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ABSTRACT: EFFECTS OF DIFFERENTIAL B CELL RECEPTOR SIGNALING ON MEMORY AND NAIVE
B CELL SUBSET FUNCTION AND IDENTIFICATION OF NOVEL IGM+ MEMORY B CELL SUBSETS VIA
SURFACE EXPRESSION OF IGD

Jeremy N. Gale, M5. University of Pittsburgh, 2017

The ability to remember antigens and respond quickly to repeat exposamddd out by longived memory
cells and iscritical for preventing reoccurring infection®f particular importance to the fields whccine
developmentimmunotherapy, and autoimmunity is the study of humoral memory. Our lab has previousl\
identified threesubsets within the memoBy/ cell (MBC) compartment delineated B7-Family membersCD80
and PDL2. These subsets are C&D-L2* (Double Positive, DP), C8@®D-L2" (Single Positive, SP) and C80
PD-L2" (Double Negative, DNB7-Familysubsets are predictive of cell fate upomexgposure to cognate antigen.
DP cells quickly become antibody secreting cells (ASCs), while DN MB@ster the germinal center reaction.
SP cells possess the capacity to adopt either function. Despite itted ooie humoral immunity plays in warding
off disease, little is known about how these subsets adopt their respective roles in vivo.

The goal of this project was to further elucidate the differences between CDBR/RIBC subsets and
to understand theignificance of these differences in the context of of humomaiory Given these subsets
share the splenic environment and therefore experience similar antigen exposure, we hypothesized that
differential regulation of BCR signaling may explain the observd differences in cell differentiation and
function. We found that whild87-Family MBC subsets displayed similar proximal BCR signaliihg priming
and activation of protein synthesis after BCR cilogdsng was significantly different between subsets. s
few differences in proximal BCR signaling cascades of B7 MBC subsetund surface expression of IgD
divides the IgM MBC compartment into further subsets based on pSyk signaling.MdEZs have lower pSyk
signaling upon restimulation with theircognate antigen than those Igells that lack IgD on their surface.
Thesedifferences may play a key role in MBC function, and may lead to the discovery of additional functione
MBC subsets. Finally, we determined not only that MBCs signal much momgistrtnroughout the BCR
signaling cascade than their naive counterparts, but these differences are likely caused by a combinatioi

cascade protein levels and decreased phosphatase activity in the MBC compartment.
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1.0 INTRODUCTION

1.1 MEMORY B CELL AND LONG -LIVED PLASMA BLAST RESPONSE

Immunological memory is a hallmark of the adaptivenune response and is critical for combating recurrent
infections. The memory compartment consists of antegerienced effector cell that remain in the organism
long after initial antigen exposure (often for the lifetime of the organism) and requetimer interaction with
antigen to be maintaindd, 2]. Upon reexposure to their cognate antigen, memory cells offer a more rapid and
robust responsian naiveB cells (NBCs) In the case of humoral memory, memBrgells (MBCs) reconstitute

the germinal center reaction (thusim@iating somatic hypermutation) or form protective antibody secreting cells
(ASCs) after secondary exposure. The genaraifdsCs and effective antibody responses are important goals in
vaccine development, where the presence of these functions can lead to successful protection. Additione
memory functions may play a role Bicell-mediated autoimmunity. Despite this, teeés much we still do not

understand about the generation and execuatitsumoral memory.



1.2 ROLE OF ANTIBODIES IN DISEASE STATES

Production of antigespecific antibodies is thgrimary goalof humoral immune responséntibodies aresome

of the most adaptable and potent weapons against invading pathalewing for precise protection with
relativelylittle collateral damage to healthy tissuEsfective generation of humoral immunity is critical to the
containment and elimination ofide variety of pathogens, includid difficile [3, 4], HCMV [5] and Influenza
[5,6. Addi tionall vy, vaccine technology (arguably on
on the generation of humoral memory and Hingd antibody respons¢g].

Antibodies are capable of dispatching threats through three methods.is opsonization, where
extracellular pathogens are coated with antibodies to enhance uptake and degradation by phagocytes, vi
receptors[8]. Second, antibodies can neutralize pathogens by adhering to molecules necessary for dise
progression. Thisncludesblocking surface moleculem intracellular pathgensthat mediate calllar entry on
intracellular pathoger9, 10], preventingadherence of extracellular bactgda, 12]and birdingbacterial toxins
(such as those pduced by Tetanus or Diptheri@) 9]. Additionally, some antibody isotypes (such as IgM) are
capable of effectively activatinthe complementsystem, a series of diverse proteins that disrupt plasma
membranes and lyse invading c¢ll8].

The final strenth of antibodymediated protection is its ability to increase in affinity and specificity over
the course of an immune response. This is achieved through directed mutation of immunoglobulin (Ig) genes

the germinal center reaction in a process calladigfimaturation.



