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Abstract

Rhinoviruses, which account for the majority of cases of common cold,
arguably cause more frequent illness in humans than any other pathogen.
Despite this, relatively little is known about B-cell and humoral responses to this
ubiquitous virus, and in particular, about the failure of infection to induce durable
immunity to multiple rhinovirus strains. Here, we aimed to rigorously elucidate
these processes, and in doing so we revealed a novel B-cell subset endowed
with a unique advantage in viral clearance. Specifically, we found that
IgG-restricted B-cells that lack the chemokine receptor CXCRS express a
molecular signature consistent with effector memory, and secrete antibodies that
cross-react with different rhinovirus strains, whereas lymphotropic memory cells
that express CXCRS typically target only a single strain. High-dimensional
phenotyping by mass cytometry identified a novel dual-specific B-cell “effector
memory” subset that expressed the transcription factor T-bet, consistent with an
“age-associated” signature. These cells were able to secrete cross-reactive 1gG
more rapidly compared with their mono-specific counterparts, expanded in vivo in
the blood of infected humans after acute infection, and their phenotype mirrored
cell bodies and secreted antibodies detected in the acutely infected nose. The
kinetics and quality of serum antibody profiles coupled with cellular fluxes during
infection also implied a link between serum antibody responses that lack
cross-reactive activity and mono-specific memory B-cells. Our results suggest

that B-cell recall responses to rhinovirus efficiently clear infection, but fail to



provide long-term protection against heterotypic strains, based on the dogma that
long-lived plasma cells derive from conventional CXCR5+ memory. These
findings query the respective lineages of B-cells that resemble central memory
and effector memory phenotypes, and how they acquire and recognize antigen.
We propose that harnessing the attributes of cross-reactive memory B-cells
might provide an opportunity for inducing durable cross-protective immunity

against this troublesome virus.



Table of Contents

ABSTRACT .cceuiiiiiiiiiitiiienentiiiiiiiitireaessiiiiiittttsssssssiiiiiitttesssssssssssiseeessssssssssssssstesssssssssssssssssssnssssses |
LIST OF FIGURES ...cccuuiiiiiiiiimmnnniiiiiiiieiiiinnnsiiiiiiiiiiimesssssiiiieiimmsssssisieetissssssssessseesssssssssssssseees Vil
LIST OF TABLES ...cccuuuiiiiiiiiiiinnniiiiiiniieiiisnssiiiiiiieeiimsssssiiisieetmmssssssissssseesssssssssssssseesssssssssssssssessnns X
LIST OF ABBREVIATIONS ...cccuuuuuiiiiiiiiiiimnnnniiiiiiiiiiimmssisiiiiniietimsssssiiissieemmssssssisssseesmsssssssssssssessns Xl
ACKNOWLEDGIMENTS ......uciiiiiitiimmnniiiiiiniietimmniiiiiimiieemmmssmsiiissitemmmsssisiiisttessssssssisssssessssssssons XV
INTRODUCTION ..ccuuiiiiiiiiiiiimnnnniiiiiniieiimenssmiiiiiieeimmsssssiisitetmmssssssiiissteersssssssisssseesssssssssssssssesssss 1
RHINOVIRUS HEALTH IMPACT eiiiiiiiiiiiiiiiiiiiiiiiiiiie s e e e e et e e s e et ettt tesasasb s b e e 1
THE ROLE OF B-CELLS IN IMMUNITY cettttttitinniniiiiiiie e e e e e e e eeneneetetsesesesseresssassssss s s e e e 2
GENERATION OF IMMUNOGLOBULIN DIVERSITY ...ceiiiiiiiiiiiiiiiiiiniiieiiiiniisss e e e s e eeeeeseseseesaenens 4
B-CELL ACTIVATION ....ettttiiiiiiiiieietiitititit ettt s e e e e e e e e e e e et et et e e s esaab s bbb e b s s s e s e s e eeeas 6
CLASS SWITCH RECOMBINATION L.uuiiiiiiiieieieieeieieeeeieieiettttietereaessersrsssssssss s s e s e s e s s e s eseaaeseseseneasannens 8
SOMATIC HYPERMUTATION ..eeiiiiiieis e s s e et e et e e et e e ettt ettt tetesesesbebs e s s s s s e s e s e e s eseseaaesenensananns 10
T-CELL HELP ettt e e e e e e e ettt ettt b b e bbb 11
DEFINING THE T-FOLLICULAR HELPER LINEAGE ...euuuiiiiiiiiiiiie ettt 13
T-FOLLICULAR HELPER INDUCTION . ..ctttttttrurrnnntiniiiieis s e et e e e eeeeeeseseetetsesesesssbenssssa s s e e e 14
IDENTIFYING T-FOLLICULAR HELPER CELLS IN PERIPHERAL BLOOD ......cccvviiiiiiiiiiiniiiiiiniiie e 15
B-CELL DIFFERENTIATION ..eitiiiiiiiiiitittntnerertsrssssiei s se s e s e s e e e eeeeeeseseseetetsesesesssbssesssssassseseeseseeas 16
PLASMA CELL PHENOTYPE AND FUNCTION .evvtiiiiiiiiiiieie ettt 17
MEMORY B-CELL PHENOTYPE AND FUNCTION ...euiiiiiiiiiiiiiiiie e eieeeeeeeeeeree e ceenenieaebesee s 19

AGE-ASSOCIATED B-CELLS . .iiiiiiiiiiiiiiiiiiiiiiiiiiitittteei s e e e e e e e e eeetereteeeaaaasssasessssasaaas 20



ROLE OF THE TRANSCRIPTION FACTOR T-BET IN THE ADAPTIVE RESPONSE ....cctvvvrrrmiiriminiiiiiiinee e 22
EFFECTOR MEMORY: ANALOGIES BETWEEN B- AND T-CELLS .....ccceiiiiiiiiiiiiiiiiiiiiiiiiiiii e 23
RHINOVIRUS VIROLOGY AND B-CELL IMMUNITY .eeiiiiiiiiiiiieie ettt 25
NEUTRALIZING ANTIBODIES ..ccetttiiittiiirtitrtrinrsrisiiiseseseseseeeeeeeeeeeeeseetetsesassssebsnsssssasasesssseseeas 26
POTENTIAL DEFECTS IN THE HUMORAL IMMUNE RESPONSE TO RHINOVIRUS...c.cvvvrurmmiminiiiiiiiiieeeeeeeeen 28
THESIS RATIONALE AND PROPOSAL.....ccttrmmmnnniiiiiiiiiinnnnnniiiiiiieiimmmsssiiiiiiiimmssssiieisessssssssos 36
MATERIALS AND METHODS .......ccoiiitiimmmmnnniiiiiiiiiimmmmnniiiiiieiimmssssiieiimsssssiieeimmsssssisen 39
DEVELOPMENT OF NEW TOOLS APPLIED TO AN EXISTING HUMAN INFECTION MODEL.......uuviiiiirennnnnne. 39
STUDY SUBJECTS AND EXPERIMENTAL INFECTION IMODEL .ccvvvvvurirrnreneniniiiiininne e e e e e eeeeeeeeneneeeennens 41
DETERMINATION OF INFECTION STATUS...tvtrturnriiiiiiiiiie i e e e e e e e eeeeeeeetetsesesesserssessas s 42
PREPARATION OF VIRUS FOR MULTIPLEX SEROLOGY ASSAYS AND LABELING B-CELLS .....euvuuuiiiiiiinnennne, 42
MULTIPLEX SEROLOGY ASSAY ..iiiiiiiiiiiiiiririniirisiiiinie i s s s e eeeeeeeeetestetettesasssssserssssssssesesseseeas 43
MULTI-COLOR FLOW CYTOMETRY ..eiittititrurinrnrnniniiieieseseseeeeeeeeeeeteseetettesasssssrsssssssaaa s ssseseeas 44
IMIASS CYTOMETRY ..t iieeeeeeeete ettt e e e e e e e et e e e e e e et e et e b as e s b e bbb e bbb s s s e s e s e as 44
PLASMABLAST DIFFERENTIATION CULTURE ...vvvvttniiiiiiiiiie i eeeeeeeeteneeteteesesesasrssessss s 45
SINGLE-CELL MRNA SEQUENCING ...uuiiiiiie it ieeeeeieieeieieittttttesesessssesesssi s s e s s e s e s eseeseseneseananns 46
FLUORESCENCE IMICROSCOPY ..ceiiiiiiiiirirrrerininrisiiiniesese s e s e e eeeeeeeeeseseeteteesesessessnssssssaasssesesseseeas 47

TISSUE HOMING MEMORY B CELLS RAPIDLY INDUCE LOCAL CROSS REACTIVE IGG

UPON HUMAN RHINOVIRUS INFECTION .....ccetttuumuniiinrreennnnnnnsiisnsneennsssssiesssseeesssssnssens 54
INTRODUCTION ettuuueeeetunnuiseeeeetunuunnseeetetnaaeseeetassnssseeeeesnnassseesssssnnsseeessssassseesenssnnsseesnsssnnseeseensnns 54
RESULT S ettt ettt ettt e e e ettt s e e ettt e e e e e e taaa s e e e eeasaa s eeeeaesaa e eaesaasannseeeaeenaansseeennesaneeeaenennn 56

Whole Virus Detects Multiple RV-SPECifiC ISOtYPES .....cceeeeeeeeeeeeieeeieeeeeeeeeeeeeeevevian 56



Dual-specific B-cells are Expanded in the Blood and Lack CXCR5 ..........cceeeeevevvvvvvvvvvennnnn. 58
Dual-specific B-cells Rapidly Secrete Cross-Reactive IgG, but not IgA or IgM.................. 60
Dual-specific B-cells Display "Effector Memory" by High Dimensional Analysis............... 96
Dual-specific B-cells Expand After RV INfECtION ..........cceeeeeeeeeeeeeeeeeeiiiiieieeeeeeeveviviviann 98

Early Antibody Responses to RV in the Nose are Cross-reactive, Limited to IgG,

and Coincide With B-Cell INfiltrQtes...........uuvuvevuurrruriiiiiiiieieieeeeeeeeeeeeeeeeeeesseveenens 123
Dual-specific B-cells are Clonally Distinct from Their Mono-specific Counterparts......... 124
DISCUSSION L. uetteentreeeuteeesuteeesuteeesuseessutaessateeessseesasseeesssaesassaessnseesnssaesnssaesnsseesnssesssssessnssaessseen 146
CONCLUSIONS AND FUTURE DIRECTIONS ......ccooiiiiiiiiisssssssssssssssssssssssssssssssssssssssssssssssssssssssses 157
EFFECTOR MEMORY AND SYMMETRY IN LYMPHOCYTES ...cceiuvttenureeenureeenireesnureeesireesnsesesseesnssnessnees 158
THEORETICAL BENEFITS OF B-EFFECTOR MEMORY ...eceuvviienirieiniieeenireesnireessineeeniseesnssessssessnsseesssnees 159
EVALUATING THE PRACTICAL ROLE OF B-EFFECTOR IMEMORY .....ctiiriiireiieeenireeeniieesnireeesireesnneeessanees 161
ASSOCIATION OF SPECIFICITY AND PHENOTYPE...cuvttirurteertieenteeenreeesieessseeesseesssseesssesssseesnseesnns 163
ASSOCIATION OF SPECIFICITY AND [SOTYPE ....uvtiiiiieerireeestieeniieeesiteeesteesssreeessessnnseessasessnssessnseesns 167
T-HELPER SKEWING APPLIED TO B-EFFECTOR IMEMORY ..ccuvviiiuiieeeiieeeiieesnireeenireesnareeesivessnnseessaneens 169
INDUCTION OF B-EFFECTOR IMEMORY ..c.uuveieiiieenireeeniteeesireesnireessaseesnsseessnsessssseesnnsesssssessnsseessnnees 171
B-EFFECTOR MEMORY IN TISSUE AND BEYOND ....cuvtiiiiiiiiiiieiiiteenteeeriieeesireeesireessareessibeesasaessavee s 173
HARNESSING B-EFFECTOR IMEIMORY ....ceiuuieieirieeniteeeniieeesireesnateessaseesnaseessnseesssseesnnsesssssessnsseessnsees 175
HUMORAL IMMUNITY TO RHINOVIRUS .vtteteitieenireeeniteeesiteesnureessaseeenssesssssessssseessnsesssssessnssaessnees 177
B-EFFECTOR MEMORY AND RHINOVIRUS ....cceutiiiiiieiiieeeniieeeniieessreeesiteessareeesiseesnaseessssessnssaessanesn 180
RHINOVIRUS, B-CELLS, AND ASTHMA ...ceiiutteerurieenireesnureeesireesnireesssseesssseessssesssssessssesssssessnsseesssees 182

SUMMARY ...oiiiiiiiiititiiieretes s e e e e e e e e e e e e et eete ettt e et e s e s aababa b bbb s s s s e s e s e e e e e eeaeeeseseeearanes 183



REFERENCES

Vi



vii

List of Figures

Figure 1: The B-cell Response to Infection or Vaccination.................cccccuvvvieeeee. 30
Figure 2: Immunoglobulin Gene Recombination and Hypermutation.................. 32
Figure 3: RV Capsid Pentamer Crystal Structure at High Resolution ................. 34
Figure 4: Cell Purity Obtained by Flow Cytometry Sorting ..............cccccuvvviiinnneee. 52
Figure 5: Purified Whole Virus is Stable and Structurally Uniform ...................... 62
Figure 6: Experimental RV Strains are Genomically and Structurally Distinct ....64
Figure 7: Whole Virus is Isolated to High Purity ..., 66
Figure 8: Model of Experimental RV Infection in Humans...............ccccocoieees 68
Figure 9: Whole Virus Detects Multiple RV-specific Isotypes.........ccoevvvvvvnennnnn. 70
Figure 10: Serum Antibodies Remain Unchanged in Uninfected Subjects ......... 72
Figure 11: VP1 Capsid Subunit Does Not Detect RV-specific Antibodies........... 74
Figure 12: RV-specific B-cells are Enriched in the CXCR5-neg Memory............ 76

