
therefore end up organizing into smaller clusters artidarming a capike in NBC.

As described aboveactin depolymerization is directly awvelated to cofilin de
phosphorylation and activatiofl52). In line with higher Factin, pcofilin levels wee also
significantly higher in GCBC compared to NBfigure 3LC-D). In fact, treatment of the cells
using calf intestinal phosphatase (CIP) reducedfpin levels in GCBC but not in NB(figure
31E). Thesedata suggested that cofilin is phosphorylate@@BC in the resting state but has

minimal phosphorylation in NBC. However, upon BCR stimulation, there was no significant
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change in the phosphorylation status of cofilin in NBC or GCBC except a moderate reduction at
15m poststimulation(figure 3LE). Future studies will focus on understanding the role of cofilin
and other actin severing proteins such as gelsolin and destrin that may benaatredundant

manner with respect to actin dynamics in GCBC.

Om 15m after BCR stimulation

I scr Y1 Pre label anti-igM Fab A647
Stimulation Goat anti-mouse y

ﬁ Donkey anti-goat IgG PE

Figure 32 Schematic diagam for BCR endocytosis assay by flow cytometry

Apart from BCR signaling, actin s@odeling has a major impact on BCR endocytosis.
(139, 164, 165)To study the BCR endocytosis in GCBC, we designed an assay to measure BCR

intemalization by flow cytometry. Waised antirlgM Fab-A647 to prelabel the BCRs and
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stimulated these cells using goat anto u s e ¢ l gG antibody for
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Figure 33 Rapid BCR endocytosis in GCBC igartially dependent on lipid inositol phosphatases PTEN and
SHIP-1.

(A) Contour plots of BCR endocytosis assay in NBC and GCBC at different time points after receiving BCR
stimulation between 0 to 60 minutes. (HE) Quantification of the BCR endocytosis asay in NBC and GCBC in
cells pretreated with DMSO (B), 2 M PTEN inhibitor SF1670 (C), 2 M SHIP-1 inhibitor 3AC (D) and both

20eM PTEN and 20eM SHIP-1 inhibitor (E). Data are representative of at least two independergxperiments.

as describeth the legend sectioffigure 32) The stimulations were stopped by fixing the cells
using 1.5% paraformaldehyde (PF@igure 32) The cells were later stained usitdgnkeyantr

goat IgGPE((figure ). Under basal conditionthe majority of the cells werkabeled with A647

and PE(figure ). However, over time, we observed that staining fodP&easeas the BCR

was internalized(figure ). We observed that GCBC had rapid BCR internalization based on
reduced staining for PE in comparison to N@iGure 33A-B). Specifically, GCBC demonstrated

reduction in the PE labeling within 5 minutes of BCR stimulgtishereas NBC had Wmnodal
96
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populations that expressed different levels of labeling with (Rure 3A-B). GCBC
demonstrated maximal reduction in PEirsteg between 5 and 15 minutes, whereas NBC had
maximal reduction in PE staining between 10 and 30 mirffigese 3BA-B). From these data, we
conclude that GCBCRs undergo rapid internalization upon BCR stimulation.

As previously reported, upon BCR stiratibn GCBC induce the production of different
lipid inositols in comparison to NB(123). NBCR stimulation generally leads taapid spike in
PIPs;, whereas, GCBCs have higher basal levels of PI(3ah& upon BCR stimulatiogenerag
more PI1(4,5)P2 and relatively little PIPB23). These observations have been linked to the higher
expression and function of lipid inositol phossas SHIPL and PTEN in GCB@60, 123) Both
PIP. species metioned above have been implicated@teptormediated endocytosis. PI(3,4)P
is a known recruiter of endosorassociated protein Bam32 and sortirggin 9(snx9 (169, 170)
Interestingly, Bam32 expressigupregulated in human GCB@71)and we have observed that
it is highly phosphorylated in GCBC in comparison B@(data not shown)On the other hand,
PI(4,5)R is known to interact with the adaptor protein ARdich plays an important role in
clathrinmediated endocytosid72) To analyze the role of these lipid inositol phosphatases in
BCR endocytosis, we performedflow cytometrybased endocytosis assay in the presence of
inhibitors specific for these phosphatases. We observed that NBCR endocytosis is very sensitive
to treatment with these inhibitors and endocytosis is significantly reduced in the presence -of SHIP
1 or PTEN inhibitor(figure 33B-E). On the other hand>CBC demonstrate a reduction in BCR
endocytosisat 3-5m postBCR stimulationafter pretreatment with SHIFL or PTEN inhibitog
compared to untreated controffigure 3 B-E). However, at 10 minuteafter BCR stimulation,

BCR endocytosis in SH and/or PTEN inhibitor prereated cells is comparable to the levels in
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Figure 34 Differential BCR clustering and internalization after SHIP-1 and PTEN inhibition

(A-C) Amnis images of B220 and ant¢ staining on NBC and GCBC at Om and 15 m posBCR stimulation
treated by control (A), 2 PTEN inhibitor (B) and 20e SHIP-1 inhibitor (C). (D) Internalization score from
analysis of Amnis data using DEAS software for BCR internalization in B cells descriled as above. (E) Delta
Centroid from analysis of Amnis data using DEAS software for BCR internalization in B cells described as

above Data are representative of at least two independergxperiments.
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untreated cells (figure 338). These data hint towasda strong endocytic machinery in GCBC
andpotentiallythe initial phase dBCR endocytosis is dependent on PTEN and SHilrGCBC,
whereas NBR endocytosis is completely dependent on these phosphatases