1.3 GERMINAL CENTER FORMATION AND AFFINITY MATURATION

The germinal center (GC) is a transient structure that forms iB tadl follicles of secondary lymphoid organs
as a response to antigenic stimuli. Germinal centers are the site oBraglbturnover, with proliferation and
cell death occurring at an accelerated fate 15] GCs begin when antigen is bound by the-ffinity BCR of
NBCs patrtially activating them. The antigen is internalized, degraded in the lysosome and presented on Mkt
Class Il to CDA T cells at the interface betweBrcelland T cell zones. Antigen specific T cells are activated by
the presentation of antigen andstomnulatory factors on the surface of the activ&8eells. These T cells produce
cytokines (such as 4 and IL-21) [16] that instruct the activated, antigepecific B cells to begin rapid
proliferation within theB cell follicle[17, 18]

The germinal center is responsible for two key aspects of humoral immiarstyis the rapid expansion
of antigenspecificB cells upon exposure to an immunogé&his expansion &ws the mmune system to quickly
build arepertoireof cells capable ofecognizingthe invading pathoge[i4, 15, 19] The secondole of the
germinal centers &finity maturation, a process by which the immune system adds to the alrepssive
utility of antigenspecific antibodies by honing their specificitor cognate antigenthis is achieved with the
purposeful introduction opoint mutations into the V region gene of tBecell receptor (BCR) in a stepwise,
generational manner by the enzymetigationinduced Cytidinddeaminase (AID) through procesg&nown as
somatic hypermutation. Those cells with the highest affinity BCRs then preferentially survive to produce daugh
cells[20], although the exact mechanism of selection is not well undersibedeading theory, known dise
cyclic reentry model, describes germinal terB cells migrating between the two main structures within the
GC,; the dark zone and the light zone. Proliferation and somatic hypermutation occur in the dark zone, after wk
the GCB cells migrate to the light zone. Once there, they receive antigenféilicular dendritic cells, internalize
it and present it to T follicular helper cellsi{T It is believed that competition fantigen uptake an@m help is

the driving factor behind affinity maturatioB. cells thatpossesshe highest affinity BCRs are better able to
3



acquire antigen and present it tg dnd are thus preferentially given survival signals, while those with little to no

affinity for the antigerdo notreeive these cues and per{&i, 22]

1.4 B CELL RECEPTOR SIGNALING CASCADE

B cellactivation via the BCR is dependent upon the transduction of signals from the plasma membrane of the
to transcription factors and eventually the nucleus of the cell and the genetic magh&jemhis signal is
propagated via the rapid phosphorylation of kinased adaptor proteinsvhose activation allows them to
phosphorylate kinases further down the chain in turn.

The signaling cascade begins with the ciloggng multiple BCRs by multivalent antigenbringing
associ at ed | gassocatedwith thebBCiRto aosegioxingtywith one another. Thigecruits and
activates the Src family kinase Lyn, W h pleé&htyrogifeo s [
kinase ByK) thenbinds the phosphorylated ITAMs via its SH2 domains iarattivatel. Syk is responsible for
the phosphorylation afiumerousdownstream targets, includifigb ut not | i mited t o),

(Btk), 1-Phosphatidylinosite#t,5-bisphosphate phosphodiesterase gafaifRLC-02), CD19 and BLNK[24].
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Figurel: Focused Map of the BCR Signaling Pathwianypsslinking of two or more BCRs lilieir cognate antigen triggers a signaling cascade. For

the purposes of our research we focused on the activation of three major pathwaysBNF NFAT and protein synthe
responsible for the activation of these pathways shareraegemmon elements. Syk, an extremely proximal determinant and regulator of BCR
signaling, is a useful metric for the assessment of total BCR signBli@o 2 i s one of a myriad of proteins
the cleavage of Pinto DAG and IR. IPztriggers the release of intracellular calcium, and the combination of DAGC@Atitogether are responsible

for the eventual activation of both N&=Band NFAT pathways. While not directly involved in the cascade directly, S6 is atsafithe ribosomal
assembly and critical for the transcription of proteins. It is therefore these three proteins that served as the priroaty feadur research.

After Syk activation, the BCR signal branches into several distinct pathwayso®P{hose activation
requires both Syk and Btk) cleaves PIRto diacylglycerol (DAG) and IR IPs levels lead to the releass
intracellular C&" from storage. Thisictivatescalcireurin andresults inthe translocatiomf transcription factor
NFAT. Combined DAG and intracellular Clevels activate protein kinase C, which begins a cascade resulting
in the degradation of |1 8B and the translocati on
recruits PI3K and leads to the generatioRbk. PIR; activates Akt, which in turn activates mTor and eventually
protein synthesis pathways through the phosphorylation of ribosomal proté865& component of thé0s

ribosomalsubunit).



15 B7-FAMILY EXPRESSING MEMORY B CELL SUBSETS

The memonB cell compartment is far more heterogeneous than originally believed. Variations in ig2iype
and V region mutation contef26] have been reported. It has also been indicated that the classic functions c
activated MBCs upon rstimulation (reconstitution of the germinal ¢enand rapid generation of antigen
specific plasma cells) are carried out by separate MBC su2§etg8] rather than being intrinsic properties of
all MBCs.

Using a novel murin@doptive transfer system (see section 3.1), our lab has previously described thre
unique MBC subsets distinguished by their selective expression-df(BD80) and programmed death ligand
2 (PD-L2) [29]. As B7-Family members, CD80 and RPL2 are both involved withiB cell -T cel interactions.
CD80 is one of two fAsignal 20 ligands responsi bl
is predominantly expressed on myeloid cells, and has thus far only been observed on memory cé&lisefi the
compartment. Intactions between RD2 and Programmed Death 1 (R are necessary for the formation of
the Tm compartment, germinal center formation and optimal ASC form§3oh

Three MBC subsets are delineated by surface expression of CD80 ahd: FID80PD-L2" double
negativg(DN), CD80PD-L2" single positivdSP) and CD8WPD-L2"* double positivdDP) subsets. These subsets
are genetically disting26, 31]Jand demonstrate differences in V region mutational content and isotype switching
The DN compartment predominantly expresses IgM BCRs with few germ line mujatiuies DP MBCs are
significantly mutated and have a high percentage of-slagished cells (although IgMDP cells do exist)29,
31]. Furthermae, Weisel et. dl32] haveshown that the generation of these subsets is temporally dispersed ove
the course of the early germinal center reaction.