Figure 13: Dual-specific B-cells are Expanded in Blood and Lack CXCRS5......... 78

Figure 14: Dual-specific B-cells are Highly Enriched in CXCR5- Memory .......... 80
Figure 15: Dual-specific B-cells are Predominantly CXCR5- Memory ................ 82
Figure 16: B-cell Binding of RV is Independent of ICAM-1...........ccccoiiiiiiiineennns 84
Figure 17: CXCR5- B-cell Memory is Distinct from CXCR5+ Memory ................ 86
Figure 18: Dual-specific B-cells Rapidly Secrete Cross-Reactive IgG ................ 88

Figure 19: Dual-specific B-cells Do Not Rapidly Secrete Cross-Reactive IgA ....90

Figure 20: Dual-specific B-cells Do Not Rapidly Secrete Cross-Reactive IgM....92



viii
Figure 21: CXCR5- Memory B-cells Transition Rapidly Under Plasma Cell
Differentiating ConditioNS .............coiiiiiiiiiiiii e 94
Figure 22: B-cells Analyzed by Mass Cytometry in Experimental Infection....... 101
Figure 23: Visual Representation by t-SNE of B-cell Phenotypes Identified
DY FIOWSOM ...t e e e e 103
Figure 24: Dual-specific B-cells Display "Effector Memory" Phenotype by
High Dimensional ANalySiS .........ooooiiiiiiiiiiiii e 105
Figure 25: RV-specific CXCR5+ Memory B-cells Primarily Target a Single
SN <.ttt e e e e e e e 107
Figure 26: Dual-specific B-cells are T-bet+ ... 109
Figure 27: Discrete Circulating B-cell Clusters Fluctuate in Response to
INFECHION ... e 111
Figure 28: Change in Frequency of Selected Clusters During Infection............ 113
Figure 29: Overlay of B-cell Clusters Related to RV Infection on t-SNE Maps .115
Figure 30: Expansion of Circulating Extrafollicular Plasmablasts Coincides
with a Decrease in a CXCR5+ Memory B-cell Cluster .............cccccoeiiiinns 117
Figure 31: Change in the Signature of Dual-specific B-cells (Cluster #19)
During RV INfECHON ... 119
Figure 32: Change in Percentages of CXCR5+ and CXCR5- Mono-specific
and Dual-specific Memory B-cells during RV Infection ...............ccccvveneeee. 121
Figure 33: Uninfected Nasal Biopsies Stain Sparsely for B-cells and T-cells....126

Figure 34: Infected Inferior Turbinate Stains Densely for B-cells and T-cells.... 128



Figure 35: Infected Middle Turbinate Stains Densely for B-cells and T-cells .... 130
Figure 36: Infected Nasopharynx Stains Densely for B-cells and T-cells........... 132
Figure 37: Infected Nasal Tissue Demonstrates Dense Lymphocytic
INfIREAtES ... ————— 134
Figure 38: Immunofluorescence Analysis of CD20 in Nasal Biopsy
Specimens from RV-Infected Subjects...........ccccoiiii 136
Figure 39: Early Antibody Responses to RV in the Nose are Cross-reactive
and Limited t0 1gG ..o 138
Figure 40: Weak IgG Responses to Rhinovirus are Present in the Nose of
Uninfected Subjects After RV Challenge..............ooooiiiiiiiiiiiiiieee, 140
Figure 41: Dual-specific and CXCR5- B-cells are Hypermutated at Similar
Levels as their Mono-specific and CXCR5+ Counterparts..........cccccceeennn... 142

Figure 42: Dual-specific B-cells are Clonally Distinct from Their

Mono-specific Counterparts ...........ooooeeviiiiiiiiie e 144
Figure 43: T-bet and CXCRS5 Expression in IgD+ and IgD- B-cells.................... 153
Figure 44: Immunofluorescence Analysis of T-bet+ B-cells in Spleen .............. 155

Figure 45: Schematic of B-cell Memory Subsets Responding Acutely to RV....185
Figure 46: CD11c is Expressed by Infiltrating non-B-cells .................ccccvvvnneee. 187

Figure 47: RV-Infected Asthmatic Subjects Produce Serum IgE Against RV ...189



List of Tables
Table 1: RhinoVIiruS RT-PCR PrimMerS ... oo eaeas 49
Table 2: 70X Barcoding Scheme for Mass Cytometry..........ccccouviiiiiiiiiiinnn. 50

Table 3: Mass Cytometry Antibody Panel ... 51



List of Abbreviations

A

ABC

AID

APC

ASC

Bcm

BCR

Bem

Beff

BSA

CD

CDHR

CSR

DAMP

DAPI

DC

DMSO

DNA

ER

Adenosine

Age-associated B-cell
Activation-induced cytidine deaminase
Antigen-presenting cell
Antibody-secreting cell

B-cell central memory

B-cell receptor

B-cell effector memory

B-cell effector (plasma cell)
Bovine serum albumin

Cytidine

Cluster of differentiation
Cadherin-related family member

Class-switch recombination

Diversity immunoglobulin gene segment

Damage-associated molecular pattern
4’ 6-diamidino-2-phenylindole
Dendritic cell

Dimethyl sulfoxide

Deoxyribonucleic acid

Endoplasmic reticulum

Xi



FACS

Fab

Fc

FCS

GC

HEPES

HEV

ICAM

ICOS

ICP-MS

IFN

LDL

LLPC

LN

MACS

MAP

MHCI

Xii
Fluorescence activated cell sorting
Immunoglobulin region: Fragment, antigen binding
Immunoglobulin region: Fragment, crystallizable (constant)
Fetal calf serum
Guanosine
Germinal center
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
High endothelial venule
Intracellular adhesion molecule
Inducible T-cell costimulator
Inductively-coupled plasma mass spectrometry
Interferon
Immunoglobulin
Interleukin
Joining immunoglobulin gene segment
Ligand
Low-density lipoprotein
Long-lived Plasma Cell
Lymph node
Magnetically activated cell sorting
Mitogen-activated protein

Major histocompatibility complex, class |



MHCII

NHS

NK

PAGE

PAMP

PB

PC

PBS

PD-1

PLC

PNAd

RAG

RNA

RV

S1P

SDS

SHM

STAT

Tcm

TCR

Tem

Major histocompatibility complex, class Il
N-hydroxysuccinimide

Natural Killer

Polyacrylamide gel electrophoresis
Pathogen-associated molecular pattern
Plasmablast (pre-plasma cell)

Plasma cell (B-cell effector)

Phosphate buffered saline
Programmed death 1

Phospholipase C

Peripheral node addressin (CD62L)
Recombinase activating gene
Ribonucleic acid

Rhinovirus

Sphingosine-1-phosphate

Sodium dodecyl sulfate

Somatic hypermutation

Signal transducer and activator of transcription proteins

Thymidine
T-cell central memory
T-cell receptor

T-cell effector memory

Xiii



Teff
Tth
TGF
Th

TLR

V(D)J

Xiv
T-cell effector
T-follicular helper cell
Transforming growth factor
T-helper cell
Toll-like receptor
Uracil
Microgram
Microliter
Variable immunoglobulin gene segment

Variable, (diversity), and joining gene segment combination



XV

Acknowledgments

Above all, | would like to thank my mentor, Dr. Judith Woodfolk, for her
guidance and support, both scientific and professional, over the past five years. |
came to the lab under complicated circumstances, and she entrusted me with a
unique project of immense potential at a time when | would have settled for much
less. The work was expensive and often extended beyond the historical expertise
of the lab, and | appreciate the financial and intellectual investments she was
willing to make on my behalf to ensure our progress. | would also like to thank my
co-mentor, Dr. Loren Erickson, for the optimism and validation he brought to the
project, as well as the thoughtful input of the additional members my committee:
Dr. Young Hahn, Dr. Thomas Braciale, and chairman, Dr. Timothy Bender. This
project required the coordination of all Woodfolk lab personnel, including Nicole
Kirk, Paul Wright, Dr. Liesbeth Paul, Marcia Ripley, and especially Dr. Lyndsey
Muehling, whose work formed the basis for the study that my research was built
upon. Given our human-based model, experimental samples were often in limited
supply, and collective success depended upon sharing resources equitably. For
this spirit of collegiality | am grateful to our lab, as well as our collaborators:
Dr. Ronald Turner, Dr. Peter Heymann, Dr. Larry Borish, and Dr. John Steinke.

Though it has been several years since our brief work together in the lab
of Dr. Victor Engelhard, it is important that | thank Dr. Sherin Rouhani for the
training she provided in experimental methods in immunology. This constituted

the foundation of the technical skills documented herein, without which | might



XVi

not have successfully initiated study under Dr. Woodfolk. | should also thank Dr.
Thomas Platts-Mills for keeping me company many weekends in lab, for sharing
his encyclopedic knowledge, scientific and otherwise, and for establishing a
welcoming community in the allergy division at UVA. | am also forever indebted
to Dr. Gary Owens, Dr. Dean Kedes, Dorothy Williams, and Ashley Woodward at
the MSTP for giving me the opportunity to pursue this career and for supporting
me as | made my way to the Woodfolk lab and thereafter.

Lastly, | thank my friends and family for their efforts to maintain our
relationships while | spent so much time away and while the scope of my daily
experience grew vanishingly narrow. | particularly want to thank my mother for
raising me in the forest and for exemplifying a life of service to others, thus
setting me on the course toward humanistic naturalism that | continue to pursue
to this day, with this document as evidence. | also appreciate my aunt Wendy
and uncle Lee for providing a connection to family in Virginia, far from my home,
and for the food, conversation, and protest marches we shared. | recognize my
friend and classmate, Carolyn, for visiting so frequently since moving away for
medical residency, even as | was largely unable to repay her visits. And in
closing, | thank my girlfriend, Jennifer, for supporting me throughout this entire
process, and for continuing her medical training at UVA, allowing us to be
together as much as possible. Given the time and attention this work has
required, | have rarely met the standards | set for myself as a partner, and | hope

in the future to prove myself worthy of her love and patience.



Introduction

The overarching objective of this thesis was to explore B-cell responses to
rhinovirus, the major cause of common cold. This chapter discusses fundamental
aspects related to B-cell biology, including their development and differentiation,
subcategorization, known functions and role in immunity, and interactions with
other immune cell-types. Current knowledge of the immune response to

rhinovirus, and major knowledge gaps, are also highlighted.

Rhinovirus Health Impact

Rhinovirus (RV) is the cause of the majority of cases of the common cold
in the general population where it represents an enormous economic burden (1).
Recent estimates within the U.S. suggest that 3 in 4 people experience infection
annually with an average of 2.5 infections per capita-year. The annual
consequences of this high infection rate include 96 million work-days and 93
million school-days lost, 100 million physician visits, and 41 million prescriptions
written for unwarranted antibiotics (2). The approximated aggregate costs exceed
$40 billion per year, while needless antibiotic use contributes to the development
of drug-resistant bacterial pathogens. Meanwhile, RV frequently provokes
life-threatening exacerbations in patients living with asthma and chronic
pulmonary disease (3—10). Furthermore, it can cause fatal pneumonia in the
immunocompromised and elderly, severe bronchiolitis in infants, and has been

implicated as an initial cause of lifelong asthma in children, which now affects



roughly one in ten people in industrialized countries (11,12). Despite these
substantial health liabilities, no effective therapy or vaccine has yet been

developed (1).

The Role of B-cells in Immunity

B-cells are lymphocytes that play a key role in the adaptive immune
response by secreting antibodies, which form the basis of protection following
immunization (13,14). Such immunization can occur via natural infection or
through artificial intervention, termed vaccination, in reference to the
phenomenon by which cowpox (vaccinia) exposure prevents future infection with
the deadly smallpox virus (15). B-cells derive their name from their maturation in
the bone marrow, but these cells and the antibodies they secrete are capable of
traveling to and impacting any tissue. Antibodies are dynamic molecules that
bind pathogens, labeling them for destruction or inhibiting their mechanisms of
virulence (16,17). B-cells are capable, on an ongoing basis, of producing
antibodies against virtually any target antigen, regardless of structure or
elemental/molecular composition (18). This process, termed adaptive immunity,
does not require the presence of a given antigen on an evolutionary timescale.
Rather than natural selection promoting survival of a subset of the population
through inborn resistance, instead mammalian B-cells generate immunity at the
level of the individual by synthesizing and continuously optimizing
immunoglobulin (antibody) genes in real time to address their target (19,20). This

allows the immune system to protect against infectious or toxic agents, which are



themselves rapidly evolving. B-cells circulate through lymphatics and blood, but
generally reside in lymph node (LN) follicles, where they await antigen draining
from peripheral tissue (21,22). B-cells compete for this antigen on the basis of
their ability to bind it through B-cell receptors (BCR), cell-surface transmembrane
immunoglobulin molecules, which vary in structure and binding specificity from
cell to cell (23). Antigen is internalized, proteolytically processed, and presented
in the context of major histocompatibility complex Il (MHCII) (24). Those B-cells
bearing sufficient cognate peptide to engage pre-activated “helper” CD4+ T-cells
are given the signal to divide and differentiate (25,26). The culmination of the
differentiation process is a plasma cell (PC), which converts its
membrane-immunoglobulin  to  the soluble isoform  (27,28). Such
antibody-secreting cells exit the lymphatic system and home to various sites,
often mucosa or bone marrow, where they manifest humoral immunity for the
remainder of their lifespan, which can be a considerable duration (Figure 1).
Marrow resident PCs have been known to persist over months to decades (29).
The resulting antibodies, binding with specific affinity through their N-terminal
variable Fab regions, subsequently coat invading pathogens (30). This labeling
process, termed opsonization, enables target immunogens to be seized,
engulfed, and degraded by immune cells specialized for this function. Most
prominently, neutrophils, macrophages, and other such myeloid lineage
phagocytes accomplish this by their expression of surface Fc-receptors, which

bind to antibody C-terminal constant regions (31-33). Captured pathogens are



digested in phagolysosomes by exposure to acidic pH and reactive oxidative

species, such as peroxide and hypochlorite (colloquially, chlorine bleach) (34,35).