To furtherstudy this we performed Imag8tream aalysisto estimatahe internalization
ofgoatanimous e € ¢ o nj We stimdated theocelldubiRgiat antimo u s A&488¢
and fixed the cells at different time points with 1% P&e found that consistent with our flow
cytometry datathe interralization feature of theDEAS software revealed that GCBCRere
rapidly endocytoseccompared to NBCRfigure 34A, D). As noted previously, NBC organized
BCR assingleclusters or caps, whereas GCBCRs were organized as smaller clusters, and several
of these clusters were observed as microvesicles inside théfigelte 34A, D). From these data,
we conclude that BCR dynamics are fundamentally different in NBC and GQ@BChis
phenomenon potentially leads to different downstream functiotesestingly similar to the flow
cytometry dataywe observed aeductionof BCR internalization in NBC with SH2 or PTEN
inhibition and a reduction in BCR internalization in GCEfr inhibition of SHIR1 (figure 3AA-
D). However, treatment with PTEN inhibitor led to enhanced internalization of the BCR in GCBC
(figure 3AA-D). This is contrary to our flow cytometry datavhere we observed a moderate
reduction in BCR endocytosis in BC with PTEN inhibition (figure 3C). To resolve thiswe
will perform confocal microscopthat will provide higher resolution images of B cells thatuare
treated otreated withPTEN inhibitorandstimulated using anBBCR.

Unexpectedly, we observedathupon BCR stimulation, GCBC treated with the PTEN
inhibitor had significantly more BCR clustering thantoeated GCBGfigure 34A-C, E). NBC,
on the other hand, had reduced BCR clustering when stimulated through the BCR in the presence

of SHIP-1 or PTENInhibitor (figure 34A-C, E). SHIR-1 inhibitor did not have a major impact on
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BCR clustering in GCBQfigure 3A-C, E) Previously, we shoed that treatment with PTEN
inhibitor leads to restoration of BCR signaling in GCBC and there is enhancement of BCR
signaling in NBC(123) The enhanced signaling and BCR clustering phenotype demonstrate the
potent function of PTEN in dampening BCR signaling in GCBC. From these data, we conclude
that PTEN and SHIR control BCR endocytosis in NBC, whereas in GCBBI|P-1 has a modest
control overBCR internalizationMost strikingly, PTEN prevents aABCR induced capping of
the receptor in GCBC and its effect on BCR endocytosis will be studied further using confocal
microscopy.

Positive selection of GCBC dependstbeir ability to presenfAg to T cells(99). In fact,
it has been shown th&D40 signaling is crucial foindudion of c-Myc expression in GCBC
which is a strong signature of positive selec(i@®). As shown previouslyGCBC have enhanced
BCR endocytosis compared to NBC. To study whetm@nanced endocytosis alsanslates to
rapidAgpr esent ati on, wwhichwherpgrocesseel anpresented o the skrface
in the context of MHC I14A®, can be detected by amtibodyreferred to as YA€167,173) The
peptideE Us linked to GFP so that the uptake Bfttan be tracked by GFP fluorescendée
furtherconjugatede EGFPto NIP to prepare a reagehP-E U G Ftfiat can be taken ugy NIP-
specific Bcells.We immunized B18+/V a 8 R €D45.1/2 with NPCGG. These mickave 1
2% lambda positive cells in the resting state. Upon immunization, these lambda positive cells

expand, and some enter the GC. We stimul8teells using 25>g/mL E U G F2B>g/mL NIP-
E U G RB>g/mL NP-BSA or PBS alone for 1 or 2 hoursvitro. We fixed the cells with 1% PFA

to stop the stimulation and surface stained for YAe to assess the Ag presentation in B cells. The

combination of B18+/heavy chain with lambda light chain is a good indicatddiéf reactivity.
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Therefore we used lambdataining togate on NIP reactive B cells, and then further gated on

CD95+ CD38 GCBC and CD95CD38+ NBCas shown below (figure53.
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Figure 35 Gating strategy for NBC and GCBC in B18+/V 8 8 R- (C67BL/6 mice) for BCR endocytosis
assay.

Data are representative of at least two independent experiments.

We observed thaherewas an increase in Ale staining withinone hour of stimulation
with NIP-E U G Kfigure 3A-D). Approximately 20% of NBCs and 40% of GCB@d higher
YAe staining compared to wstimulatedcells (figure 3A-D, figure 38A). Moreover, within 2
hours 40% of NBC and about 65% of GCBCdhigher YAe staining than utreated groups
(figure 3 A-D, figure 38A). These data suggesithat a higher number of GCBC present Ag in a

rapid manner compared to NBC.
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Figure 36 Rapid Ag presentation in GCBCs compared to NBCs

OdN

24809

(A-D) Contour plots of YAe and BUGFP staining in NBCs(A-B) and GCBCs (GD) upon stimulation by control,

25cg/mL EUGFP, 2% g/mL NP BSA and 25 g/mL NIP-EUGFP (left to right columns) at 1 hour (A,C) and 2

hours (B,D) post stimulation.Data are representative of at least two independergxperiments.

Unexpectedl, we observedn increase in YAe staining in GGB but not in NEC,

stimulated withE U G Ffigure 36A-D 2" column) At 2 hours, about 30% GCBC had an increase

in YAe staining but in NBC this stainimgmainedatabasal leve(figure 3A-D 2" column) The

uptake ofE U G FnRSCBCwas likely mediated by phagocytic or pinocytic pathwasince it was

Ag-nonspecific Interestingly, the pattern of YAe and a@FP FITC stainingwas different

between thee U G FaRd NIRE U G Fstimulations(figure 3A-D 2" and 4" column) GCBC
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treated withE U G FvBre double positive for YAe and ai@iFP FITC, whereas GCBC treated

with NIP E U G lerity stained with YAdfigure 3A-D 2" and 4" column) Theseunique staining
patternsmay be because of thifferent efficiencies of Ag processing in different endosomal
compartments. Receptor mediated endocytosis maytoefadter Ag breakdown and processing
followed by rapid Ag presentation. On the other hand, Ag taken up via phagocytosis or pinocytosis
may be processed morewly, leading to cestaining of GCBC with YAe and arGFP FITC

which isanindirect measure of uprocessed Ag.
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Figure 37 B cell Ag presentation is PTEN dependent and partially dependent on Syk activity