Given the citical importance of CD80 and RL2 in coordinating cell activation and function, it should
come as little surprise that Zuccarino Catania §84l. demonstrated vastly different functions among the three

described MBC subsets. Double negatoadls readily proliferate and +enter the germinal center reaction
6



(complete with somatic hypermutation). Conversely, double positive cells undergo a short proliferative bur
before differentiating into plasma cells. Single positive cells adopted aingdaibproach, demonstrating the
capacity to either regenerate GCs or differentiate. These data extend previous \Raabyet al[27], who
proposed that isotype was indicative of MBC function, mirroring our findings. Howiegbiould be noted that,
while DP MBCs have a higher incidence of IgG than DN, the*lghhtingent of CD80PD-L2" cells react to
antigen stimulation in the same manner as their isotype switched countg&phrts

Despite thecritical therapeutic importance of distinct functional MBC subsets, very little is understood
about what allows these subsets to carry out their individual d@esn thesesubsets share the splenic
environment and therefore experience similar antigen exposure, we hypothesized that differential regulatior

BCR signaling may explain the observed differences in cell differentiation and function.



2.0 MATERIALS AND METHODS

2.1 ADOPTIVE TRANSFER OF ANTIGEN -SPECIFIC B CELLS AND GENERATION OF
HUMORAL MEMORY IN A TRANSGENIC MURINE MODEL

mVh186.2 (B18) knockin BALB/c mice were generated as previously descrB8fla nd mai nt’ad n e
enr i ch t he "™ NPrsmegfiuBcells fgr use fn the-transfeystemo generate MBCs. AM14 transgenic
( Tg) *WBABBZ mice were generated as previously descrilddd and used as recipients for NB cells
due to their inability to generate endogenousdgBcificB cells. B18" J B* mice were used as naive controls.
B18" J 5 splenocytes were harvested and enrichedaells via complemenmediated depletion of T
cells (antiCD4 (clone GK1.5, grown in house) and a@ib8 (clone TIBO5, grown in hous@jong withrabbit
complement). Frequency of NB cells was determined by flowytometry and 2x1% 3x10° NP* B cells (appx.
10°t ot al cells) were transf er r* tecipient.tAftea24 éaurs,ths tegipiemt o
mice were immunized with 50ug NPc h i c {glebnlin gthydroxy3-ni t r opheny |l ) -gl@bualiet y I
(NP-CGQG) precipitated in alum intraperitoneally. Splenocytes were harvested from recipients (now designat
memory mice) only 8 weeks post immunization.
All mice were bred and maintained in accordancé whniversity of Pittsburgh Department of Laboratory
Animal Resources guidelines and all animal experiments were approved by the University of Pittsbur

Institutional Animal Care and Use Committee.



2.2 INVITRO B CELL STIMULATION

Spleens of individual mice were harvested, homogenized, depletegtimfocytesand kept at room temperature
until approximately 20 minutes before stimulation, at which time they were warmed to 37°C.-cRilhgle
suspensions of approximately 581RBC-depkted splenocytes were stimulated with 5SugsfNRuroscein
AECM-Ficoll (Biosearch Technologies), 20ug LPfgee antilgM (u-chain specific) (goat polyclonal, Jackson
Immunoresearch, LPS removed in house)-6niM hydrogen peroxide at 37°C. Stimulation wa#idéd with the

addition of 2x cytofix/cytoperm solution (final concentration 4% PFA, Perm/\Walstffer, BD).

2.3  ANALYSIS OF BCR SIGNALING EVENTS VIA FLOW CYTOMETRY

After stimulation and fixation @lls were washed twicand stainedn 1x BD perm/washbuffer. Cells were
incubated with AntiCD80 and fixable viability stain (FVS) before stimulatiand fixation, all other antibodies
were stained podixation/permeabilization.

Antibodiesused were Anti-CD45R (clone RA®B2, eBiosciences), aniD80 (clome 1610A1, BD
Horizon), antdFITC (clone 5D6.2, EMD Millipore), artigD (clone 1126c¢.2a, BD Horizon), antgM (p-chain
specific) (goat polyclonal, Southern Biotech), aRD-L2 (clone TY25, Biolegend),antP L C2 2 ( Y7 59)
K86-659.37, BD), antiS6 Ribosomal Protein (Ser235/236) (clone D57.2C# Signaling), antSHP-1 (rabbit
polyclonal, Santa Cruz), ariyk (clone 5F5, Biolegend) and a@iAP70(pY319)/Syk(pY352) (clone 17A/P
ZAP70, BD).

Detection reagentssed wereGhost DyéM Violet 510 fixable viability stain (Tonbo Biosciences) and

NIP-APC ((4hydroxy-5-iodo-3nitrophenyl) acetyl, Prozyme, conjugateehiouse).