Generation of Inmunoglobulin Diversity

Soon after lymphoid progenitor cells commit to the B-cell lineage, they
begin to develop their respective antigen specificities, and remain in the bone
marrow unlike nascent T-cells, which must travel to the thymus for further
differentiation (36). Specificity is initially established by selection of variable (V),
diversity (D), and joining (J) gene segments at the immunoglobulin heavy chain
locus, and solely V and J gene segments at the light chain locus (Figure 2)
(37,38). These loci contain a variety of each segment type (29-46 in V, 23 in D,
and 4-6 in J) and selection occurs as intervening segments are excised from the
germline DNA by RAG1 and RAG2 enzymes to render two segments adjacent
that were once distant from one another (39,40). The number of possible VDJ
combinations is vast, but the overall diversity becomes almost infinite given that
the joining process involves the insertion of a random sequence of nucleotides of
varying length between adjoined segments (termed N-nucleotides), which is
flanked by palindromic sequences of varying lengths derived from the termini of
the adjoining segments (termed P-nucleotides) (41,42). Thus a VDJ combination
may more aptly be represented as VXDYJ, where V, D, and J are germline
sequences, but X and Y are entirely novel. As may be expected, such a
stochastic process frequently gives rise to nonviable gene products by incurring

premature stop codons, frame-shifting the downstream constant region, or simply



giving rise to a full-length protein that cannot fold (43). In these cases, further V,
D, and J segments are excised and germline DNA is rejoined until an appropriate
sequence is achieved, or the cell undergoes apoptosis (44). When successful
immunoglobulin construction occurs with a homodimer of heavy and light chain
heterodimers, functionality is established once products arrive at their proper
cellular location at the plasma membrane. At this point, kinase enzymes
associated with the intracellular C-termini of the transmembrane BCR complex
indicate that it has formed a conduit to the extracellular environment (45,46). This
positively-selecting signal results from a weak “crosslinking” (localized clustering)
of BCR molecules as their N-termini exhibit slight affinity for one another. This
brings intracellular C-termini into close proximity with one another, allowing
accompanying kinases, bound through Iga and IgB, to mutually phosphorylate
their neighbors. In contrast, a strong crosslinking event will induce further VDJ
recombination or apoptosis, roughly equivalent to the outcome of a nonfunctional
immunoglobulin, as above (47,48). This effective deletion of autoreactive BCRs
greatly limits the production of B-cells that could cause autoimmune pathology.
B-cells assembling functionally appropriate BCRs reach maturity and
downregulate the chemokine receptor CXCR4, which had previously maintained
their bone marrow localization via migration toward CXCL12, secreted by marrow
stroma (49). These cells then begin to circulate in blood. At this point, B-cells
begin to express L-selectin (CD62L), and chemokine receptors CCR7 and

CXCR5 (50,25). In concert, these initiate a trafficking pattern out of blood,



through high endothelial venules (HEV) expressing peripheral node addressin
(PNAJ), via L-selectin, and into LNs via CCR7 (for CCL19/21), and then into the
B-cell zone, or follicle via CXCR5 (for CXCL13). Lymph homing cells meander
within the node and gradually migrate through lymphatic endothelial vessels from
node to node along an increasing gradient of sphingosine-1-phosphate (S1P)
until they eventually exit lymphatic ducts back into circulating blood at the
superior vena cava (51-53). In this manner, mature B-cells are continually

dispersed and recirculated throughout the body.

B-cell Activation

B-cells traverse the circuit of blood and lymph until they encounter
cognate antigen with sufficient affinity for their BCR (21,22). Affinity results from
energetically favorable interfacing between BCR and antigen surfaces,
respectively, as dictated by electrostatic attraction, hydrogen bonding, van der
Waals forces, and hydrophobic interaction. This interaction can have several
productive outcomes, in the absence of which, the B-cell will continue circulating
and eventually undergo apoptosis. The first, called T-independent type |, occurs
without T-cell help and requires only weak antigen affinity (54). Here the primary
signal is delivered through an innate pathogen-associated molecular pattern
(PAMP) or damage-associated molecular pattern (DAMP) receptor, such as a
toll-like receptor (TLR), and antigen binding the BCR plays a secondary and
indeterminate role, though it is required. A cascade of phosphorylation ensues

from the TLR via MyD88/TRIF and the BCR via Syk, Btk, and PLC to initiate the



MAP kinase pathway and calcium flux, culminating with transcriptional activity
mediated by NFkB, NFAT, and other factors downstream of ERK (55-57). The
second type of activation, called T-independent type Il, occurs when the bound
antigen is highly repetitive and a single molecule simultaneously binds many
BCRs (58,59). These BCRs and their associated signaling molecules (CD19,
CD21, and CD79) are thus drawn together such that they are massively
crosslinked, initiating signaling cascade, as in type | above (60). The third type is
T-dependent and occurs when an activated T-cell is present that recognizes a
peptide from the antigen bound by the BCR (61,26). In this scenario, bound
antigen is endocytosed and processed for MHCII presentation. The greater the
affinity, the more antigen bound, the more peptide-MHCII presented on the
surface, the stronger and more enduring the synapse with the T-cell (23). A
previously activated T-cell is crucial because it will provide CD40L to a synapsing
B-cell, which generates an analogous signal to the PAMP/DAMP in
T-independent type | above (62,63). This latter T-dependent pathway is by far the
most efficient, however, B-cells activated via any of these mechanisms may
respond by proliferating and differentiating their phenotype toward
immunoglobulin secretion, thus contributing toward immunity (27,28). As will be
discussed in the next section, antibodies can be secreted in several distinct
physical formats with divergent functional traits. Thus, antigen-specific humoral
responses can be further tailored to effect clearance, depending on the class of

pathogen targeted and its route of virulence.



Class Switch Recombination

Prior to initial cognate antigen exposure and activation of all types,
functionally mature B-cells simultaneously express two BCR isoforms, which, in
the context of immunoglobulins, are known as isotypes. These are IgD and IgM,
defined by the C-terminal constant region of the BCR heavy chain (64). Both
sequences are encoded in DNA and transcribed, but the distinction in translated
protein is established via mRNA processing and splicing (65). Apart from these
two isotypes, however, the constant region contains additional exons encoding
further isotypes, which are inaccessible to naive B-cells (66). The complete
sequence of all human exons is as follows: IgM, IgD, 1gG3, 1gG1, IgA1, IgG2,
IgG4, IgE, and IgA2 (67). Through the process of class switch recombination
(CSR), which is coupled to cellular activation, the supplementary isotypes can be
transcribed in lieu of IgD and IgM (Figure 2). B-cells experiencing activation of all
types will begin to express activation-induced cytidine deaminase (AID) under the
control of NFkB, however IL-21 secreted by LN-resident CD4+ T-cells specialized
for B-cell help, called T-follicular helpers (Tfh), appears to exert the strongest
effect on CSR (68,69). Through a mechanism that is only partially understood,
this enzyme is targeted to the immunoglobulin heavy chain DNA locus where it
converts cytidine to uracil at particular sites, creating a base pair mismatch
(70,71). DNA repair enzymes respond with base excision repair, which creates
nicks in the double strand (72). Similar to the process of VDJ recombination,

stretches of DNA intervening between nicks can be excised before the nicks are



repaired, with the resulting broken strand mended by non-homologous end
joining. As before, this places exon segments adjacent to one another that were
once distant in the germline DNA. In this manner, the IgM and IgD constant
regions can be removed to yield a B-cell expressing any downstream isotype
(73). In fact, any isotype can convert to any other isotype downstream, but never
upstream as excised DNA is lost permanently (67,74). The immunoglobulin
isotype of a given B-cell is determined by whichever constant region exon lies
directly downstream of the VDJ variable region, with the exception of naive cells
which can produce IgD, despite the intervening IgM constant region, which, as
stated above, is spliced out on a portion of transcripts. The value of these
isotypes becomes apparent once they are secreted and bind pathogens. The
default format, IgM is secreted as a pentamer, increasing its overall avidity for
repetitive structures (75,76). It has the unique property of efficiently inducing
further opsonization via the complement system, the ultimate outcome of which is
assembly of the membrane attack complex, which can directly lyse bacteria
(32,77,78). B-cells activated in the context of infection by intracellular pathogens,
such as viruses, are induced to switch to IgG (particularly IgG1) by gamma
interferon (IFN-y) signaling (79-81). IgG-opsonized pathogens are bound by
high-affinity Fc-receptors on phagoctyes and destroyed in phagolysosomes
(32,33). Furthermore, infected host cells expressing pathogen-derived antigen on
their surface may be killed off by cytotoxic lymphocytes, also binding through

high-affinity Fc-receptors. Large parasites doing mechanical damage to tissues
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or defying phagocytosis by virtue of their size give rise to IL-33 and PGE2,
respectively, which drive class-switch to IgE through IL-4 and IL-13 (82,83). Mast
cells, basophils, and eosinophils, binding parasites through IgE, release irritants
to damage such organisms or drive them out (84—-86). Finally, mucosal flora is
continuously surveyed by the immune system under homeostatic conditions,
whereupon TGF-f drives switch to IgA. This isotype is specialized for secretion
across mucosal epithelial barriers (87,88). It is also divalent to increase complex
formation, and generally serves to maintain flora, commensal and pathogenic

alike, appropriately within the anatomical lumen (89-91).

Somatic Hypermutation

Another consequence of activation is somatic hypermutation (SHM),
wherein AID mutates nucleotides within the VDJ-containing variable regions of
both the immunoglobulin light and heavy chains (92). Again, this process is much
more efficient when facilitated by T-cell help, and occurs by essentially the same
mechanism described above for CSR, though rather than entire segments of
DNA being deleted, mismatch repair by base excision runs to completion, but
without preserving the original pairing (93,25,94). Thus G:C becomes G:U, _:U,
A:U, with uracil ultimately excised and replaced with thymine. In some cases A:T
can also become G:C, though this is less well understood (20). Given the
mechanistic parity with CSR, these two phenomena are linked and correlated,
with increasing SHM rates according to IgD < IgM < IgG < IgA (95). The process

is imperfect and frequently nonsense mutations are incurred or long stretches of
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DNA are removed that render the B-cell without a functional BCR, dooming it to
apoptosis. Like RAG-dependent lymphopoiesis, attrition rates are high and the
overall process is extremely inefficient from the standpoint of energy and
resources consumed. However, what it permits is both affinity maturation
(increasing per exposure for a given antigen) and another layer of real-time
adaptation to pathogen mutation (19,96,97). As humans, we may lament our
relatively slow evolution when compared with microbial species, and yet SHM in
B-cells precisely represents an equivalent capability that can keep pace with
microbes. Thus initial recombination events allow for at least marginal affinity for
literally any antigen, while SHM hones that affinity and tracks with that antigen

should it mutate toward a reduction in affinity (98,23).

T-cell Help

While CSR and SHM can occur following any of the three types of B-cell
activation, they are much more robust and consistent with T-cell help (68,69).
The classical context for this phenomenon is a germinal center (GC) in the B-cell
follicle of a LN, where it proceeds with the participation of the specialized CD4+
Tfh-cell (Figure 1) (99,25). Early in an immune response, when B-cells and
Tfh-cell are beginning to gather in follicles, T/B collaboration is more common at
the margin of the T-cell zone, but this activity ultimately migrates deeper into the
follicle as the Tfh phenotype develops fully in CD4+ T-cells with appropriate
specificity (21,22). Initial “extrafollicular” synapses tend to produce short-lived

IgM+ PCs, given the lack of mature Tfh, but these early effectors likely play an
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important role in constraining the growth of infectious pathogens (100,94). B-cells
receiving Tfh stimulus begin proliferating, and the resulting mass of mitotic cells
constitutes a GC. The B-cell-helping effector functions exhibited by Tfh-cells
result, at least in part, from downregulating T-cell zone-homing receptor CCR7,
upregulating follicle-homing receptor CXCRS5, sufficient affinity to maintain
synapse between B-cell peptide-MHCII and T-cell receptor (TCR), and the ability
to provide B-cell stimulating factors such as IL-21, IL-4, and CDA40-L
(68,69,101,102). As antigen drains through afferent lymphatic vessels into nodes,
B-cells with inherent BCR affinity for antigen are selected to enter the GC by
virtue of Tfh-cell synapse via peptide-MHCII antigen presentation to TCR, the
affinity and multiplicity of which determine whether overall avidity is sufficient to
maintain contact (23,103,104). This process is competitive, and B-cells with
greater BCR affinity for antigen are enabled, through endocytosis, to present
higher levels of peptide-MHCII and create higher avidity contacts with Tfh-cells.
The limiting factor in this process is generally Tfh-cell quantity, and only the
B-cells creating high-avidity interactions are allowed to maintain synapse without
being crowded out (105). Those sustaining contact receive stimulus to clonally
expand and undergo CSR and SHM (25,96). B-cells must separate from Tfh-cells
while undergoing these processes, migrating from the follicular “light zone” to the
“dark zone” over a CXCL12 gradient via CXCR4, and resultant B-cell progeny
must then gather further antigen and attempt Tfh-synapse again (104,106).