(A-H) Contour plots of YAe and EUGFP staining in NBCs (A,C,E,G) and GCBCs (B,D,F,H) upon stimulation
by control, 25eg/mL EUGFP, 2% g/mL NP BSA and 25 g/mL NIP EUGFP (left to right columns) at 1 hour (A-
B, E-F) and 2 hours (GD, G-H) post stimulation in cells treated by 286 M PTEN inhibitor (A -D) or 20eM Syk

inhibitor . Data are representative of at least two independergxperiments.
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Previously we showed that BCR endocytosis in NBC is sensitive to PTEN and1SHIP
inhibition and as per our flow cytometry dat&CBC hae a partal impact on endocytosis with
PTEN and SHIFPL inhibition. Differences in endoayiis may delay Ag processingnd
presentation in B cellsThe effector kinase Syk is also known to play a role in mediating
endocytosis of the BCRL74). Thereforewe wanted to determine if treatment with Syk, PTdN
SHIP-1 inhibitorswould change Ag presentation dynamics in B céNe treated cellgith 20>M
PTEN inhibitor, 2660M SHIP-1 inhibitor or 26-M Syk inhibitor and measured endocytosis as
described for figure® We observed that treatment with PTEN inhibitor completely abolished the
Ag presentation in both NBC and GCBC within 2 hours of stimuldfigare 37A-D, figure38B).

Ag presentation did not occur in GCBC that were stimulatigd 25>g/mL E U G Feifher, the
pathway that we suspect is mediated via phagocytosis or pinodftgaie 37A-D, figure 38B).
Thiswas an unexpected result because GCBC only have a minor reduction in endocytosis of the
BCR upon PTEN inhibitionas assessduly flow cytometry in fact, our Amnis data showed
enhanced BCR internalization in GCBC upon PTENhiion (figure 33-34). We observe a
different patterrof BCR clustering and enhanced signaling when PTEN actwityinhibited

(figure 3A). This data suggests that there is a previously unappre@&ateN-dependenstepthat

is necessary for efficient Ag processing and presentation in B cells.
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Figure 38 B cell Ag presentation is PTEN dependent, partiallfdependent on Syk and independent of SHIR
activity

(A-D) Quantificationof YAe positive cells in NBC and GCBC upon stimulation by control, 26g/mL EUGFP,
25cg/mL NP BSA and 2% g/mL NIP-EUGFP at 1 hour and 2 hours post stimulation in cells treated by 20M
PTEN inhibitor (B) or 20eM SHIP-1 inhibitor (C) or 20eM Syk inhibitor (D). Data are representative of at

least two independenexperiments.

On the other hand, treatment with SHiIRnhibitor did not lead to angetectablechange
in the Ag presentation function of the B cdfigure 38C). However, treatment with Syk inhibitor
had a partial effect of B cell Ag presentatidigure 37E-H, figure 38D), whichwas found to be
reduced at 1 and 2 hours in Syk inhibitagated cellscompared to wtreated cellgfigure 37E-
H, figure 38D). The effects were more profound at 2 hours-gtistulation suggesting a role for
Syk function in sustained Ag g@sentation and MHC Il turnovefigure 37E-H, figure 38D).
Overall, these data showed that GCBC presentmidge rapidly thanrNBC andthat the Ag

presentation pathways are partially dependent on Syk activity and completely dependent on PTEN
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activity. Futureexperiments will focus odeterminingthe role of PTEN in Ag processing and
presentation pathways.

Based on our earlier observations, we hypotheslm@G CBC havesignificant alterations
in the components of their cytoskeleton that sgaddifferertial BCR signaling and endocytosis
Touncover these alterationse performed RNAsequencing analysis of purified NBC and GCBC
and in vivo activated B cell3he in vivo activated B cells represent B cell blasts found at 48 hours
post NRFicoll immunization ad are control for activated B cell populatiowe created
comparisons of GCBC to NBC and GCBC to B caltsivatedin vivo (figure 39A-B). Next, we
performed gene set enrichment analysisGSEA) of cytoskeletorrelated genes

(http://software.broadinstitute.org/gsea/msigdb/cards/CYTOSKELBET@/th respect to the

comparisons mentioned abo\@gure 39A-B). We observed that there was a significant
enrichment ofcytoskeletorassociated genes in GCBC compared to NBCtlaath similar trend
was observed in GCBC compared twivo activated B cell¢figure 39A-B). Out of the 368 genes
that were tested, 78 genes were differentially exprdssedignificat degreen GCBCcompared
NBC andin vivo activated B cell§FDR < 0.01, fold change Zligure 39C).

As expected, genes regulating the actin cytoskeleton were found to be highly expressed in
GCBC(figure 39C, figure DA). Notably, genes involved irrgtrusions and filopodal extensions
such as Aifll andascinl (Fscnl) were highly expressed in GCBC compared to NBC iandvo
activated B cellgfigure 40A). Lima a gene known for inhibiting actin gmlymerization(175),
was found to be highly expressed in GCBC compared to NBC and in vivo activated [Baaks
40A). Interestingly, proteins involved in actin sevgrisuch a€apgand protein kinase C binding
proteinMarckswere found to have reduced in expression in GCBC in comparison to NBC and in

vivo activated B cellgfigure 40A). Interestingly we also found higher expression of genes
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associated with endocytesin GCBC compared to NBC and in vivo activated B cells. Cortactin
is a component of clathrin mediated endocyttsifacilitates actin nucleation and pinching off
of endosomefrom thecell surface by acting as a link between dynamin and \Weseins(176).

We validated the higher expressiorcoftactinandfascinat the protein level in GCBC compared
to NBC (figure 4B-C). Overall, the RNAseq analysiglemonstratedhat the cytoskeleton is
significantlyremodeledn GCBC when compared to NBC amdvivo activated B cellandthat
these modificationmay lead to differential GCBC function the context of BCR signaling and

endocytosighat have been observed earlier in this chapter
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Figure 39 RNA-seq analysis ofcytoskeleton related genes in GCBCs in comparison to NBCs and in vivo
activated B cells

(A-B) GSEA of cytoskeleton associated genes in GCBCs in comparison to NBCs (A) and invivo activated B cells
(B). (C) Heat map of 78 differentially expressed genes in BLs compared to NBCs and activated B cellRata

are from one RNA-seq experiments with FACS sorted cells from at least 3 mice.