3.0 RESULTS AND ANALYSIS

3.1 ADOPTIVE TRANSFER SYSTEM FOR THE GENERATION AND DETECTION OF
ANTIGEN -SPECIFIC HUMORAL MEMORY

As previously stated, the murine system has no unique marker that designates the MBC compartment. M
researches have used IgG as a proxy marker for memory, aswlas®edB cells must be antigeaxperienced
[35]. However, the field now recognizes that [gBlcells make up a largeortion of the memory compartment,
and that excluding them when considering humoral memory gives us an incomplete picture of MBO®13logy
To address this issue, we use an adoptive transfer system that allowsitentifecation of MBCs based on
antigen binding rather than BCR isotype.

mVh186.2 (B18 ) is a BCR heavy chain which, when pa
specificity for the hapten nitrophenol (NP). Blknock in mice on the kapgdhain knek out background (Bl
8*"J ) produce & cell compartment that is approximately 60%-Nfctive[22]. These NPreactive cells are
adoptively transferred into mice with a tr awhses8gR n
BCRs are specific tgG (i.e. haveheumatoidactor specificity), and the recipient mice are therefore unable to
generate endogenous MeactiveB cells[34]. Once immunized with NP, the host mice will generate an inemun
response deriving from the B8t J 5 cells they received. Once the primary response has run its course-the NF
reactiveB cells that remain in the animal daBCsand can be identified by staining withdlwphoreconjugated

NP (Figure 2. In this way, we can assess the entire MBC compartment, regardless of isotype.

10
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Figure2: Gating Strategy for Identification of IgM+ BFamily MBC subseté\ complex gating strategy was employed to ideBfffframily MBC in

whole splenocytdsarvested from the B8 8 K OAMil4Vtad8-Rdoptive transfer system (section 3.1). Lymphocytes were selected via forward
and side scatter. Lymphocytes tend to be small (low forward scatter) and have low granularity (low side scatter). Csll(thonloiells attached to

one another) were excludég height and width to prevent false readings where two cells are read as one. Next, dead cells were excluded with the
use of a fixable viability stain. Prixation, Cells are stained with a reagent that is easily pumped out by live cells but whichreteyg in dead or

dying cells. In the live cell populatioB, celks were identified by the surface expression of B220. Of the B220+ population, MBCs were identified by
their ability to bind NIP conjugated to a fluorophore. I§® cells were selected fdo ensure our assessment of BCR signaling was not influenced

by comparing IgM and Ig@xpressing cells (as IgG has previously been show to activate the BCR signaling cascade more strongly{36an IgM

37)]). Finally, the IgM MBCs wee divided into three subsets defined by surface expression of CD80 dr2i (BN, SP and DP respectively).
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3.2 DP MBCS ARE PRIMED FOR ENHANCED PROTEIN SYNTHESIS

ZuccarnioCatania et. al (2014) previously demonstrated that MBC subsets defined by CD80-aaghe&ibrm
vastly different functions upon 4#&xposure to their cognate antigen. Given that these differences occur despit
identical BCR stimulation in each subset, twpothesized that divergent BCR signal processing might be
responsible Thus, we investigated proximal BCR signaling as a potential mechanism for differential MBC
function.

We examinedhree signaling molecules for this purpoSgk, an extremely proximatffector molecule
inthe BCR pathwaysr esponsi bl e for activating important do
The second, 1-Phosphatidylinosite#t,5-bisphosphate phosphodiesterase gaffmgP L C2 2 ) c |
diacylglycerols into DAG and BRimportant signaling molecules involved in the activation ofthesNBE p at h w
(among others) and calcium flux respectively. The third molecule, ribosomal protein S6 (S6) is a component
the ribosome complex and ardicator ofAkt pathway signaling.

Singlecell suspensions of splenocytes harvested from transfer recipient mice (hitherto referred to
Aimemory miceo) were st i muHicall Egdre 3A, €, D) or BGRnceosdiekinga n t |
antibody (tchainspecific antiigM, Figure 3B, E). EachB7-Family MBC subset was then assessed for the
phosphorylation of the signaling molecules described above at specific activation sites (Syk pY352, ¢
pSe 235/ 236, PLC22 pY759) (Figure 3

There were no statistically significant differencescagnB7-Familys ubset s i n eithe
phosphorylation. This suggests very proximal signaling in these subsets is relatively similar and unlikely to pl.
a significant role in the diversification of MBC function. However, BCR crosslinking did indigreficantly
higher levels of pS6 in DP MBCs when compared to the other two subsets. While SP MBCs did not signal

strongly as their DP counterparts, S6 signaling in this compartment was still significantly higher than that in D

12



MBCs. This indicates ¢éired levels of protein synthesis subsets (as S6 is part of the 40S subunit) that correspc

with functionalB7-Family MBC subsets.
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Figure 3: DP MBCs are Primed for Enhanced Protein SynthesisWhole splenocytes were harvesfeaim adoptively transferred AM}¥ a 8"R
mice and stimulated, depleted of erythrocytes and stimulated with 20ug/mighhiiA, D) or 5pug/ml NRFicoll (B, C, E). Cells were then fixed to

halt BCR signaling, permeabilized and assessed for phosphorylat@@Rfpathway molecules Syk (A, B), PLG 2

statistical differences emerged in early events of BCR signaling (8y®&, 0 2 )
phosphorylation. DP, SP and DN MBCs fong gradient of pS6 that mirrored previously established functions; DP MBCs displayed the highest
levels of pS6 after stimulation, DN MBCs displayed the least, and the SP compartment contained moderate levéarsf ppéesent mean and

SEM. (A) n=7-8 (4 experiments) &) n=6(3 experiments)(C) n=4-5 (3 experiments)(D) n=6(3 experiments)(E) n=6(3 experiments)* = PO O.
01, O * * *0H0LP *O* * 6.8001P O