Through many iterations of this cycle, affinity is “matured” and high-affinity clones
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are selected for expansion into memory B-cells and plasmablast (PB, pre-PC)
effector cells, while less competitive clones are lost to apoptosis (26,103,104).
B-cell interclonal competition and Tfh-cell availability, thus, must both exist within
certain bounds to engender an efficient response (107-109). An
overly-competitive environment will limit the robustness of the humoral response,

while a weakly competitive environment will limit affinity maturation.

Defining the T-Follicular Helper Lineage

There is consensus that the Tfh cell-type is required for the generation of
long-lived plasma cell (LLPC) effectors, providing steady-state humoral immunity,
however some controversy surrounds the phenotypic durability of Tfh-cells.
Tfh-cells may be defined as those CD4+ T-cells that provide help to B-cells and
facilitate GC reactions and affinity maturation, but, outside of that functional
context, their identity becomes less certain (99,110-112). Theories range from
this phenotype simply being an effector activity that all CD4+ helper T-cells are
capable of, should they happen to establish synapse with a B-cell, to Tth being a
durable lineage of its own, akin to Th1, Th2, or Th17 (113-115). The truth is
likely somewhere in between, given that CD4+ T-cells exhibit a spectrum of
B-cell-helping potential and competent B-cell helpers tend to demonstrate some
degree of cytokine-secretion skewing toward the alternative lineages noted
above. In fact, Tfh-cells with such skewing induce B-cell class-switching toward
analogous isotype secretion, with Th1-like cells inducing IgG via IFN-y to

opsonize or neutralize unicellular and viral pathogens, Th2-like inducing IgE with
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IL-4 in response to larger tissue parasites, and Th17 inducing IgA by IL-17 to
prevent pathologic colonization of the gut by bacteria (116-119), Thus, given
such overlap, Tfth is not mutually exclusive from other T-helper programs. At the
current state of the field, no CD4+ T-cell can be categorically discounted from Tfh
potential, and helper T-cell lineage commitment toward Th1, Th2, Th17, or
otherwise, may serve to skew B-cell isotypes in the GC, thereby complementing

Tfh-cell effector activity.

T-Follicular Helper Induction

Functional Tfh-cells in the GC express chemokine-homing marker
CXCRS5, as B-cells do, allowing their accumulation adjacent to follicular dendritic
cells (DC), which secrete the receptor’s ligand, CXCL13, to organize B-cell zones
within LNs (101,99,102). In this context, Tfh-cells also express ICOS and PD-1,
both of which are engaged by corresponding receptors on B-cells. While ICOS
signaling has been demonstrated to be crucial for Tfh-cell induction and
maintenance, the role of PD-1 is more subtle, contributing, at least in mice, to the
longevity of PCs released from the GC (104,120-123). Tfh-cells receiving
sufficient TCR and ICOS signaling from a B-cell in synapse will reciprocate by
supplying growth-inducing CD40-L and IL-21, the latter of which acts analogously
in B-cells as IL-2 in T-cells, with both receptors integrating the common gamma
chain (69,26,104,124), These signals stimulate B-cell clonal expansion, and
AID-mediated SHM and CSR. Finally, Tfh-cell function is considered to be

governed by transcription factor Bcl-6, although Ascl-2, c-Maf, FOXO-1, and KiIf-2
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have also been demonstrated to be instrumental in generating the phenotype
(125-130). The wealth of markers enumerated herein would suggest that
Tfh-cells ought to be easily identified. Certainly this is true of active Tfh-cells in
the GC, however, upon resolution of the immune response, without antigen to

drive Tfh-B-cell synapse, these markers are uniformly lost.

Identifying T-Follicular Helper Cells in Peripheral Blood

Given that human lymphatic tissue can rarely be harvested for study of
GC Tfh-cells during experimental immunization, much effort has been invested in
the collection of Tfh-cells from blood. Initial attempts to identify resting human
Tfh-cells in peripheral blood relied upon CXCRS5. Due to residual expression, this
marker was useful at time points soon after resolution of infection or withdrawal
of antigen stimulus, and sorted cells demonstrated B-cell helping capacity in
vitro, while measured circulating frequencies correlated with GC activity and
humoral immunity (102,114,131-133). However, progressive loss of the receptor
from memory Tfh-cells, coupled with its transient non-specific upregulation on
recently-activated CD4+ T-cells, has limited its use. PD-1 exhibits still more rapid
kinetics in Tfh-cells, and even the putative master-transcription factor of Tfh-cells,
Bcl-6, is often undetectable in blood CD4+ T-cells under homeostatic conditions.
Various attempts have been made to use other chemokine receptors to mark
human CD4+ T-cells with Tfh capacity. Most notably, these have included
CXCR3, CCR4, and CCR6, but no consensus could be reached in the field, and

results were highly dependent upon experimental design (102,106,131,134). To
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date, the most reliable readout of the Tfh phenotype is expression of ICOS upon
stimulation (134). It is not yet clear whether this characteristic informs the history
of the cell, whether it was previously a GC Tfh-cell that since retired to peripheral
circulation. However, this marker does accurately predict subsequent
B-cell-helping activity. Tfh-cell function is also known to depend partially upon the
GC cytokine milieu, and, until recently, in vitro conditions reflected those
established by murine models. A combination of IL-6, IL-12, and IL-21 were
thought to provide appropriate support for Tfh-cell function, until it was
discovered that human cells had a unique requirement for TGF-f (135-137).
Exhaustive work testing dozens of cytokine combinations established that
STAT-3 (via IL-6 or IL-10) and STAT-4 (via IL-12 or IL-23) alone poorly facilitated
in vitro Tfh-induced B-cell expansion and differentiation, but that addition of
TGF-B had a profound impact on the simulated GC. This effect was absent in
murine cell culture, and addition of TGF- almost completely abrogated the Tfh
phenotype. Going forward, the field is prepared for human GC modeling in vitro.
Tfh-cells can be selected by ICOS-upregulation upon stimulation, and a
combination of STAT-3, STAT-4, and TGF-f signaling promotes an environment

conducive to B-cell-helping activity.

B-cell Differentiation
Many B-cells fail to receive adequate growth stimulus and die in GCs, but
those surviving are thought to pursue two distinct paths. These include the

memory B-cell, and the terminally-differentiated PC, also known as the B-effector
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(Beff) or antibody-secreting cell (ASC). This latter term, however, can be applied
more broadly to rare phenotypes defying the categorizations discussed so far,
which nonetheless produce soluble immunoglobulin, such as innate-like B1-cells
(25,28). The factors determining these outcomes are somewhat unclear, as are
those determining the longevity of these phenotypes, although memory tends to
be created earlier in the GC and with lower affinity for antigen than PCs
(138,139). In general, memory cells, as their name would suggest, are
longer-lived, more proliferative, and express more markers of “stemness” and
genes repressing apoptosis, such as Bcl-2 and Bcl-x. (140,141). As is the pattern
of the immune system broadly, such durability comes at the cost of immediate
functionality, although memory B-cells require less robust signals for activation
and differentiation than naive cells do (142). PCs are extremely efficient
producers of immunoglobulin and manage their highly anabolic state by
maintaining an endoplasmic reticulum (ER) stress response, aiding protein
folding and directed by transcription factor, XBP1 (143). PCs also reduce their
expression of the plasma membrane-anchored BCR isoform of immunoglobulin
(144,27). BCR is essentially absent on IgG+ PCs, and is maintained slightly on
IgA+ and IgM+ cells (145). Thus PCs are poorly dependent on external signals

and carry out their task of antibody secretion for the term of their existence.

Plasma Cell Phenotype and Function
When a human PC is created in a GC, it downregulates CD19 (somewhat)

and CD20 (completely), and increases expression of CD27 and CD38 (146).
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Expression of the T-cell co-stimulatory molecules CD80 and CD86 also
increases, which suggests further occasion for T-cell synapse (via CD28)
however whether this occurs to a meaningful extent is unclear (147). Once PC
differentiation is engaged, cells effect their exit from the lymphatic system by
downregulating CCR7 and CXCRS5, and upregulating S1P-receptor (27,28).
Depending on the signals received from the particular Tfh-cell that induced its
differentiation, a given PC will instead begin to express homing receptors
directing it to one of a variety of possible locations (Figure 1). Many PCs
contribute antibodies to serum from niches in bone marrow, which they are
chemoattracted to via CXCR4 (for CXCL12) (51,21). This is the classical home of
the LLPC, where such longevity is encouraged through growth factors
(particularly APRIL) secreted by bone marrow stroma, and low oxidative stress in
the hypoxic environment (29,148-150). Other PCs home to sites of inflammation
via CXCR3 (for CXCL9/10/11), respiratory mucosa via integrin a431 and CCR10
(receptors for VCAM-1 and CCL28, respectively), or intestinal mucosa via
integrin a4p7 and CCR9 (receptors for MadCAM-1 and CCL25, respectively)
(151,152). CD138 is a late marker of human PCs, which can rarely be seen on
cells en route to their ultimate destinations, but which becomes clearly evident
once they have arrived (146,153). Expression of markers CD38 and CD138 are
essentially reversed in the timing of their upregulation in mice, as compared with

humans (154).
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Memory B-cell Phenotype and Function

A memory B-cell is defined by its continued persistence post-activation,
which can occur through any of the mechanisms discussed above:
T-independent type | (PAMP/DAMP ligation), T-independent type Il (BCR
cross-linking), or T-dependent (TCR + peptide-MHCII immunological synapse
and CD40 stimulation) (54,58,99). Not all memory cells are created equal,
however, and the latter pathway tends to imbue cells with improved longevity, as
a result of higher expression of anti-apoptotic factors (155). Similarly, all three
pathways, but again particularly the latter, can result in a CSR event that ceases
the expression of IgD, however this is not always the case, and thus an absolute
definition of memory remains elusive (79). In practice, IgD-negativity is used as a
proxy for memory. Also, as will be discussed later, CD27-positivity is commonly
used as a memory marker in conjunction with IgD (140). Unfortunately, this is
likely even more problematic than using IgD alone, as a CD27-IgD- memory
population will figure prominently in the work presented herein. To a first
approximation, however, “naive” B-cells are CD27-IgD+, activated naive cells or
‘unswitched” (perhaps transitioning toward CSR) memory are CD27+IgD+,
canonical “switched” memory cells are CD27+IgD-, and “double-negatives” are a
minor population of CD27-IgD- cells, which have historically been largely ignored
by most B-cell immunologists (156,157). Apart from prior CSR and SHM,
memory B-cells behave and traffic much as naive cells do (LN homing from

blood via CD62L, CCR7, and CXCRS5, and draining back in to blood via
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S1P-receptor), though they have fewer requirements for subsequent activation,
including the negligibility of STAT3 phosphorylation through IL-21 signaling (142).
In general, memory B-cells have significantly less need for T-cell help, and may
function normally, expanding upon antigen exposure and giving rise to PCs
without Tfh-cell involvement (158). However further CSR and SHM occurring in
memory B-cells are still thought to come about via GC-restricted T-cell help,
upon secondary antigen stimulus. Also, importantly, T-cells constitute a major
restraint on B-cell immunity, given their role as gatekeepers for naive cells

transitioning to long-lived memory or PC differentiation (25).