It has been reported that Bam32 is highly expressed in human @eBMathat BCR
internalization does not occur efficienttyBam32/- B cells(171) Moreover,GC dissolve earlier

than WT and the GCBC do not undergo efficient class swit@am32/- mice (177, 178) We
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observed higher expression of Bam32rinrine GCBC compared to NB{figure 40D). Future
experiments in this area will focus on knocking out Cortactin, Fascin and Bam32 and observing

the effects on overall GC function and understanding the role of these proteins in BCR endocytosis.
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Figure 40 Increased expression of cytoskeleton related genes Cortactin, Fascin and Bam 32 in GCBC in
comparison to NBC

(A) X-Y plot demonstrating differential expression of cytoskeleton associated genes in GCBCs in comparison
to NBCs and invivo activated B cells (BD) Histogram of Cortactin (B), Fascin (C) and Bam32 (D) expression
in GCBC (red) compared to NBC (blue) Data in A are from one RNA-seq experiments with FACS sorted cells

from at least 3 mice. Data in BD are representative of at least two independent egpiments.
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3.4 Discussion

In this study we have shown that GCBC have significaimadelingin how ther BCR
interpret Ag stimulationvhen compared to NB@n terms of the actin cytoskeletoneviound that
GCBC have significantly more-&ctin and depolymerizdion of the Factin network led to BCR
clustering and BCHike signaling. These datre in agreement withthers and they demonstrate
that F-actin can act as a negative regulator of BCR signaling in GE&RICNBC(145, 153) In
NBC, it has been shown earlier, that #reountof F-actin inversely coelate to the diffusion of
the BCR(145, 153) Interestingly, in GCBC, we found that the BCR moved significamtigre
slowly than in NBC. We theorize that the highly polymerized acyitoskeletoracts as a barrier
to the movement and therefore reduces the speed of the BCR in GCBC. We will furttigs test
theory bymeasuringhe speed of BCR on GCBC and NBC before and after treatment with the
actin depolymerizing agentatA.

Previously, itwas shownthatin NBC Factin forms smaller compartments around the
plasma membrane within which individual BEBr BCR naneclusters are trapped39, 144,
145, 149, 150, 153Jpon receiving a BCR stimulation, the actin cytoskeleton transiently de
polymerizes allowing for free diffusion of the BCR which eventually leads to ¢hestering and
propagation of the signél51-153) We showed that GCBGdhigher lewels of polymerized actin
at the basal level. Moreover, by flow cytometry, the expression of BCR on GCBIGl&sIBwer
in comparison to NBC. So, in theoffipr each BCR there is overall moreaEtin availablewhich
may contribute to further restriction BCR movement and diffusion. In NBG,d€tin undergoes
a temporary dg@olymerization within 30 seconds of receiving a B&Rulus However, GCBC
do not undergo a transient-gelymerization upon BCR stimulation. This effect can at least be

attributed tothe highly phosphorylatedofilin in GCBC. The actin severing proteicofilin, is
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inactive in its phosphorylated for(@52, 154) We found that GCBC had higher basal levels-of p
cofilin compared to NBC. However, contrary to published literatureuimstudy,NBC did not
undergo a de@hosphorylation irofilin, although NBC did undergactinde-polymerization152).
These data may suggest redundant roles for actin severing proteins suétilgsdestrinand
gelsolin(155, 179) The function of otheactin-severing proteins in cwext of GCBC remains to
be elucidated.

Ag stimulation eventually leads BCR internalization and Ag presentatiam orderto
receive helper signals from T celBrevious work has indicated that BCR signaling and BCR
internalization are mutually exclugiyprocessefl80) NonITAM and ITAM tyrosineresidues
arephosphorylatediithe Id cytosolic tail upon BCR stimulation and thggesphorylate®CRs
areretained on the cell surface to initiate a signaling cas¢a8@) On the other hand, nen
phosphorylated BC&are rapidly internalized(180). The phosphorylatiorof these residues is
mediatedby kinases Lyn oiSyk (180) We previously showed thdboth Syk and Lyn exhibit a
dampened gnaling state in GCBC compared to NBC after BCR stimulgi@) 99) This may
be Il eading to reduced phosphorylation of tyr os
the nonphosphorylated BCR get internalized rapidly in GC&Cwve observed in our dakuture
work will focus on mapping these phosphorylation sites on the BCR in GCBC and comparing their
phosphorylation states to NBC.

It has alsobeen hat ubi quitination of 1 gb is also
theBCRand Ag presentatiofi81).] gb wubi qui ti nati on dJineaddssmat o acc
compartments which allows for sorting of BCR into Lamp1+ endos@it@&iy BCR cclocalize
with PIP; in early endosomal Ag (EEA)+ and Lampl+ endosonvésereas no such €o

localization has been reported between PI(4,8)f the BCR181) From these data, the authors
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have concluded that PEs necessary for endosomal sorting and processing of the BCR, however,
Ag presentation was not measured in this si{d@l). Contrary to this finding,n our study, we
observedhat inhibition of PTEN led teeduced BCR clustering and internalization in NBE. |
GCBC, as per our AmnismageStreantdatathere wasenhanced BCR internalizatiand BCR
clustering Inhibition of PTENand BCR stimulatiotead toanincrease in the levetsf PIP; within

5 minutes of stimulation in both NBC and GCBI23) Thus BCR endocytosis and sorting may

not be entirely dependent on the levels ofsRliRd we propose that there is aappreciated role

for PTEN and PI(4,5)RAn this process.