* * =
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3.3 STRENGTH OF PROXIMAL BCR SIGNALING CORRELATES WITH IGD/IGM
EXPRESSION IN BOTH MEMORY AND NAIVE B CELLS

While no statistically significant difference amoBJ-Family subsets was observed in either Syk
PLC22 phosphorylation, within each MBC popul atio
t hree signaling mol e ciguledh). FrtBey kvestigatloiCrevealed thad theSe@tént of F
pSyk generatedcorresponds with & expressiomf surfacelgD and IgM. MBCs with high expression of IgD
(IgD™) had low levels of Syk phosphorylation after BCR cross linking, while those MBCs with low expressior
of IgD (IgD"°) had significantly higher levels of pSyk (Figu4eB). This pattern of correlation between BCR

isotypes and pSyk generation was found within eacheoBifamily MBC subsets (Figure @, D).

IgD Hi
34.1

CD80

IgD lo
186

gD Hi 1D Hi
443 524

NIP+
089

gD

i Igghd+
Wy e43

gD lo
316

IgD lo
370

B220

Figure 4: Bimodal pSyk Signals Existwithin B7-Family MBC Subsets.While no statistical significance was found when comparing pSyk levels
between B7family MBC subsets, analysis of individual subsets revealed bimodal pSyk signals (A). These signals coriiglatét tresav
expression of surface IgD, with I§DMBCs demonstrating higher levels of pSyk tharfigBlls (B). These Igilefined subsets exist within all three
B7-Family MBC subsets (C, D).
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Given that Syk phosphorylation correldteell with Ig expressiorfFigure 5A) we assaye®BCs and
NBCs(which dso possess Igthand IgB°popul ati ons) for PLC22 andB&R6 p
isotype expressionn response to BCR crosslinking We found t hat , as wi t
phosphorylation correlatl with IgD expression (Figure®), while S6 phosphgthation levels did not (Figure 5
D, E). Additionally, we found thaill MBC populations demonstrated significantly higher phosphorylation of all
three molecules when compared\iBCs Formolecules involved iproximal signaling (Syla n d  P)Lcélls
demonstrategignificantly more phosphorylian after stimulation, whilgfor the distalindicatorS6 MBCs had
significantly higher basal levels gdhosphorylationn addition to strongepS6 responsesfter activation. This
led us to three conclusions. First, differential expression of IgM and IgD correlatesapdhity forproximal
BCR signaling. Second, MBGdemonstrate a morggorous responseé BCR crosdinking than theirNBC
counterparts. Fingj, in terms of protein synthesis (as indicatedobgal pSh MBCs may banoreprimed than

NBCsfor activation.
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Figure 5: Strength of Proximal, but not Downstream Signaling Correlates with IgD/IgM Expression in BotiMemory and Naive B cells.
Whole splenocytes were harvested from adoptively transferred AMi&/-Rnice and stimulated, depleted of erythrocytes and stimulated with
20pg/ml AntilgM (A, D) or 5ug/ml NPFicoll (B, C, E). Cells were then fixed to halt BOBm&ling, permeabilized and assessed for

phosphorylation of BCR pathway molecules Syk (A, B);BLZ

(C) or

S6

(D2

EhospBhéearpahdt Pbe was

s i

MBCs when compared to IgiDcells (A, B, C). However, bimodality beevelgD subsets did not reach statistical significance when comparing pS6

levels (D, E). Additionally, MBCs were significantly enriched in pSyk/#LZC a n d

pS6

compared to NBCs wi

E). Bars represent mean and SEM. (A)7n8(4 experiments)B) n=6(3 experimentsXC) n=4-5 (3 experimer]ts)(D) n=6 (3 experiments)E)
01, P

n=4 (2 experiments) * = P O 0.05, **=

P O O.
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3.4 ENHANCED SYK SIGNALING CAPACITY IN MBCS IS ASSOCIATED WITH INCREASED
LEVELS OF SYK PROTEIN AND DECREASED LEVELS OF PHOSPHATASE ACTIVITY

We next wantetb further elucidate mechanisms responsiblefidrancegroximal BCR signal in MBCsAmong
MBC subsets there wadttle differencetotal Sykcontent (Figure 8). However,MBCs possess significantly
higher levels of Syk protein comparedN8C (Figure @). This suggests that the lower Syk signaling observed
in NBCscomesn part due to lowemaximum signaling capacips reflected by the totamount of Syk

Hydrogen peroxide (¥D2) has previously been shown to initiate intracellular signaling by deactivating
phosphatase activity and allowing basal kinase activity to drive phosphory[@8yn39] Both maximal
phosphorylation of signaling molecules and the amount of phosphatase activity that must be overcome to re
that maximum can be inferred via titration 0f®4 stimulation. Toinvedigate this, MBCs and NBCwere
stimulated with increasing concentrations o0z and Syk phosphorylatiowithin individual MBC andNBC
subsetsvas compared. As with BCR crodiking, H2O- stimulation resulted in no significant differendes
maximumpSyk signalingamongMBC B7-Family subsets (Figure®). There was also no statistically significant
difference between memooy naive B cell subpopulations definedg®™ or IgD° (Figure ®).