Age-Associated B-cells

This title refers to the CD27-IgD- cells mentioned above that have
received little attention until recently. The first report to provide substantial
analysis of their phenotype noted their expression of the inhibitory Ig receptor
FcRH4 and of tissue homing chemokine receptors CCR1 and CCRS5 (159). It was
also noted that these cells were morphologically larger than other memory cells,
poised to produce antibody, and poorly mitotic with stimulation. The next account
of this phenotype demonstrated its expansion in chronic HIV infection, where it
was also found to lack the BCR co-receptor molecule CD21, explaining the
previous observation of a declining proportion of CD21+ B-cells in that patient
population (160). These authors argued that these cells were exhausted and not
only lacked proliferative capacity, but were also dysfunctional. In other work, the

presence of tissue homing receptors prompted the term “tissue-like” to describe
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the phenotype, which was extended further with the appreciation of another
corresponding homing receptor, CXCR3, expressed by these cells, as well as the
absence of CCR7 and CXCRS5. Prior to these observations, the Th1-directing
transcription factor, T-bet, had been knocked out in mice, demonstrating its role
in CSR to IgG, and subsequently had been shown to be induced in B-cells by
TLR9 ligand CpG (161,162). T-bet+ B-cells also expressed the myeloid
DC-associated marker CD11c, which had been previously noted on tissue-like
cells. Thus T-bet, CD11c, and IgG were integrated into the phenotype. Further
T-bet knockout studies in mice demonstrated the importance of this B-cell
subtype in viral clearance (80,81). Meanwhile, in humans these cells were found
to be expanded in autoimmune disease and in the elderly, hence their
designation as age-associated B-cells (ABC) (163-167). Further reports
confirmed that the tissue-like T-bet+ cells expanded in chronic HIV were, in fact,
possessed of BCRs specific to HIV antigen, and another demonstrated a
differentiation status intermediate between memory and PC (168,169). Over time
the “exhausted” narrative began to change, due to the accumulating evidence of
alternative activation, particularly via viral-sensing TLRs 7 and 9
(162,80,164,167,170). Still, it remained unclear how to assess and categorize
ABCs, and how they might simultaneously relate to acute and chronic viral

infection, autoimmunity, and aging.
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Role of the Transcription Factor T-bet in the Adaptive Response

The immune system responds to different kinds of pathogens with distinct
effector activities. The type of response is largely dictated by the cytokines
secreted by the CD4+ T-cells recruited (on the basis of their specificity for
peptide-MHCII), and thus responses are named for the T-cell subtypes that drive
them (171). Intracellular pathogens (and cancer, approximated by the immune
system as viral infection) induce Th1 responses, which are orchestrated by CD4+
T-cells secreting IFN-y (172,173). Given the sheltering of pathogens within cells,
the most important effector activities are carried out by cytotoxic CD8+ T-cells
and natural killer (NK) cells, which detect foreign antigen presented as
peptide-MHCI or detect the lack of appropriate antigen presentation, respectively
(174). As above, this type of response also engenders IgG+ PCs, whose
secreted antibodies opsonize or neutralize extracellular pathogen to prevent
intercellular transmission of infectious particles (80,161). The CD4+ T-cells (Th1),
CD8+ T-cells, NK-cells, and GC B-cells and Tfh-cells involved all express the
common transcription factor, T-bet, which seems to have evolved as a master
regulator of immunity to intracellular pathogens (175,176). In all cell types it
drives expression of CXCR3 and CCRS, which facilitates homing toward Th1
inflammation (177,178). This both enables circulating cells to locate sites of
infection where they can exert their effector functions, and additionally aids
Tfh- and memory B-cells of relevant specificity to find cognate GCs, which

secrete corresponding chemokines within secondary lymphoid organs (179). The
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effects of T-bet are not uniform across cell types, however, which is unsurprising
given the inherent diversity of immune compartments encompassed. For
example, in CD4+ T-cells, increasing T-bet reinforces Th1 skewing and IFN-y
secretion, while in CD8+ T-cells, it drives terminal differentiation towards an
effector phenotype (176). In B-cells, T-bet is expressed transiently in the GC
(with the exception of ABCs, above), where it drives IgG+ PC effector
differentiation and CXCR3 expression (180). This effect is maintained even after
T-bet downregulation, and comes at the cost of memory B-cells. Lastly, T-bet is
required for NK-cell development and longevity, and expression is also
necessary in dendritic cells (DCs) conferring a Th1-skewed phenotype when

priming naive CD4+ T-cells (176).

Effector Memory: Analogies Between B- and T-cells

The specifics of ABC trafficking have not been discussed in the literature
to date, but the term “tissue-like” proposes a hypothesis. Despite chemokine
receptor expression indicating that ABCs might be tissue-homing cells, B-cell
dogma describes a single canonical memory phenotype, which is explicitly
lymphoid-homing. Memory T-cells, however, are further subdivided into two
circulating types: lymphoid-homing central memory (Tcm) and tissue-homing
effector memory (Tem) (181). Tcm is highly analogous to memory B-cells in that
it is lymph node-tropic (via L-selectin and CCR7 for PNAd and CCL19/21,
respectively), and in that it is proliferative and stem-like, but upon stimulation

requires a substantial delay before differentiating toward effector function
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(cytotoxicity or cytokine-secretion, in the case of T-cells) (51,182). Likewise,
effector T-cells (Teff) parallel PBs given their tissue homing potential (via a
variety of chemokine receptors, varying by target tissue) and capacity for
immediate effector function (183,184). As with PBs above, these are
predominantly short-lived cells, but, like LLPCs, some Teff persist in their tissue
niches for long periods without recirculating in blood, and these have been
termed “resident memory” (185-187). Effector memory, however, refers to a
mixed phenotype sharing features of Tcm and Teff, but does not merely
represent memory cells actively-transitioning toward effector differentiation;
rather it is a stable subset of its own that currently applies solely to T-cells. Tem
are long-lived circulating cells that lack the lymphoid-homing receptors of Tcm,
and follow chemokine gradients into inflamed tissues where they rapidly
differentiate toward effector activity upon TCR activation via cognate peptide
presentation (188). This feature allows the adaptive immune system to deliver
anamnestic effector activity to an infectious insult anywhere in the body,
immediately after it has triggered innate immunity signaling through PAMP and
DAMP receptors, rather than waiting a week or more for Teff to develop in the
draining LNs. Curiously, Tem, like ABCs, express lower levels of activation
markers (including CD27) than their Tcm counterparts, and have been shown to
expand with age and chronic infection (189,190). Further similarities between
Tem and ABCs are a primary concern of the work herein, and are explored in the

context of rhinovirus infection, a universal and recurrent human pathogen.
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Rhinovirus Virology and B-cell Inmunity

Even by viral standards, RV is small (30nm). It has a non-enveloped
capsid and a positive-sense RNA genome (7,200bp), and is classified within the
picornavirus family and enterovirus genus, closely related to polio, hepatitis A,
Coxsackie, and enterovirus species (1,191). Like other picornaviruses, the
genome is initially expressed as a single polyprotein, which is proteolytically
processed by several enzymatic domains within its own structure to release four
pre-folded capsid subunits, the RNA-dependent RNA polymerase, and other
nonstructural components. For select RV strains, the capsid structure has been
solved by X-ray crystallography to 2.15A resolution, demonstrating that the four
subunits together form a roughly triangular structure, of which five complexes
form a pentamer, of which twelve form the icosahedral capsid, thus incorporating
60 copies of each subunit (Figure 3) (192). There are over 100 documented RV
strains with distinct capsid structures, most using ICAM-1, others LDL-receptor
family members, and still others cadherin-related family member 3 (CDHR3), as
the cellular receptor for infection (193,194). Epithelial cells are the primary
targets, although any cell bearing the widely-expressed receptors above is
theoretically susceptible (195). Infection is spread by direct contact between
hosts or via aerosolized particles, and begins in the upper airways, moving down
to the lower airways, and causing an inflammatory response with kinin-release
correlating closely with symptoms (1). Given that RV-infection does not inherently

cause epithelial cytopathology, the symptoms are thought to be entirely due to
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the host inflammatory response (4,196-198). RV does, however, induce loss of
tight-junctional integrity, perhaps contributing to bacterial superinfection. In
immunocompetent individuals, RV infection is self-limiting and involves an
average incubation period of 2 days followed by 7-14 days of symptoms including
runny nose, congestion, sore throat, cough, headache, and occasional fever.
There is evidence to suggest that ensuing Th1 immunity is protective
post-infection and correlates with reduced viral shedding and milder symptoms
upon reinfection up to 16 weeks later; however, humoral immunity is required for
viral clearance (199,200). Neutralizing antibodies specific to the inducing strain
develop in the serum 1-2 weeks after infection and can persist for a year (201).
These serum responses, in general, are not cross-protective, though murine
monoclonal antibodies neutralizing a wide variety of strains have been
successfully developed, indicating that the diversity of viral epitopes does not
preclude cross-reactivity (202). Additionally, CD4+ helper T-cells in humans have
been demonstrated to respond to viral peptides with broadly conserved
sequences (203). Thus, no simple explanation currently accounts for human
susceptibility to repeated RV infections and lack of durable and

broadly-neutralizing humoral immunity.

Neutralizing Antibodies
The neutralizing capacity of an antibody is a function of the pathogenic
role of the epitope to which it binds as well as the affinity of that interaction (204—

208). In the case of toxigenic bacteria, vaccines are often able to make selective
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use of secreted toxin molecules to induce immunity to the most hazardous
bacterial components, rather than distract the adaptive response with additional
antigens (209-211). However, this single molecule/motif approach is complicated
in viruses, which rely on intact virions to gain cell entry and exert their
pathogenicity. Though immunity should ideally be directed against epitopes
binding cellular entry-receptors, separating the implicated viral proteins from their
native context frequently alters their conformation. Antibodies directed against
individual protein components will likely bind with low affinity, if at all, to native
pathogen in an infectious setting (212-214). This limitation is of particular
relevance to non-enveloped viruses like RV where the host-cell binding epitope is
composed of multiple capsid proteins. Thus, replication-defective or attenuated
live virus is commonly used in corresponding vaccines. This rules out
pre-selection of immunizing epitopes, and, accordingly, the primary goal of most
viral vaccines is to induce high-affinity antibody responses to any exposed and
available epitopes. In fairness to this approach, well-opsonized viruses are
almost universally rendered non-infectious, even if antibodies are not directed
against epitopes binding entry-receptors, and “high-affinity” can in most cases be
considered synonymous with “neutralizing” (204—208). However, antibodies
directed against viral surface epitopes not directly involved in infection are liable
to lose affinity over time, as their targets are more prone to mutation than
epitopes constrained by requirements of infection to bind host-cell

entry-receptors. Errors in viral genome replication alter these non-conserved
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epitopes, diminishing the neutralizing capacity of antibodies targeting them. For
ICAM-1-dependent RV strains, antibodies against ICAM-1 binding domains have
much greater potential to be cross-protective because of these constraints. Given
that cross-protective humoral immunity to RV does not develop in humans,
despite numerous infections, it seems likely that serum antibodies predominantly

target non-conserved epitopes likely excluding ICAM-1-binding motifs.

Potential Defects in the Humoral Immune Response to Rhinovirus

As we consider putative mechanisms undermining the B-cell response to
RV, one intriguing observation is that RV has been documented to principally
promote humoral responses against an epitope at the N-terminus of the capsid
subunit protein VP1 (215,216). This 20-peptide sequence, buried at the virion’s
core, is highly conserved, though ostensibly not for its role in binding a host-cell
entry-receptor. Rather, its impressive humoral immunogenicity suggests that it
may serve an evolved function to distract B-cell responses, thus diluting
neutralizing contributions. Its status as a “decoy” epitope is unconfirmed,
however the neutralizing potential of antibodies directed against epitopes
unavailable on viable virus (i.e. internal), must at the very least be held in doubt,
if not ruled out completely. Another possible explanation for our chronic
susceptibility to RV is that when the immune system is stimulated with an antigen
that closely resembles another to which it has established immunity, it tends to
employ the same T- and B-memory cells that were expanded previously, rather

than induce naive lymphocytes to respond (217). This rule holds even in cases
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where the memory response is ineffective against a new pathogen, under a
phenomenon termed “original antigenic sin” (218,219). This effect is largely
unexplained. One mechanism proposed to contribute is the cross-linking of
inhibitory Fc-receptors on naive B-cells by circulating 1gG, but under normal
physiological circumstances this signaling cannot completely abrogate naive
responses (157,220,221). Original antigenic sin is well-appreciated in immunity to
viruses that readily mutate, such as influenza or HIV, but is perhaps most notable
in Dengue fever where initial infection by one of the four extant strains is fairly
benign, but subsequent infection with another is deadly (222-224). This is
seemingly due to cross-reactive, but non-neutralizing antibodies dominating the
heterotypic recall response, and obstructing the outgrowth naive neutralizing
B-cell clones. Although the pathogeneses of RV and Dengue have little in
common, the manner in which the memory response to previous exposure
negligibly (or negatively) impacts subsequent protection to heterotypic strains
may be analogous. In further support of this notion, a similar effect to that
described above in Dengue has been demonstrated in mice infected with

Coxsackievirus B, which is closely related to RV (219).
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Figure 1: The B-cell Response to Infection or Vaccination

Naive and memory B-cells circulate continuously, but periodically linger
within lymph node follicles. In this location they may come into contact with
cognate antigen derived from pathogens, draining through afferent lymphatic
vessels from peripheral tissues. B-cell receptor-bound antigen is internalized and
presented to specialized T-helper cells. B-cells engaging in this process are
stimulated to divide and differentiate into antibody-secreting plasma cells.
Plasma cells exit lymph nodes through efferent lymphatic vessels, and home to
various sites including bone marrow, as well as sites of infection and
inflammation. Thereafter, plasma cells secrete antibodies into blood, mucosa, or
other tissues to control the inciting pathogen, and to preclude future

susceptibility.
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Figure 2: Immunoglobulin Gene Recombination and Hypermutation
Developing B-cells excise V, D, and J DNA segments at the
immunoglobulin heavy chain locus to assemble discrete VDJ combinations. An
equivalent process occurs at the light chain (LC) locus, though it only contains V
and J segments. Initially, functional BCRs are expressed with an IgM constant
region. However, following specialized stimulus in germinal centers, AID enzyme
activity is induced, leading to isotype switch through further excision of constant
region segments, as well as VDJ hypermutation (indicated by yellow stars). The
latter mechanism primarily incurs CG to UA missense base-pair substitutions to

increase antibody affinity for antigen.
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Figure 3: RV Capsid Pentamer Crystal Structure at High Resolution

The RV-A16 pentamer, composed of five discrete complexes of capsid
subunit proteins VP1-4, is shown from its outward face at 2.15A resolution.
Twelve pentamers form the enclosed capsid and VP4 is entirely internal. One of
five VP1 subunits is shown in blue to demonstrate its position and extent relative

to neighboring VP1 molecules.