Further supporting this theory, inhibition of PTEN led to complete abolishment of Ag
presentation in both NBC and GCBC. In the Ag presentation assay, the &gcBnjugated to
GFP. Upon entry of GFP into acidic compartments, the fluorescence is losk bam stilltrack
it using an antiGFP FITC antibody. However, in case of PTiENibitor-treated B cells, antcFP
FITC signalwas not detectable. And from the flow cytometry and Amnis data, itesgtrat BCR
do getinternalizedin PTENinhibitor-treatedB cellsalbeitto a lesser extengo, we suspect that
endocytosed Ag gets processed munot efficiently presented on B cells. We stained for
intracellularYAe, but it was not detectabi@ PTEN inhibitor-treated B cellswhereas it was
detectedn untreated cells that were stimulated with NEPGFP(data not shown). Taken together,
these datauggest role for PTEN in MHC Il processing and presentation. The exact role for
PTEN in this process remains to be elucidated.

BCR-associated kinasgyk has ber shown to play a major role in BCR endocyt¢$i&4).
BCR-mediated Sykactivation leads to actin {@ganization which is necessary for BCR
endocytosigand eventual Ag presentati@li’4). In agreement with these dataur Ag presentation

datademonstratethat Sykinhibition doesreduce the extent of Ag presentation both in NBC and
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GCBC. In fact, this effect was more pronounced at 2 hoursspiostilaion thanat 1 hou
suggesting a role for Syk in sustained MHC Il mediated Ag presentation and perhaps MHC Il
turnover.

The Ag presentatiomssayrevealed an interesting pattern of aB&#P FITC and YAe
staining in GCBC. Inthe case of B cells stimulatedith ENGFP for 2 hours, GCBC had
approximately 30% cells that were YAe+. Within these YAe+ cells, 14% also stained {GiFnti
FITC. Thesedata provide important insights into the GCBC function in several different ways.
First,theyhighlight the phagocytipinocytic potential of GCBC that can lead to uptake of proteins
from the surroundings in a n@BCR-mediated way. This maynsteadbe mediated by certain
scavenger receptors or lynonreceptor endocytic pathway. However, this process was not
observed in NBC, reflecting a fundamental changi@biology of B cells upon differentiating
into a GC phenotype. Secondilge castaining of aniGFP FITC with YAe was only observed in
Eh GFP-treated GCBC and not in NHB" GFPtreated GCBC suggesting a difference in the
dynamics of endocytic processing when a foreign protein is taken up bynidRted
endocytosis oby an alternative pathway. It is possible that specific signals associatedhei
BCR may direct the BCRontaining endosomes into MHC Il containing compartments leading to
efficient processing and rapid Ag presentation. The exact nature of these signals remains to be
elucidatedalthough we provide strong evidence that PTENdda a key player in this process.

Overall, from these data, we highlight the basic cell biological differences between NBC
and GCBC that contribute to tiphenotypical andunctional differencesvith reference to BCR

signaling, endocytosis and Ag preseiota
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4.0The role of SHIP-1 in GCBC function

4.1 Introduction

Upon encounter with antigen, the surface B cell receptor (BCR) initiates a signaling
cascade that leads ® cell activation, proliferation, and differentiatiofhe classical BCR
signalingpathwayis discussed in detail in Chapter 3. The quality and quantity of BCR signaling
is tightly regulated in B cells by means of different phosphatases such ak, SHIEN, SHIP1,
amongothers. Generally, these phosphatases associate with an inhibitory recaptdgders

their function in dampening the BCR signaling.

4.1.1Inhibitory Receptors

The magnitude andduration of BCR signaling can be negatively regulated by many
transmembrane receptors such as CO02XD31 atlc g a mme
CD72 (122) Most of these inhibitory receptors possess immunoreceptor tyrosinbased
inhibition motif (ITIM), a tyrosine-containing consensus sequence, in their cytoplasmic region.

ITIM tyrosinesare phosphorylated by Src family kinasesg. the ITIMsinFc o RlI I b and CLC
canbe phosphorylated iheSrc fanily kinase Lyn upon BCR ligatiofl22, 126) Phosphorylated
ITIMs recruit and activate phosphatases such as 5FFHR2, SHIR1 or SHIR2 depending on
the receptor(122). Additionally, tyrosineprotein phosphate nemeceptor type 2PTNP22),

tyrosineprotein phosphate nemeceptor type 12(PTFPEST) and phosphatase and tensin homolog
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(PTEN) are also known to play a role in BCR regulafit82, 183) These phosphatases modulate
BCR signaling by dghosphorylating key molecules in the signaling cascade.

SHIP-1 can be recruited to the surface by formation of a quaternary complex between
CD22, SHIR1, Shcl and Grb2 to regulate€fux responsé184) WhenAg binds to an existing
IgG, the BCR and Fd&R2B become ctigated(185, 186) In this case SHIR getsrecruited to the
ITIM on Fc R2B and negatively regulates BCR signalifi5, 18¢. However, SHIPL can also
be recruited directly to the BCR by binding to ITAMs on CD79d/&7, 188) The membrane
recruitment of SHIPL is dependent on the activity of Syk89) Upon recruitment SHIP-1
interacts with different signaling proteins and lipid inositedgg different protein domains in its

structure.

4.1.2Structure of SHIP-1

SHIP-1 is a 145 KDa protein with 1189 amino ac{d90), includinga central catalytic
domain responsible for the phosphatastivity (191) PKA mediated phosphorylation sg¢rine
440 can enhance the phosphatase actagtyarbinding of PI(3,4)Rat the C2 domaiiL92194)
Thus Ser440 and C2 domain are allosteric\aation sites (192-194). The phosphatase domain is
flanked by a PFR domain that can interact with BIL89) The SH2 domaimt the Nterminus
of SHIP-1 mediatesnterim with ITIM-containingreceptors such as HR2B and CD31and
ITAM -containingreceptors and cytosolic proteins such as Shcl aneBIDR8) TheSH2 domain
is responsible for the localization of SH1Rwithin the cytoplasnfl95) The Gterminus of SHIP
1 has proline richiegionsthat can mediate interaction wi@rb2 and tyrosine residues that can
mediate interaction wh Shcl, Dokl and Dok3 (128) The structure of SHH2 revealsits role

not onlyas an enzyme but also as a scaffolding protein that mediates interactions with various
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signaling effectorsA schematic diagram of SHIP and its protein domains is preseniefigure