Despiteno significantdifferencesamongMBC or NBC subsets, there wasstriking differencebetween
maximumpSyk signal in MBCs compared MBCs. Upon stimulation with kD, MBCs hadbetween three and
four times the Syk phosphorylation levels of their naive counterparts (Figuré&&ihermoreNBCsrequired
twice the concentration of 8. to achieve maximunpSyk signal when compared MBCs, suggesting that
NBCs mustovercomesignificantly more phosphatase activityachievetheir morelimited signaling potential.
Taken together, it appears that the BCR pathway in MBCs of all subsets has-\»&enl et several level® be

more responsive tBCR stmulation

17



A DN B 3 Memory IgD Low

3000 - r 1 SP 3000 4 AR A Memory IgD High
—— f K Naive IgD Low
25004 - OP 25004 P ) 9 -
— © T 1 Naive IgD High
< 50004 = 20004 T 5 I
x N
E‘ 1500 4 I & 1500+ \\
© ©
S 1000+ 5 10001 \
[ [
500 \
o] T
o\\
20000 - &-*:* 20000 -

Figure 6: Enhanced SykSignaling Capacity in MBCs is Associated with Increased levels of Syk Protein and Decreased Levels of
Phosphatase Activity. To elucidate the mechanisms responsible for increased Syk phosphorylation observétiBnckgjDsubsets and MBCs,

total Syk preein was analyzed via flow cytometry (A, B). As with Syk phosphorylation, no significant difference was foundBFdtamely

subsets (A). However, no statistically significant differences in total Syk protein were observed when compérmamgl lig-° subsets within the
MBC or NBC compartments (B). Where total Syk was found to be different was between MBCs and NBCs, with MBCs havirtty sigyiéi &k
protein than their naive counterparts (B). These trends were mirrored in our analysis of tatphptase activity amorig) cellsubsets (C, D).

MBCs and NBCs were stimulated with a titrated concentration of hydrogen peroxide and assayed for Syk phosphorylatisues & mea
phosphatase activity. As with total Syk, no difference in phosphatas¢yastigi detected among B7 MBC subsets or IgD subsets (C, D). However,
as with total Syk, there was a profound difference in both the intensity of Syk phosphorylation and the and concerdratido eéeit Syk
phosphorylation in MBCs as compared to NBRIBCs generated significantly more pSyk upon stimulation wi@2 iWhen compared to NBCs (C).
Additionally, while it did not reach significance, MBiCtivation began at 2mM and peaked at 3mM, while NBCs hit their highest levels of Syk
phosphorylation intie given range at 5SmNBars represent mean and SEM. (A) n36experiments)B) n=6 (3 experiments)C) n=6(3
experiments)(D) n=7-9 (4 experiments) * = PO 0.05, **= P O 0.01, ***= P O 0.001, *
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4.0 DISCUSSION

41 DP MBCS ARE PRIMED FOR RAPID PROTEIN SYNTHESIS

ZuccarnieCatania et. gI31] have previously shown DP MBCs rapidly differentiate into ASCs up@xpesure

to cognate antign, while DN cells undergo significant proliferation aneerger the germinal center reaction.
This gradient of function in mirrored by the activation of S6 in these subsets (Figure 2 C, D). DN cells disple
the least pS6 after stimulation, while DP celtsivate S6 the most. As in function, SP MBCs fall in between the
other MBC subsets witimtermediate amounts piS6 expression.

Given their propensity to form ASCs,would make sensthat DP MBCs have a heightened capacity to
activate S6 upon BCR stimulation. The primary role of ASCs is to produce large quantities of-gpéigiio
antibodies in response to external threats, a prab@ssvould require the upregulation of proteignghesis
machinery to facilitate. It should also be noted that DP MBCs have higher levels of pS6 than other MBCs ev
before stimulation, indicating that these cells may be primed for rapid protein synthesis even in in their resti
state.

The presumedhigher capacity of DP MBCs to initiate and carry out protein synthesis offers a plausible
mechanisnto supporttheir bias towards ASC differentiation. We suggest that the biochemical infrastructure
already in place in the DP compartment allows them to @artryprotein synthesis more easily than other MBC
subsets, making the conversion of these cells into ASCs a simpler process. This then may bias the cells tow
differentiation and away from fentry into the GC. Better understanding this process mayrinhelp us to
generate treatments that boost or hinder this differentiation, as antibody production is the most critical functi

of B cells in disease.
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Anotherimplication of higher S6 activatioin the DP MBC compartment is the potential for increased AKT
signaling in the subset as wdlh. addition to being @otentregulatorof protein synthesis (via mTOR and S6),
AKT is a critical regulator of the cell cycle via its interaction with the trapgon factor FOX0O1[40-42]
(Figurel) By phosphorylating FOXO1, AKT prevents the transcription factor from entering the nucleus and flag
it for degradation. This in turn arrests the progression of cell cycle. This feature would be critical for cells wishir
to differentiate into londived determinate cells (such as DP MBCs differentiating into plasma cells) and would
be detrimental to cells needing to undergo rapid proliferation (such as DN MBfdereng the GC). Thus,
higher AKT signaling (as indicated by increased phosphorylation gir&®in) may also be responsible for

driving the observed functions Bf7-Family MBCs in vivo.