35




36

Thesis Rationale and Proposal

RV is estimated to account for at least half of the billion cases of the
common cold per year within the US, and triggers severe disease exacerbations
in patients with comorbid respiratory or cardiovascular conditions. Attempts at
vaccine development have routinely failed to provide immunity to the
considerable diversity of RV strains, and systemic cross-protective adaptive
responses generally are not engendered by infection with individual strains. Still,
highly-conserved protein sequences can be found spanning many strains,
suggesting that cross-protective T-cell and B-cell epitopes exist. Prior to the
completion of this work, our lab had borne out cross-reactivity in CD4+ T-cells,
but the presence of this phenomenon in the B-cell compartment remained purely
hypothetical. Although humoral responses have been described in some detail,
the approaches taken historically have a variety of weaknesses, and the cellular
aspects of immunoglobulin generation against RV have never been rigorously
examined in a human context. Moreover, while the finding that cross-reactive
CD4+ T-cells recognizing conserved epitopes and responding to a variety of RV
strains is encouraging when considering the possibility of a vaccine, on its own it
is insufficient. The development of a neutralizing antibody response is
additionally required for viral clearance, and this does not occur in a lasting,
broadly protective manner.

To address the question of a potential defect in humoral immunity to RV

and to elucidate the cellular mechanisms involved, we elected to track B-cell
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responses in the blood of seronegative healthy human volunteers who were
experimentally infected with one of two human RV strains (RV-A16 or RV-A39).
B-cell specificity for the infecting strain, as well as the heterotypic strain, were
analyzed in parallel. To this end, we employed conventional flow cytometry, as
well as mass cytometry, incorporating fluorophore- and heavy metal-labeled
virions, respectively, to identify B-cells specific for either a single RV strain or
both strains. All RV-specific B-cells were phenotyped to determine the
representation of subsets, including T-bet+ ABCs (or tissue-like memory), and
the various specificities were compared for their fluxes in total humbers and
relative ratios upon acute infection and at convalescence. The contributions
toward RV immunity of these diverse B-cell subsets, defined by phenotype and
target epitope, were assessed by temporal analysis alongside measurements of
secreted antibodies of all isotypes within serum and nasal washes.

We hypothesized both that B-cell immunity to RV is undermined, but also
that cross-reactive B-cells nonetheless exist with specificity for multiple RV
strains. The first theory was addressed by infecting human subjects with an RV
strain to which they were naive, and analyzing single-strain RV specificity within
responding B-cells. Here we sought to explain the high frequency of RV
infections to which humans are subject by illuminating a novel manifestation of
original antigenic sin. Evidence for this would come in the form of a heterotypic
response (against a previously cleared strain) poorly targeting the infecting

strain. Our latter hypothesis was investigated by evaluating for the presence or
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absence of B-cells with dual-strain specificity. Even if such cells are vanishingly
rare, they would nevertheless validate the potential for broadly protective
humoral responses. Overall, the results of this study take strides toward
elucidating the role and value of specific B-cell subsets in RV clearance, and
toward informing vaccine strategies to favor those subsets most crucial to
immunity. In addition to what we learn about how RV-specific immunity functions
and is constrained, we expect our human-based challenge model will help to
address outstanding questions concerning more dangerous human pathogens,

viral or otherwise.
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Materials and Methods

Development of New Tools Applied to an Existing Human Infection Model
Though human RV challenge itself is relatively novel and employed by
only a few groups worldwide, this work required several substantial innovations
beyond the previously established model. Most importantly, it replaces
recombinant viral capsid subunit proteins with intact virions as antigen for specific
labeling/capturing of immunoglobulin, both in the context of assessing secreted
antibodies and identifying RV-specific B-cells via surface BCR. This has one
obvious initial advantage in that it preserves native viral epitopes comprised by
multiple subunits in the quaternary capsid structure, which would be unavailable
on purified monomer proteins. In further support of this strategy, we present data
in this thesis that questions the validity of monomers as a physiologically-relevant
antigen. Thus, by switching to whole virus, we can precisely quantify multiple
antibody isotypes to RV for the first time, something other ongoing challenge
models have not yet demonstrated. However, given the relative inefficiency of
producing whole virus, compared with expressing recombinant capsid subunits,
another innovation was required to make more economical use of purified
antigen. Here we opted to develop a cytometric bead-based immunoassay,
rather than apply the standard ELISA. For the equivalent readout, coating beads
requires several orders of magnitude less antigen than coating a plate. Moreover,

by multiplexing beads with four different antigens, and multiplexing readout with
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four different antibody isotypes, we managed to spare serum and nasal wash
specimens that were in limited supply. Ultimately, 0.2uL serum could generate 16
discrete pieces of data.

Perhaps the most illuminating benefit of querying our system with intact
capsid became apparent when we succeeded in labeling RV-specific B-cells via
BCR. This capability has been widely pursued in the field for several years, and
we are the first to accomplish it. This advance enabled us to identify circulating
human B-cells responding to RV infection for the first time, and to appreciate
fluxes in their frequency and phenotype in vivo. It also allowed us to sort these
cells for in vitro analysis, opening up further avenues of study. Importantly, it
permitted us to address our hypotheses concerning the predominance of
homotypic versus heterotypic responses, and the existence of cross-reactive
B-cells specific for multiple viral strains. Finally, our cellular work was enhanced
by implementing mass cytometry, which provided an expanded phenotyping
panel. Given certain foibles of this technology, which remain poorly understood,
samples must be barcoded and multiplexed prior to staining, to avoid
batch-to-batch artifacts that subvert biologic findings. Our model included three
time points with sample sizes of >20 each, necessitating 60+ discrete barcodes.
Meanwhile, the largest published multiplexed mass cytometry experiment to date
totaled a mere 20 samples (225). By incorporating antibody-labeling with two
osmium isotopes, it was feasible to expand the batch size to 70 samples. This

required oxidizing and dissolving metallic osmium in aqua regia for preparation
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as a chloride salt. As a “noble metal” osmium is poorly amenable to this process
(226). However, for our purposes we found it to be sufficiently soluble, albeit
poorly and incompletely so, as quantified by inductively-coupled plasma mass
spectrometry (ICP-MS). Notably, this application of OsCl could just as easily

enable further expansion of a phenotyping panel, as it does a barcoding panel.

Study Subjects and Experimental Infection Model

Healthy uninfected adults (ages 18-45 years) who were non-allergic
based on clinical history or total IgE levels <150 IU/ml and who tested
seronegative for the RV challenge strain (serum neutralizing antibody titer <1:4
for RV-A16 or RV-A39) were nasally inoculated with RV-A16 (300TCIDsp, 14
subjects, 4 male, 10 female, 22 years * 1.9 years SD) or RV-A39 (100 TCIDs,
16 subjects, 4 male, 12 female, 21 years + 3.7 years SD) (Clinical trials.gov ID
NCT02111772 and NCT01669603 respectively) (4,227,9,228,229). Blood was
drawn for isolation of PBMCs immediately before virus inoculation (baseline, day
0), during the acute infection phase (day 4 or 5), and at convalescence (day 21).
Cells were cryopreserved until sample collection was complete. Nasal washes
were performed on days 0-5, 7, 14, and 21, and serum was collected at days 0,
4/5, 7 (RV-A16 challenge only), and 21. Nasal biopsy specimens were obtained
on day 4 from healthy adults who received RV-A16 challenge (Clinical trials.gov
ID NCT02910401). Additional uninfected subjects not undergoing RV challenge
were recruited through the University of Virginia. Informed consent was obtained

from all study participants and subjects were compensated for participation. The
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research was approved by the Institutional Review Board for Health Sciences
Research at the University of Virginia, the Food and Drug Administration, and the
National Institute of Allergy and Infectious Diseases Safety Committee. All
studies were conducted in compliance with Good Clinical Practices and in

accordance with the Declaration of Helsinki.

Determination of Infection Status

Neutralizing serum antibodies were evaluated using a standard microtiter
assay (230), and nasal wash specimens collected on days 1-5 were cultured for
virus by standard methods (231). Subjects who had at least a 4-fold increase in
serum neutralizing antibody to RV-A16 or RV-A39, or virus isolated from at least
one post-inoculation specimen (by culture or gqPCR), were considered infected

with the study virus (227).

Preparation of Virus for Multiplex Serology Assays and Labeling B-cells
Cryovials of RV-A16 and RV-A39 were thawed and used to infect HelLa
cell monolayers in serum-free minimal essential media, and supplemented with
10% fetal bovine serum after 4 hours (ThermoFisher). After 2 days, virus was
released by serial freeze/thawing, cell debris was pelleted and lysates were used
for virus purification. Virus was isolated by sucrose cushion (30%), followed by
sucrose-gradient (15-45%), then buffer exchanged into PBS, concentrated,
UV-irradiated, and maintained at 4°C (232). Capsid integrity was confirmed by

electron microscopy, virus purity was assessed by SDS-PAGE analysis with
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silver staining (Pharmacia PhastSystem), and the virus yield measured by BCA
assay (Pierce Chemical Company). RV strain identity was confirmed by RT-PCR
specific for the VP1 capsid subunit region of the RNA genome (Table 1).
Concentrated virus was diluted to 0.5ug/uL in 200uL stock volumes and
cryopreserved prior to use. To label RV-specific B-cells for detection by
multi-color flow cytometry and mass cytometry, virus was tagged at lysine
residue terminal amines with Alexa Fluor 488 NHS Ester and Alexa Fluor 568
NHS Ester (ThermoFisher), and isotopically enriched cisplatin 194 and 198
(Fluidigm), respectively (233). For serology assays, virus was biotinylated with
NHS-LC-Biotin (ThermoFisher). Excess label was desalted on Zeba spin

columns to exclude molecular weights below 40kD (ThermoFisher).

Multiplex Serology Assay

Streptavidin-coated polystyrene beads (Spherotech) were first labeled with
Alexa Fluor 405 (ThermoFisher) and/or Fixable Viability Stain 510 (Becton
Dickinson) to create four different fluorescent signatures. Beads were then
coated with biotinylated virus (RV-A16 or RV-A39), tetanus toxoid c-terminal
fragment (positive control), or mouse IgG (negative control), respectively. Beads
were washed and combined, and incubated with serum diluted 250x, nasal
washes diluted 10x, or culture supernatants diluted 10x. After washing, antibody
binding was detected using anti-human IgG (Becton Dickinson), IgM
(BioLegend), IgA (Miltenyi), and IgE (BioLegend) isotypes. Beads were read on

an Invitrogen Attune cytometer.
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Multi-color Flow Cytometry

PBMCs from eight uninfected subjects (3 male, 5 female, 43 years £ 18
years SD) were simultaneously Fc-blocked with mouse IgG (Lampire) and
ICAM-1-blocked (BioLegend). After 30 minutes at 4°C, B-cells were stained with
fluorescently tagged virus (Alexa Fluor 488-RV-A39 and Alexa Fluor
568-RV-A16), fluorescent antibodies against CD3 (BioLegend), CD19
(BioLegend), CD20 (BioLegend), CD27 (ThermoFisher), CD38 (Becton
Dickinson), CCR5 (ThermoFisher), CXCR3 (BioLegend), CXCR5 (BioLegend),
IgD (ThermoFisher), IgM (BioLegend), 1IgG (Becton Dickinson), IgA (Miltenyi),
and viability dye Live/Dead Aqua (ThermoFisher), and incubated for 30 minutes
at 4°C. Cells were then fixed and permeabilized (FoxP3 fix/perm Kkit,
ThermoFisher) before staining for intracellular IgM (BioLegend), 1gG (Becton
Dickinson), IgA (Miltenyi), IgE (BioLegend), and T-bet (BioLegend). Cells were
analyzed on an LSR Fortessa Cytometer (Becton Dickinson) using FlowJo

version 10.5.3 (TreeStar).

Mass Cytometry

PBMC were thawed in CTL buffer (Immunospot) with benzonase
(Millipore), and acid-stripped of Fc-receptor-bound immunoglobulin. Cells were
then barcoded using a 70-fold panel according to an 8 choose 4 scheme
(Table 2) with combined anti-CD45 and anti-MHCI antibodies (BioLegend)
bearing 102Pd, 104Pd, 105Pd, 106Pd, 108Pd, 110Pd, 1900s, and/or 1920s

(Buylsotope) (234,235,225). Simultaneously with barcoding, cells were stained
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with magnetic bead-conjugated antibodies against CD3, CD14, CD16, CD123,
and CD235a (Miltenyi), labeled for viability using a 103Rh DNA intercalator
(Fluidigm), Fc-blocked with mouse IgG (Lampire), and ICAM-1-blocked
(BioLegend). After a 30-minute incubation at 4°C, samples were combined and
sorted for the negative fraction on an autoMACSpro (Miltenyi). Magnetically
enriched B-cells (30 to 50% CD19+) were then stained extracellularly for mass
cytometry. After 30 minutes at 4°C, intracellular staining was carried out using
FoxP3 fix/perm kit (eBioscience). The complete panel (Table 3) comprised an
additional 45 markers, beyond barcoding and viability. Antibodies not purchased
pre-conjugated through Fluidigm were tagged with the indicated metal isotope
using Fluidigm conjugation kits. Multiplexed samples were read on a CyTOF2
(Fluidigm) and deconvoluted (computationally separated) prior to analysis.
Fluctuations in B-cell populations were monitored over time in an unbiased
manner using t-SNE dimensionality reduction analysis (236) and a clustering
workflow  (237) combining  FlowSOM  self-organizing maps and
ConsensusClusterPlus (238—-240). By this method, similarity to 100 phenotype
vectors was scored to generate map coordinates, and cells were clustered into

nodes on the basis of density across the map.