41.
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Figure 41 Schematic diagramshowing different protein domains of SHIR1

Adapted from Eur. J. Immunol. 2017. 47: 932945

4.1.3SHIP-1 as a regulator of signaling

As a lipid inositol phosphatase, SHIRdephosphorylates P¥nto PI(3,4)B and reduce
PIP; mediated signaling196) As discussed earlier, PIP3 can recruit signaling effector proteins
such as Akt, BtkBam32and Vav(196) Fc R2B mediated inhibition of CAflux is dependent
on the ability of SHIP-1 to reduce the levels of RIRvhich in turn reduces the recruitmeartd
phosphorylatiorof Btk and PLC2 (189, 191) A SHIP-1 mutant that lacks phpbkatase function
cannotinhibit Ca™ flux in DT40 B cells(197) SHIP-1 can also function in a phosphatase
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independent mannas an adaptohy binding to proteins such as Shc. The interaction ofasinc

SHIP-1 limits Shc interaction with Grb2 and SQOfhe latter beingwhich is criticd for Ras

activation(198, 199) The interaction of SHH with Dok-1 and Dok3 is known to inhibit Ras
activation. Thus, SHIR is a negative regulator of MAPK and PI3K pathwg@0, 201)

The product of SHIP1 enzymatic activity PI(3,4)R - can also recruit distinct effector
proteins including tandem PH domain containing proteinAPP) 1/2, lammellipodin(Lpd),
Bam32 snx9and Akt(196). Lpd and snx9 are proteins involved in actgulation cell migration
and clathrinmediated endocytos{896). As stown in Chapter 3, treatment with SHIFnhibitor
led to a significant reduction in BCR endocytosis in NBC and literature suggests that this process
may be dependent ane SHIP-1 enzymatic product PI(3,4)PThe interaction between TAPP and
PI1(3,4)R is particularly interesting in the control of Akt signalingd has been extensively studied
in TAPP KI mice(202, 203) which express a mutant form of TAPP that does not interact with
PI1(3,4)R (202, 203) TAPP KI mice have high serum auto Abs, kidney pathology and spontaneous
GC formation. Moreover, B cellsom these miceare hypetresponsive and have higher Akt
phosphorylation in comparison to contr¢®2, 203) Two mechanisms have been proposed to
explain this phenotypd) TAPRPI(3,4)R interaction leads to recruitment of phosphatase PTPL1
which reduces Akt phosphorylatipor 2) SincePI1(34)P. can bind and activate Aklirectly, the
interaction ofTAPP proteinsith PI(3,4)R indirectly reduces Akt activatio(02, 203)

Akt hasbeen shown to directly bind PI(3,4)&d PIR but not P1(4,5)R(204). The crystal
structure of Akt also demonstrates its ability to bind directly to PI1(3(20%). Co-incubation of
Akt with synthetic phospheinositidesPIPs, P1(4,5)B and PI(3,4)Pshow that PI(3,4)Phas the
highest potential to activate ARQ04) Moreover, addition of exogenous PI(3,4)®bone marrow

derived mast cedl andrat astrocytes increased Akt phosphorylation at the S473(0&)
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Consistentvith these findingsthe SHIP-1 inhibitor 3AC leads to reduced Akt phosphorylation at
the T308 and S473 sites in hematopoietic cancer cell (#388 These data hint towards a role
for PI(3,4)R and indirectly SHIPL in postively regulating signalingn certain scenariodigure

42),
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Figure 42 Overview of SHIP-1 in regulating PI3K signaling

Adapted from Eur. J. Immunol. 2017. 47: 932945

4.1.4Role of SHIP-1 in immunity

Consistent wittthe crucial roleof SHIP-1 as a signaling regulator, deletion or mutation in
SHIP-1 is known to disrupt immune functions. SHIPdeficient mice develop splenomegaly,

autoimmunity and inflammatiom the gut and lungs, and their survival rate at 14 weeks of age is
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only 40%(208) Cell-specific deletion of SHIL has been used to study its role within different
immune compartments. R®nstitution of mast celleficient mice using SHH +/+ or SHIP1 -

/- mast cells, showed that SHIP-/- mast cells arényperresponsive and cause allergic asthma
pathology(209). In thecase of T cells, SHH deficiency leads to reduced differentiation into a
Th17 phenotype and increaldiffereniation into Treg phenotype suggesting a role for SHIR
maintaining balance between different T cell subsets and regulating immune homéas@sis
Also, T cell specific SHIPL deletion reduces the Ab respets NP-CGG-Alum and Th2 immune
responses t&chistosoma masoiifection (211). Moreover,macrophages frorBHIP-1 -/- mice

are skewed towards M2 phenotype because of constitutive high levels of argif&is) |
However, during helminth infectiormyeloid-specific deletion ofSHIP-1 leads to excessive
production of 1l-:12 by macrophagewhich generates a negurotective Thl response instead of a
protective Th2 respong@13) Taken together, these finding suggest that SHiffays a crucial
role in programming macrophagasdmast cells and regulating T cell responisesfection and
autoimmunity.

As discussedibove SHIR-1 plays a crucial role in regulating BCRymaling and by
extension B cell functions. SHIP deletion in B cells specific for Ats or HEL leads to reversal
of the anergic state of these B cells and restoration of BCR sigrfdlidg 215) Study of AID
Cre/+ SHIRP1" micerevealed thaBHIP-1 is necessary for the maintenance ofllL.competent
B cells and for the production of 410 and in the absence of SHIPB cell dependent luptiske
autoimmunity develop&16). B cell-specific deletion of SHIR using CD18®* SHIP-1"" mice
resuted in reduced numbers of immature B cells and MZ B cells, but increased numbers of
spontaneous GCBQ17) Moreover, SHIPL deficient B cells demonstrated increase isotype

switching to IgG2a/2b because of increased expressiorbet &and STAT1 in these cells. SHIP
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1 deficient B cells have lower IgG1 and3g8a serum titers in response to-BBG immunization

(217). Moreover, total GCBC numbers were lower in the absence of-$ldiRl SHM within the
GCBC was also reduced compared to the con(@dlg) We have previously shown that SHIP

is hyperphosphorylated in GCBC and remains constitutively associated with the BCR in the resting
state(60). The enhanced activity of SHIPin GCBC may be a mechanigor dampenin@3CR-
induced PI3K signaling. Here, we soughtfiother understanthe role of SHIPL in control of

GCBC signaling and function.