4.2 BIMODALITY IN PROXIMAL BCR SIGNALING CORRELATES WITH BCR
ISOTYPE EXPRESSION IN MBCS

It is only recently that thB cellmemory community hamore widely acknowledgettie existence of IgMMMBCs
due to the difficulty inherent in identifyiniijem amongst naive populatiotgD*CD27" and IgD CD27" B cells
have been previously identified in humgd8-45]. These cells are confirmed tmntain somaticV region
mutations demonstrating that they are in fact MB@4]. We speculate that our I§and IgD®* MBC populations
may correlate wittMBC subsets identified in humans

We chose to study igreater detailgD subsetamongMBCs due observations of bimodality in Syk
phosphorylatiomafter Ig cross linking irB7-Family MBC subsets (Figure 3). This bimodaliyas found to
correlate with the expression of surface IgD, with "gRIBCs generating aoparatively lower pSyk after
activation than those cells that expressed little IgD 'P)gFigure 4 A, B). This bimodality is also propagated

down the signaling pathway, where it is reflecte
20



We proposethat the presenaef surface IgD on cells directly responsible for the observed differences
in signaling as opposed to merely being a correléd® classB cell receptors have previously been found to
have lower signaling gecity than that of IgM46]. This is primaily due to the long hinge region of the BCR
which, when grafted to an IgM heavy chain, significantly lowers the ability of said IgM to activate proximal anc
downstream signaling47]. |t has been suggested t haM sighabn® bys r
interfering with minimum 1@ clustering, thereby preventirapoptosis in the absence of T cell hlf]. Given
this structural and functional dampening of BCR signaling, it is highly likelyttiggt surface expression of IgD
is responsible for the weaker activation of Sk Bnd C2 2 o b s €'iviB@sdnd NBCs | g D

IgD' IgM" B cellsin the naive compartmeate typically located in thenarginal zone (MZ)while IgD"
IgM™d B cells are found in th& cell follicles [49]. MZ B cells have been previously shown to generate effector
cells more quickly and efficiently than follicular (FB)cells [50-53]. It has been demonstrated that this effect is
due to quicker, stronger phosphorylation of &yid PLCo 2 i n MZ <cel |l s and the t
downstreanj54]. MZ B cells are also heavily implicated incEll independent (T1) humoral respon§g5]. It is
well documented that TB cell responses are capable of generating MB&S57], and it is posible thatthese
MZ/FO NBC subsets are the precursors for the MBC IgD subsets we obserspdctivelylf this is correct and
some of the functions of their naive precursors are carried into the MBCs, there may be functional differenc
tied to the distinct signaling patterns observed between MBC IgD subsets.

The rapid, strong BCR signaling observed in'tgBCs may be significant enough to induce rapid ASC
formation without Fcell support. While it has been shown thatdll help is critical for many secondary humoral
responsefs8, 59] Tl activation of MBCs has been reportaslwell[60, 61] This indicates to us the possibility
of MBC subsets generated for the express purpose of rapid, Tl responses-apposure to cognate antigen.
Cumulatively these resultsuggestthe existence of previously unknown functional subsétsin the MBC

compartment and may have implications in the generation and activation of MBCs.
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43 BCR SI GNALI NG | N-WREDOI FORRRAPI D, MORE RO
PROPAGATION AND PROTEIN SYNTHESIS

For decades, the dogma surrounding immunological memory has beenmapwaory cells react far faster and
with greater potency than their naive counterpartselBmemory is no exception to tHig, 62]. However, due

to the difficulty present in identifying and isding MBCs, little progress has been made towards understanding
the biochemical mechanisms responsible for this rapid activation. We found that MBCs signal much mo
strongly tharNBCsin both proximal and distal BCR signaling. The comparative strendthese early signals
may partially explain the ability of MBCs to respondp@hoges or other stimulimore quickly thardo NBCs

This heightened signaling capacity is due to increased levels of the signaling molecules themselves (specific
Syk), suggelsi ng t hat the BCRegp@thwapr eégpamie eMBCs f or r
phosphatase activity that must be overcome by naive cells to reach their more limited maximal signaling capa
also speaks to this+eiring.

While all MBCs arenot created equal in termr S6 activation (see Section1), MBCs display
significantly higher basal pS6 th&BCs This suggests that MBCs are not only more adept at propagating BCR
signalsviaSyland PLCo2 2, but are primed for increased pr
ability of MBCs to reenter the germinal center reaction and differentiate into ASCs more rapidly than antigen
naive cells.

In a recent paper, Moens et.[&B] examined similar phospharoteins involved in BCR activatioim
human NBC and MBC (the latter as defined by expression of CO2&y found, as we did, that S6 activation
wassignificantly higherin MBCsthaniNBCs However, in their experimen
were found not to have significant differences betwd&CsandNBCs It is possiblethat their data did not find
significance between early signaling MBCs versudNBCs because the IgD subsets we describe were not
separated. This would result in the [BPopulation dragging down the average MFI of the total MBC

compartment (as its pSyk and pPLC22 MEdls).iAlseadythdiry
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data showd trends towards higher proximal signaling in MBCs, andspeculate thathis trend would be
intensified if thereweredistinctionof IgD subsets. Additionally, we found that IgD subsets had no correlation
with S6 phosphatation, which may explain why Moens et. al found significant differences between MBCs anc
NBCsdespite not singling out these subsets. Finally, in a somewhat contradictory figidierg that they failed

to observe increased signaling through this pathwayMo ens et . al also found PI
in MBCs. This suggests a possible mechanism for

and proviegsfurther evidence that MBCs are primed for more robust signalingNB&s
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5.0 FUTURE DIRECTIONS