Plasmablast Differentiation Culture
Freshly isolated PBMCs were prepared for flow cytometry (as above) from
six human subjects (2 male, 4 female, 45 years + 20 years SD), but were

additionally labeled with magnetic bead-conjugated antibodies against CD3,
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CD14, CD16, CD123, and CD235a (Miltenyi) during the initial blocking step.
Samples were then enriched for B-cells by negative fractionation on an
autoMACSpro (Miltenyi). Enriched B-cells (30 to 50% CD19+) were then stained
using an abbreviated panel of CD3, CD19, CD20, IgD, CXCR5, RV-A16, and
RVA39, omitting fix/perm steps. RV16-specific, RV39-specific, dual-specific,
non-specific naive (IgD+), non-specific CXCR5+ memory (IgD-), and non-specific
CXCR5- memory (IgD-) B-cells (CD19+ CD20+ CD3-) were purified on an Influx
Cell Sorter (Becton Dickinson) to >90% purity (Figure 4). Following isolation,
3-5,000 cells (RV-specific subsets) or 10,000 cells (other B-cell subsets) were
plated and cultured for 10 days in IMDM supplemented with 10% FBS,
non-essential amino acids, insulin/transferrin/selenium, [-mercaptoethanol,
anti-CD40 (BioLegend), IL-2 (Miltenyi), IL-10 (Miltenyi), IL-21 (Miltenyi), and CpG
DNA (Miltenyi) (241). Supernatants were collected every two days, and tested for

secreted antibodies by bead-based multiplex assay.

Single-Cell mMRNA Sequencing

RV-specific B-cells (CD19+CD20+) isolated from a healthy uninfected
subject (male, 33 years) were identified by multi-color flow cytometry, and sorted
based on differential expression of CXCRS5, and whether or not they were
mono- or dual-specific. Sorted cells were immediately processed for single-cell
V(D)J mRNA profiling by barcoding on a Chromium Controller, amplifying pooled
cDNA and targeting enrichment for full-length V(D)J segments using primers

specific to Ig constant regions (10xGenomics). Next-generation sequencing was



47

performed by MiSeq (lllumina). Reads were mapped to a human reference using
Cellranger software (10xGenomics) and analyzed for somatic hypermutation and
VDJ segment usage on vlLoupe browser (10xGenomics). Mutations were
compared for RV-specific subsets that were categorized based on antibody

isotypes expressed.

Fluorescence Microscopy

Five human subjects (5 male, 0 female, age 22 + 2.8 SD) were nasally
inoculated with HRV-A16 and biopsies were collected at 4 days post-infection.
Samples were collected from the inferior nasal turbinate, the middle turbinate,
and the posterior nasopharynx. Deidentified healthy splenic tissue was procured
from a cadaveric sample in a bio-tissue repository. All tissue was fixed in
formalin, paraffin embedded, and sectioned. Prior to staining, sections were
deparaffinized in xylenes, washed in 100% ethanol, and gradually transitioned to
water. Epitope retrieval was conducted in citrate pH6 buffer (Abcam) at 100.5°C
for 20 minutes. Slides were then blocked with 10% donkey serum (Southern
Biotech), labeled with primary antibodies against CD3 (rabbit, ThermoFisher),
CD11c (rabbit, Abcam), CD19 (rat, ThermoFisher), CD20 (mouse, BioPrime),
RV-A16 VP2 (mouse, QED Bioscience), and/or T-bet (mouse, BioLegend) (or
mouse, rat, and rabbit isotype controls from ThermoFisher) at Sug/mL, reblocked,
and stained with donkey anti-mouse, donkey anti-rat, and donkey anti-rabbit
(ThermoFisher Scientific) at Sug/mL tagged with Alexa Fluor 488 NHS Ester

ThermoFisher), tetramethylrhodamine NHS Ester (ThermoFisher), or Alexa Fluor
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647 NHS Ester (ThermoFisher). Counterstaining was provided by DAPI at
Tug/mL (PromoKine). Imaging was performed on a Zeiss Axioimager with
Apotome attachment using Zeiss optical filter numbers 49 (DAPI), 38HE (Alexa

Fluor 488), 43HE (tetramethylrhodamine), and 50 (Alexa Fluor 647).

Statistical Analysis

Paired analysis involving matched subject-data employed the Wilcoxon
matched pairs signed-rank test to analyze serum antibodies and the
percentage/MFI of different B-cell subsets, and employed the Friedman multiple
comparisons test to analyze antibody secretion in plasmablast differentiation
culture supernatants. Mann-Whitney ranked-sum test was used to analyze cell
counts in nasal biopsies from different subjects and mutations in different
immunoglobulin isotypes. Spearman correlation was used to test the relationship
between the change in percentages for discrete B-cell subsets. Significant
changes in B-cell clusters detected by mass cytometry were designated at a level
of p<0.01 for stringency. A p-value <0.05 was considered significant for all other

parameters tested.



Table 1: Rhinovirus RT-PCR Primers
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Strain Direction Sequence

RV-A16 Forward CATGAATCAGTGTTGGATATTGTGGAC
RV-A16 Reverse AATGTGACCATCTTTGGCTGCTAC

RV-A39 Forward CACATTTCCACAATTACTATGAAGAAGGAG
RV-A39 Reverse ATCTTCACCTCTTCCAGCTATGCA
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70X Barcoding Scheme for Mass Cytometry

Table 2

[Total

192

190

110

108

106

105

104

Barcode [102

10
11

12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27

28
29
30
31

32

33
34
35

36
37

38
39
40

41

42

43

44
45

46

47

48

49

50
51

52
53
54
55
56
57

58
59
60
61

62

63
64
65

66
67

68

[70




Table 3: Mass Cytometry Antibody Panel

Metal |Isotope |Reagent Source
Pd 102 aCD45+MHCI BioLegend
Rh 103 DNA Intercalator  |Fluidigm
Pd 104 aCD45+MHCI BioLegend
Pd 105 aCD45+MHCI BioLegend
Pd 106 aCD45+MHCI BioLegend
Pd 108 aCD45+MHCI BioLegend
Pd 110 aCD45+MHCI BioLegend
Pr 141 aT-bet BioLegend
Nd 142 aCD19 Fluidigm
Nd 143 aCXCR4 BioLegend
Nd 144 aCCR5 Fluidigm
Nd 145 aCD40 BioLegend
Nd 146 aCCR6 BioLegend
Sm 147 aBcl-2 BioLegend
Nd 148 aCD38 BioLegend
Sm 149 aCXCR3 BioLegend
Nd 150 aCD23 BioLegend
Eu 151 aCD71 BioLegend
Sm 152 aCD21 Fluidigm
Eu 153 aCD11c BioLegend
Sm 154 aCD86 BioLegend
Gd 155 aCD22 BioLegend
Gd 156 aCLA BioLegend
Gd 158 aCD27 BioLegend
Tb 159 aCCR?7 Fluidigm
Gd 160 altg1 BioLegend
Dy 161 aCD95 BioLegend
Dy 162 aCD43 BioLegend
Dy 163 aCD24 BioLegend
Dy 164 aCD20 BioLegend
Ho 165 aKi-67 BioLegend
Er 166 altgB7 BioLegend
Er 167 aCXCR5 BioLegend
Er 168 aCD73 Fluidigm
Tm 169 aMHCII BioLegend
Er 170 aCD3 Fluidigm
Er 170 aCD14 BioLegend
Er 170 aCD16 BioLegend
Er 170 aCD123 BioLegend
Er 170 aCD235a BioLegend
Er 170 aFceRI BioLegend
Yb 171 algG4 (membrane) [T. Rispens
Yb 171 algG4 (secreted)  |Becton Dickinson
Yb 172 algM Fluidigm
Yb 173 algG Becton Dickinson
Yb 174 algA Miltenyi
Lu 175 algD BioLegend
Yb 176 algE BioLegend
Os 190 aCD45+MHCI BioLegend
Os 192 aCD45+MHCI BioLegend
Ir 193 DNA Intercalator  |Fluidigm
Pt 194 RV-A39 In House
Pt 198 RV-A16 In House
Bi 209 aCD11b Fluidigm
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Figure 4: Cell Purity Obtained by Flow Cytometry Sorting
Contour plots from one sort experiment to isolate naive B-cells
(representative of 6 separate experiments). All samples for subsets specified in

Figures 18-21, and 41-42 yielded >90% purity post-sorting.
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Tissue Homing Memory B cells Rapidly Induce Local Cross

Reactive 1gG Upon Human Rhinovirus Infection

Introduction

Rhinovirus (RV) is a major cause of the common cold. This disease
enacts an enormous health and economic burden based on the high infection
rates in the general population, and its exacerbation of chronic respiratory
disorders in infected patients (1,3,5). It has long been known that infection
induces the production of neutralizing antibodies; however, these antibodies
wane after several months, and do not appear to cross-protect against different
RV strains (199,201). This latter feature has been attributed, at least in part, to
the antigenic variability across the more than 160 serotypes of RV, which are
responsible for an estimated 6-10 infections per year in children (11,7). Despite
more than four decades of study on antibody responses to RV in infected
humans, nothing is known about the nature of RV-specific B-cells in humans.
Thus, advancing knowledge in this area could yield new insight into the humoral
response to RV, and more specifically, the attributes of B-cell memory to one of
the most ubiquitous viral pathogens in man.

Recent work has implicated human B-cells that express T-bet, in anti-viral
responses (80,180). Although originally defined as a lineage-specifying

transcription factor for Th1 cells, T-bet regulates anti-viral B-cell responses in
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mouse models, and is pivotal to B-cell differentiation and CSR, as well as
expression of IFN-y and the chemokine receptor CXCR3 in B-cells (176,178).
T-bet+ B-cells, which represent 0.1% to 2% of total B-cells, accumulate over the
lives of humans and mice, and accordingly have been termed “age-associated
B-cells” (ABCs) (164,166). These cells are also elevated in the circulation of
patients with chronic viral infections and autoimmune diseases, consistent with
their antigen-driven expansion (163,242,167). T-bet+ B-cells express the myeloid
marker CD11c, and predominantly express IgG, whereas expression of memory
B-cell markers such as CD21 and CD27, is not prominent (243,165). Although
their specificity remains largely unknown, this phenotype was recently found to
comprise the majority of B-cells specific for gp140 in chronically-infected
HIV-positive individuals (168). Consistent with the notion of a primary role in
anti-viral immunity, selective knockout of T-bet in B-cells results in severe
immune deficiency in a viral infection model (81).

We theorized that the high number of infections with RV in humans might
favor outgrowth of virus-specific B-cells with attributes similar to T-bet+ B-cells,
but which lacked cross-reactive function. To address this, we performed the first
comprehensive longitudinal analysis of human RV-specific B-cells in parallel with
anti-viral antibody isotypes, both in steady state, and during experimental
infection, using 2 different RV-A strains. Virus-specific B-cells were detected
using whole virus, in conjunction with a high-dimensional method, that enabled

the detection of subtle variations in rare B-cell types. By this approach,
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virus-specific memory B-cells were found to display two distinct signatures
consistent with LN homing (CXCR5+) and tissue homing (CXCR5-). Surprisingly,
CXCR5- memory B-cells were dual-specific based on their labeling with both
RV-A strains tested, expressed T-bet, and rapidly secreted cross-reactive 1gG,
but not IgA or IgM. Moreover, these cells expanded after infection, and sampling
of the nose during acute infection revealed tissue-infiltrating B-cells, concomitant
with rapid secretion of cross-reactive 1gG. By contrast, CXCR5+ virus-specific
B-cells were mono-specific, and secreted strain-specific isotypes that matched
those antibody profiles found later in the nose and serum.

Our findings demonstrate a pivotal role for cross-reactive T-bet+ memory
B-cells in the response to different RV-A strains, and establish distinct spatial and
temporal effector functions for discrete virus-specific B-cell types that enable
efficient clearance of different rhinoviruses during the acute phase, but narrow
protection and continued susceptibility after infection. The findings also have
broader implications for understanding the ontogeny and dichotomous functions

of tissue homing and LN homing memory B-cells.

Results

Whole Virus Detects Multiple RV-specific Isotypes
High levels of antibodies to capsid protein subunits of RV have been
reported in serum, regardless of infection status (202,215,244). Thus, the

biological relevance of such antibodies is unclear. We posited that whole virus is
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best suited to label RV-specific antibodies and identify virus-specific B-cells,
since it contains native epitopes formed by the four capsid proteins integral to the
icosahedral capsid structure. To this end, two distantly related strains of the
RV-A species, RV-A16 and RV-A39 (76% genome identity, 80% capsid protein
identity), were propagated in culture. Their structure and durability were verified
by electron microscopy (Figure 5), identity was confirmed by RT-PCR (Figure 6)
and purity assessed by SDS-PAGE analysis and western blot against the capsid
protein VP2 (Figure 7). Next, both viruses were incorporated into a novel
bead-based multiplex assay to simultaneously monitor changes in serum
antibodies specific for both RV-A strains in subjects who were experimentally
infected with either RV-A16 or RV-A39 (Figure 8). By this method, increases in
IgG, IgA, and IgM specific for the infecting strain (i.e. homotypic antibodies), were
detected in the serum 21 days after experimental infection (IgG, p<0.0001; IgA,
p<0.0001; IgM, p<0.01) (Figure 9). However, increases in antibodies to the
heterotypic RV strain were not detected, with the exception of a modest rise in
IgG (p<0.01). As expected, serum antibodies were unchanged in subjects who
did not become infected (Figure 10), and no change was observed for serum
antibodies to negative (mouse IgG) and positive (tetanus toxin c-terminal
fragment) control antigens (Figure 9). Notably, serum antibodies to the capsid
subunit, VP1, did not change after infection, indicating a lack of specificity for

virus (Figure 11). These findings validated whole virus as a biologically relevant
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target, and confirmed that IgG, IgA and IgM antibodies induced by RV infection in

the serum are predominantly strain-specific.