4.1.5Study Goals

To ascertain the role of SHIPin survival and selection of GCBC we used a tamoxifen
inducible Cre gstem to delete SHIR from B cells during an ongoing GC response teQEG.
SHIP-1 deletion led to bmodal expression of SHIP in GCBC expressing intermediate (SHIP
int) and low levels of SHIR (SHIR1"°) compared to WT controls (SHIP'T). SHIR1™YGCBC
showed reduced phosphorylation of signaling proteins S6 and increased phosphorylation of Btk
upon BCR crosslinking with anth antibody. SHIP1® cells were urresponsive to BCR
crosslinking and had the highest frequency of dead cellcasmhse8 positive cells among all
threegroups. This data suggests that SHIExpression and activity is crucial to GCBC signaling

and survival. The role of Pih regulating BCR signaling in GCBC remains to be elucidated.
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4.2 Methods

Mice, immunizations andtreatments: All mice were maintained under specific pathogen
free conditions in accordance with guidelines issued by University of Pittsburgh Institutional
Animal Care and Use Committeell6 weeks old IgM B18i BCR transgenic Balb/c (referred to
as MEG), nCD20 TamCre C57BL/@&0), SHIR1"" C57BL/6(218), and huCD20 TamCre SHIP
1" C57BL/6 mice were used as sources of NBCs a@BGs as mentioned in the figure legends.
MEG mice wer e i mmu n-CGGeptecipitated imgm aBddthe §57BLI6 sthiRs
were immunized using 75ug of NPGG precipitated imlum. MEG mice were analyzed between
day 1216 post immunization and tHe57BL/6 strains were analyzed between dayl10Mice
were treated with 1 mg dosetafmoxifenin corn oil orally at day 6 and day 8 after immunization.

In vitro Tr eatment: The cells were rsuspended in B cell media (RPMI 1640 medium
supplemented with 5%Fet al pl e x, penicillin/streptomyci
mercaptoethanol) and warmed t&87n 5% CO?2 for at least 15m before the following treatments.
For treatment withhe SHIRL1 i nhi bi t or, cell s were treated w
ethanol for different time as mentioned in the figure legend.

Flow Cytometry: The stimulations and/or treatments were stopped by fixing the cells
using 1.5% paraformaldehyde (PF#t)room temperature for at least 15 minutes. The cells were
permeabilized using BD Perm Wash buffer or 0.1% TritebOR at room temperature for at least
20 minutes. Fc receptors were blocked using@bmti6/32 (homemade 2.4G2 antibody clone).

For B cels and GCBCs, the following conjugated reagents/ antibodies were used, PNA (Vector
laboratories),ant-rSHIP-1 (Mouse 1gG1; Biolegendantirlambda (Goat polyclonal; Southern
Biotechnology), antCD95 (clone: J&; BD Pharmmgen), aniCD45R (clone RAZ%B2; BD

Pharmngen), antiCD19 (clone 1D3; BD Horizon), arR€XCR4 (clone L276F12; Biolegend),
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and antiCD86 (clone GL1; Biolegend), antigM (clone B%6; homemade). For signaling assays,
conjugated antibodies ta$6 (S235/236; clone: D57.2.2E; Cell SigngliTechnology), fAKT
(S473; clone: M8%1; BD Biosciences), -AKT (T308; clone: 244F9; Cell Signaling
Technology), pBtk (Y223/1tk pY180; clone: N386; BD Biosciences), andpyk (Clone 17A/P
ZAP70; BD Biosciences) were used.

ELISpots:NP2BS A ( S5 capd NRLEBSA (5eg/ mL) were used act
to measure AFCs that were NP specific. Kappa
total AFCs. 96 well 4HBX plates were coated using the alnoestioned antigens overnight at
4°C. On the day foexperiment, plates were blocked using PBS + 1% BSA. Following blocking,
splenocytes from different strains of mice as mentioned in the figure legend, were added to the
plates and incubated overnight at°@7 AFC were detected by using alkaline phosplatas
conjugated secondary antibodies (to 1gG or IgM, Southern Biotech) dmdmo4chloro-3-
indolyl-phosphate in agarose.

Imaging cytometry: Cells were labeled as described earlier for flow cytometry assay. For
BCR clustering and endocytosis, data were ctélé using Amnis ImageStream®X Mark |l
| maging Flow Cytometer. Data were analyzed wi
feature for BCR clustering and Alnternalizat:i

Statistics: Statistics fordatawereal cul at ed by Gr apheptestdor Pri sm
Two-way Anova as described in the figure legends. Symbols for levels of significant@<are

0.05, * * p<0.01, * * * p<0.001, * * * * p< 0.0001
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4.3 Results
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Figure 43 SHIP-1 deletion leads to enhanced PB response

huCD20 Tam Cre and SHIR1"" mice were combined into a group as SHIRWT. huCD20 TamCre mice were

referred to as SHIP-1 deficient group. (A) Schematic diagram of SHIPL deletion inB cell specific Tamoxifen

inducible Cre system. (BD) ELISpot assay for total (B), NP2 and NP16 (€D) IgM (C) and IgG (D) AFC at

D11 post NRCGG immunization. (E-F) Percent GCBC (B220 PNA* CD95") (E) and Percent PB (B220Q