Our research has shown significant differences in B@Rliated signaling between MBCs and NBCs and
suggests the existence of additional MBC subsets defined by the expression of surfable gBo provided
evidence that MBCs produce much stronger proximal BCR signaling than NBCs due to a combination
increased total Syk and lower global phosphatase activity. Finally, we demonstrated MBC B7 subset functi
may be tied to their ability tactivate protein synthesis machinery after stimulation with cognate antigen. The
future of this research revolves around further expanding our understanding of the mechanisms responsible
these observations and assaying the function of these new subsets

Our research revealed significant differences in the activation of ptethesis machinery (specifically
S6 phosphorylation) among MBB7-Family subsets and between MBCs and NBCs. In the case of MBCs vs
NBCs, we also observed significantly higherykSignaling. However, how this signal is transmitted from BCR
to ribosomal complex (or, in the caseB¥-Family subset MBCs, where this differential signaling originates) is
stil |l unknown. To el uci dadaealyzelthe AKTsighaling pathwaly. AKTAs an i t
important mediator of cell growth, proliferation and protein synthesis, and is regarded as a critical component
this arm of BCR signaling (Figure 1). Thus, AKT association analysis may be a powerful tool to identify playel
involved in this phenomenoithis will involve sorting subsets inoth MBCs and NBCsstimulationwith anti
IgM or cognate antigen argsis. Proteins with phosphorylated AKT consensus sequenikethen be isolated
via immunoprecipitationTheseprotens can beidentified via mass spectroscopgllowing insight into which
proteins arassociating withor being modified byAKT.

While our research has revealed significant differences in Syk signaling between MBCs and NBCs a

tied this phenomenon in gato variations in overall phosphatase activity, it is still unknown which specific
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phosphatases are responsible for tledfeets To determine this, we propose stimulating cells in the presence of
increasing concentrations of phosphatase inhibitors ritical BCR pathway phosphatases, such as -$HP
(inhibitor NSG87877, ED Millipore)and SHIP(inhibitor 3AC, ED Millipore). Thismayallow us to determine
how active these phosphatases are and what role they play inhibiting BCR signaling in MBCs.

In section 4.2 we proposed that I§IMBCs may be derived fronor act functionally similar toMZ
NBCs, while IgB" MBCs may be linked to FO NBCs. Genetic screening of these populations may therefor
reveal similarities. It has been established that MBfesgenetically distinct from NBCs and that MBBZ-
Family subsets are genetity distinct from one anothdg26, 31] Therefore this experiment would require the
isolation of MBCs both in terms of theé&7-Family subsetesignation and surface expression of IgD. These six
populations could then be compared to each other and to MZ and FO NBC gene profiles.

Finally, while we have made the case for ig&fined MBC subsets in mice, we have yet to determine
what role these dis play in the generation and maintenance of humoral memory in mice. We propose using
modified version of our adoptive transfer system to determine the functions of these dudisgtechniques
outlinedin ZuccarineCa t a n i a3ljswepvaufa sort out NIPMBC and NBC IgDy" and IgD3° cells (MBCs
from a previous adoptive transfer, NBCsfromsuhn i mul at ed B18 Ja KO mice) an
V a2 8"Rmice These mice would then be stimulated with-®B8G and assayed for their ability to generate GCs,
ASCs and NIRspecific antibodies. Additionally, the ability of each IgD subset (whether memory or naive) car

be assessed for its ability to generate MBCsawh IgD andB7-Family subset.
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Table 1: Abbreviations

APPENDIX

Abbreviation

Definition

ASC

Antibody secreting cell

BCR

B cell receptor

Btk

Burkettds tyrosine kinase

B1-8

mVh186.2 B cell receptor heavy chain

DAG

diacylglycerol

DN

Double negative (CDS8OPD-L2 *) memoryB cells

DP

Double positive (CD80PD-L2 *) memoryB cells

FO

Follicular

GC

Germinal center

g

Immunoglobulin

ITAM

Immunoreceptor tyrosinbased action motif

MBC

MemoryB cell

MZ

Marginal Zone

NBC

NaiveB cell

NP

nitrophenol

NP-CGG

NPs3-c h i c flebolin @hydroxy3-ni t r ophenyl )- ace
globulin

NP-Ficoll-FITC

NPss-FlurosceirAECM-Ficoll

PD-1

Programmed Death protein 1

PD-L2

Programmed Death Ligand 2

PLCa2g

1-Phosphatidylinosite#,5-bisprosphate phosphodiesterase ganina

pPLC

phospheP L C9o 2

pS6

phospheribosomal protein S6

pSyk

phospheSyk

S6

Ribosomal protein S6

SP

Single positive (CD80PD-L2 *) memoryB cells

Syk

Spleen tyrosine kinase

Tth

T-follicular helper cell

Tg

Transgene/transgenic

Tl

T-cell independent
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Figure 7: Sample PhospheProtein Staining in B7-Family MBC Subsets. Representatie histograms of phospt&yk (A),
phospheP L G2(B) and phosph&6 (C)expression before (dotted line) and after (solid line) stimulation withlghti Cell

counts were normalized to the mode.
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Figure 8: Sample PhospheProtein Staining in IgD MBC and NBC SubsetsRepresentative histogramspiospheSyk (A),
phospheP L G2(B) and phosph&6 (C) expression before (dotted line) and after (solid line) stimulation withigavitiCell
counts were normalized to the mode.

Figure 9: Sample Total SykStaining in B7-Family and gD Subsets.Representative histograms of total Syk in unstimulated
B7-Family MBC subsets (A) or IgD MBC and NBC subsets (B). Cell counts were normalized to the mode.

28