CD138 CD44") (F) in SHIP-1 WT and SHIP-1 deficient mice at D11 post NFKCGG immunization. Data are

representative of at least two independergxperimentswith and are represented as mean with SD of groups of

at least two mice.
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To study the role of SHHR2 in GCBCs, we usedB cell sgecific tamoxifeninducible Cre
system to delete SHIPduring anongoing GCreactidli ce wer e | mmuni zed wit
and treated with 1mg/dose of tamoxifen at day 6 and day 8 post immuniaatioplenocytes
were harvested at day -1 post immunizadn (figure 43A). huCD20 TamCre mice and SHIP
1" mice were combined into a group referred to as SHWT and huCD20 TamCre SHP
mice were referred to as SHIPdeficient. . performed ELISpot assays to assess the AFC
response in SHR WT and SHIPL deficient groups. Webserved that NP16 specific IgM AFCs
were significantly increased in the SHIPddicient group and NP16specific IgG AFCs had a
similar trend(figure 43 B-D). However, there was no significant difference in NP2 specific IgM
or IgG AFCspr thenumbers of IgM or IgG producing total AFGgy(re 43 B-D). The percentage
of GCBC was comparable between SHIRVT and SHIPL deficient groups (figure3iE). In line
with the ELISpot data, we observed an increase in the percentage of PBs in tHe d&ifitient
group compared to WT group. These dajeeewith previously published results on AFC response
in B cell specificSHIP-1 deficiency(217)

We observed that th8HIP-1 deficient mice fuCD20 TamCre SHI2"" group)had bi
modal expression of SHIP (figure 4 A-B). The GCBC in thesamice had one peak that had
slightly lower expression of SHIP (SHIR1™Y and another peakatexpressd lowerSHIP-1
(SHIP-1°) when compared to the WT expression of SHIESHIP-1VT) (figure 44 A-B). We
suspect thahe SHIP-1™egroup has deleted only allele of SHIRind SHIP1° group has deleted
both alleles of SHIFL. Further comparisons ithesestudieswere done on these 3 groy@HIP-

AIWT SHIR1™d and SHIR1) based ortheir differential SHIR1 expression. We observed that
SHIP-1 deletion led to reduced numbers of CB¥$6CXCR4 lowLZ GCBCs in comparison to

CD86 low, CXCR4 highbZ GCBCs(figure 44 C-D). This increase in the DEZ ratio was found
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to beinverselyco-relatedto the SHIPL expressiolffigure 44 C-D). From these data wenclude

thatSHIP-1 deletion disrupted cycling of GCBC between LZ and DZ.
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Figure 44 SHIP-1 deletion led to bimodality in SHIP-1 expression in B cells

huCD20 Tam Cre and SHIP-1"" mice expressed WT levels of SHH and were referred to as SHIP1T,

HuCD20 TamCre SHIP-1"" expressed bimodal levels of SHIR1 and were divided into SHIR1™d and SHIP-

1'° based on the expression of SHIR.(A-B) Histogram (A) and (B) quantification of SHIP-1 MFI in NBC and

GCBC. (C-D) Contour plots of CD86 and CXCR4 expression (C) and quantification (D) of DZ to LZ ratio in

SHIP-1 WT, SHIP-1m and SHIP-1° NBC and GCBC. (E) IgM expression in SHIR1 WT, SHIP-1m¢d and

SHIP-1° GCBC at D11 after NP-CGG immunization. Data are representative of at least two independent

experimentswith and are represented as mean with SD of groups of at least two mice.
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Figure 45 SHIP-1 deletion led to cell cycle disruption in GCBC
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(A) Contour plots of EdAU and DAPI labeling in SHIP-1 WT, SHIP-1m¢¢ and SHIP-1° GCBC populations at
D10/11 post NPCGG immunization. (B) Quantification of SHIP-1 WT, SHIP-1 med and SHIR1 low GCBC
populations in subG1, G1, S and G2M phases of cell cycl@ata are representative of at least two independent

experimentswith and are represented as mean with SD of groups of at least two mice.

GCBC are highly proliferative B cells that cydetween LZ and DZ to obtain appropriate
signals related to cell proliferation and death. Since SHIBCBC accumulated in the DZ we
wanted todeterminegf SHIP-1 deletion disrupted GCBC proliferatiowe treatedthe mice with
1mg of EJU30 minutes prior t@acrifice,to label cells that were in the S phase of the cell cycle

andperformed cell cycle analysis 8HIP-1VT, SHIR 1™ and SHIR1° GCBC. We observed



significantly higher percentage of SHIP cells in the G1 phase of the keycle in comparisons
SHIP-1mdgroup and SHIFAL" cells in the sulG1 phase showed a similar treffigure 45 AB).
The subG1 phase reflects dead or dying cells and this data may suggest that SEHIBC have
increased cell deatlMoreover, a signifiantly lower percentage of the SHIP cells were found
in the Sphaseand SHIP-1"° cells in theG2-M phaseshowed a similar trengfigure 45 AB). In
contrast to SHIFAL cells, SHIP-1m¢ cells hada significantly lower percentage of cells in the G1
phaseof the cell cycle and a higher percentage of cells in S antM @&yure 45 AB). Overall
these data show thatmoderatedecrease iISHIP-1 expressionmay increase cell cycle efficiency.
However, extremely low levels of SHIPareincompatible withefficient cell cycleprogression
andGCBC lacking SHIPL accumulate in the G1 and sub G1 pha$eken together, these data

indicate a role for SHIR in reguating GCBC proliferation.
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Figure 46 SHIP-1 deletion led to increased cell death in GCBC

(A-B) Histograms of ghost viability dye (A) and active Caspase 3 staining (B) in SHIP'T, SHIP-1™¢ and
SHIP-1'° GCBC populations at D10/11 post NPCGG immunization. (C) Quantification of ghost viability dye
and active Caspase 3 staining in SHIRWT, SHIP-1m¢ and SHIP-1° GCBC populations at D10/11 post NP

CGG immunization. Data are representative of at least two independerkperiments with and are represented

as mean with SD of groups of at least two mice.
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