Dual-specific B-cells are Expanded in the Blood and Lack CXCR5

Next, to identify RV-specific B-cells, virus was tagged with fluorophore and
integrated into a B-cell surface-staining antibody panel for multi-color flow
cytometry. B-cells were first analyzed in the blood of healthy uninfected subjects
based on the premise that virus-specific memory B-cells would be detectable as
a result of previous RV exposures. We elected to analyze RV-specific B-cells in
the context of CXCRS5, a chemokine receptor that is critical to the retention of
B-cells within follicles of secondary lymphoid organs. We posited that the lack of
expression of this marker might delineate those virus-specific B-cells with a
tissue homing predilection capable of secreting antibodies at the infection site.
This was based on the following: (1) low expression of CXCR5 on antibody
secreting plasma cells, which facilitates their egress from lymphoid organs into
the blood (151,116,99); and (2) previous reports of CXCR5- B-cells with putative
tissue homing ability in chronic viral infections (160,245,165). Staining of PBMCs
with whole virus revealed that RV-specific B-cells were predominantly
IgD-negative (i.e. class-switched) memory cells, and enriched for CXCR5- cells
(~30% of RV-specific B-cells versus <3% of total memory B-cells) that expressed
higher levels of CD20 compared with their CXCR5+ counterparts (Figure 12a &
b). Analysis of total B-cells revealed CXCRS5- cells that labeled with both RV-A16

and RV-A39, whereas cells that labeled with only a single virus were enriched for
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CXCRS5+ cells (Figure 13a). This unexpected finding demonstrated the presence
of CXCR5- dual-specific and CXCR5+ mono-specific B-cell types. Within memory
B-cells, the numbers of CXCRS+ cells are typically >10-fold higher than
CXCR5- cells, and calculation of the absolute percentages of mono-specific and
dual-specific cells within memory B-cells confirmed their opposing profiles
according to CXCR5 expression (Figure 13b). Upon further inspection, 75.2% +
10.5% of dual-specific B-cells were CXCR5-, versus 23.7% = 15.6% of
mono-specific B-cells (Figure 14), while only 3.3% * 0.8% of total memory
B-cells were CXCR5-. Moreover, CXCR5- RV-specific B-cells (mono-specific +
dual-specific) comprised 5.0 + 2.7% of total CXCR5- memory B-cells, and
dual-specific B-cells were the dominant subset (3.8 + 2.0%) (Figure 15). Given
that the frequency of B-cells with a given specificity is typically less than 0.1% of
total B-cells (246—249), the relative abundance of dual-specific memory B-cells
was striking, and likely reflected expansion from previous RV infections.

To ensure that labeling of B-cells by virus was occurring via surface B-cell
receptor (BCR), and not via the major RV receptor ICAM-1, our staining method
incorporated an excess of anti-ICAM-1 antibody. However, even when ICAM-1
blocking was omitted, a lack of correlation between virus binding and ICAM-1
staining indicated that binding of virus to B-cells by surface ICAM-1 was not a
feature (Figure 16).

Next, to probe the functional relevance of a lack of CXCR5 expression on

dual-specific B-cells, the phenotype of CXCR5- and CXCR5+ cells within the
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memory B-cell compartment was compared. This analysis revealed that
CXCR5- memory B-cells expressed higher levels of the transcription factor T-bet,
the myeloid marker CD11c, and Th1-associated receptors, CCR5 and CXCR3
(Figure 17a). Moreover, these cells were predominantly 1gG+, and the
percentage of IgG+ cells was higher as compared with CXCR5+ B-cells, whereas
the percentage of IgA+ and IgM+ cells was lower (Figure 17b). Thus,
CXCR5- B-cells fit the signature of T-bet+ B-cells reported in chronic viral
infections (160,81,165,168). Such CXCR5- memory B-cells might constitute the
B-cell equivalent of an “effector memory” subset, based on their trafficking

potential and antibody profile (189,185,229).

Dual-specific B-cells Rapidly Secrete Cross-Reactive IgG, but not IgA or IgM

A cardinal feature of “effector memory” is the ability for cells to respond
rapidly upon activation. To test for this quality, and to exclude the possibility of
B-cell exhaustion, the capacity for dual-specific B-cells to secrete cross-reactive
antibodies was assessed by culturing under conditions that differentiate plasma
cells (241). Cells were FACS sorted to high purity to compare the function of
B-cells with dual-specificity versus mono-specificity. To accomplish this, B-cells
were first gated for binding of RV-A16 only, RV-A39 only, or both viruses. The
remaining non-specific cells were gated into naive, CXCR5+ memory, and
CXCR5- memory B-cell types, to give a total of six sorted B-cell populations.
Culture supernatants were collected every two days for antibody analysis.

Dual-specific B-cells predominantly secreted IgG antibodies that were
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cross-reactive for RV-A16 and RV-39, while secretion of other RV-specific
isotypes was minimal. The predominance of IgG was also a feature of
non-specific CXCR5- memory B-cells. By contrast, mono-specific B-cells
secreted strain-specific IgG, IgA and IgM antibodies, echoing the isotype profile
of non-specific CXCR5+ memory B-cells (Figures 17b & 18-20). Dual-specific
B-cells responded more rapidly than their mono-specific counterpart, based on
the detection of IgG as early as day 2 in culture, consistent with an "effector
memory" function. In addition, non-specific CXCRS5- memory B-cells
differentiated more rapidly than non-specific CXCR5+ memory B-cells under
plasmabast differentiating conditions, as judged by upregulation of CD27 and
downregulation of CD20 (Figure 21).

Weak signals for cross-reactivity were detected for mono-specific B-cells,
but for IgG only (Figures 18-20, top left panel). This likely arose from
contamination with  dual-specific B-cells. Non-specific CXCR5+ and
CXCR5- memory B-cell subsets also gave signals for anti-RV IgG and IgA
(CXCR5+) or anti-RV IgG only (CXCRS5-), indicating the presence of residual
RV-specific B-cells within these more abundant subsets (Figure 17b). As
expected, these B-cell types also secreted tetanus-specific antibodies. Taken
together, these findings established the ability for dual-specific memory B-cells to
rapidly secrete cross-reactive 1gG, and distinguished their specificity and

antibody profile from mono-specific B-cells.
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Figure 5: Purified Whole Virus is Stable and Structurally Uniform
a. Purified RV by electron microscopy at low (12,000x) magnification. b.
Purified RV by electron microscopy at high (60,000x) magnification. Scale bars

denote 500nm and 100nm, respectively.
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Figure 6: Experimental RV Strains are Genomically and Structurally Distinct
PCR analysis of strains RV-A16 and RV-A39 using strain-specific primers
for a non-conserved exon region of the VP1 capsid subunit protein. Primer

sequences are provided in Table 1.
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Figure 7: Whole Virus is Isolated to High Purity

SDS-PAGE analysis (at left) with silver staining of RV-A16 and
corresponding western blot for VP2. RV was purified from cell lysates prepared in
buffer with 0.01% BSA for virus stability, and subsequently isolated in pure PBS.
RV preparations were analyzed before (RV-unconc.) or after (RV-conc.)
concentration to confirm purity. The identity of RV-A16 was confirmed by western
blot (at right) using anti-VP2 mAb. Higher molecular weight immature
polyproteins containing uncleaved VP2 are denoted. Similar results were

obtained for RV-A39.
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SDS-PAGE: RV-A16 Western Blot: VP2
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Figure 8: Model of Experimental RV Infection in Humans
Arrows denote time points for blood draws. Blood was available on day 7

only for subjects challenged with RV-A16.
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Figure 9: Whole Virus Detects Multiple RV-specific Isotypes

Longitudinal analysis of serum antibodies specific for homotypic or
heterotypic whole virus (depending on infecting strain) at days 0, 4/5, 7 and 21
after RV inoculation (13 subjects infected with RV-A16 and 12 subjects infected
with RV-A39; n=25 for all time points, except for day 7 (n=13)). Geometric mean

+ geometric SD. **p<0.01 and ****p<0.0001 versus day 0.
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Figure 10: Serum Antibodies Remain Unchanged in Uninfected Subjects
Homotypic antibodies were measured by cytometric bead assay in serum
from 5 uninfected subjects following RV challenge. Geometric mean + geometric

SD.
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Figure 11: VP1 Capsid Subunit Does Not Detect RV-specific Antibodies
Longitudinal analysis of serum antibodies specific for RV-A16 VP1 in 13
subjects infected with RV-A16. Significance was determined by Wilcoxon

matched pairs signed-rank test. Geometric mean + geometric SD.
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Figure 12: RV-specific B-cells are Enriched in the CXCR5-neg Memory

a. Gating strategy for virus-specific B-cells showing their enrichment within
the IgD-negative subset in uninfected subjects. b. Comparison of the
percentages of CXCR5+ and CXCRS5- cells within virus-specific and total memory

B-cells. Data is representative of 6 subjects.
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Figure 13: Dual-specific B-cells are Expanded in Blood and Lack CXCR5

a. Total B-cells form uninfected subjects stained for RV-A16 and RV-A39
and colored for CXCR5 expression. Data is representative of 6 subjects. b.
Percentages of CXCR5+ and CXCR5- mono-specific and dual-specific B-cells
within total memory B-cells (CD19+CD20+IgD-) (n=6). Significance was
determined by Wilcoxon matched pairs signed-rank test. Geometric mean %

geometric SD. *p<0.05.
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Figure 14: Dual-specific B-cells are Highly Enriched in CXCR5- Memory
The percentage of naive (IgD+), CXCR5+ memory and CXCRS5- memory
B-cells within RV-specific B-cells (n=6). Significance was determined by

Wilcoxon matched pairs signed-rank test. Mean + SD. *p<0.05.
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Figure 15: Dual-specific B-cells are Predominantly CXCR5- Memory

The percentage of mono-specific and dual-specific B-cells within naive,
CXCR5+ memory and CXCR5- memory B-cell subsets (n=6). Significance was
determined by Wilcoxon matched pairs signed-rank test. Geometric mean %

geometric SD. *p<0.05.
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Figure 16: B-cell Binding of RV is Independent of ICAM-1
Total B-cells stained for RV-A16 and ICAM-1 without ICAM-1 blocking.

Data is representative of 6 subjects.
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Figure 17: CXCR5- B-cell Memory is Distinct from CXCR5+ Memory
Comparison of surface markers (h) and antibody profiles (i) of CXCR5+

and CXCR5- subsets (n=8). Significance was determined by Wilcoxon matched

pairs signed-rank test. Geometric mean + geometric SD (a). Mean = SD (b).

*p<0.05, **p<0.01, **p<0.001, ****p<0.0001.
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Figure 18: Dual-specific B-cells Rapidly Secrete Cross-Reactive IgG

Purified B-cell types were cultured for 10 days under plasma cell
differentiating conditions and secretion of IgG was assessed every 2 days. Data
is shown for the change over baseline in specific antibodies for RV-A16, RV-A39,
tetanus toxin, and mouse IgG (control) (n=6 subjects). Significance was
determined by Friedman multiple comparisons test. Geometric mean + geometric

SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 versus day 0.
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Figure 19: Dual-specific B-cells Do Not Rapidly Secrete Cross-Reactive IgA

Purified B-cell types were cultured for 10 days under plasma cell
differentiating conditions and secretion of IgA was assessed every 2 days. Data
is shown for the change over baseline in specific antibodies for RV-A16, RV-A39,
tetanus toxin, and mouse IgG (control) (n=6 subjects). Significance was
determined by Friedman multiple comparisons test. Geometric mean + geometric

SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 versus day 0.
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Figure 20: Dual-specific B-cells Do Not Rapidly Secrete Cross-Reactive IgM

Purified B-cell types were cultured for 10 days under plasma cell
differentiating conditions and secretion of IgM was assessed every 2 days. Data
is shown for the change over baseline in specific antibodies for RV-A16, RV-A39,
tetanus toxin, and mouse IgG (control) (n=6 subjects). Significance was
determined by Friedman multiple comparisons test. Geometric mean + geometric

SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 versus day 0.
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Figure 21: CXCR5- Memory B-cells Transition Rapidly Under Plasma Cell
Differentiating Conditions

B-cell subsets were sorted to high purity and cell phenotypes monitored by
multi-color flow cytometry every 2 days under plasma cell differentiating
conditions. Representative data of 6 experiments is shown for naive (green),
CXCR5+ memory (red), and CXCR5- memory (blue) B-cells. Contour plots for

each subset are superimposed for comparison.
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Dual-specific B-cells Display "Effector Memory" by High Dimensional Analysis

Our next step was to rigorously interrogate the molecular signature of
dual-specific B-cells, and test their ability to respond to in vivo infection. To
accomplish this, mass cytometry was applied to our experimental infection
model. To ensure the sensitive and reliable detection of alterations in B-cell types
during infection, including rare RV-specific cells, PBMC samples that were
enriched for B-cells, were barcoded by a novel method that combined anti-CD45
and anti-MHCI antibodies labeled with 8 different metal isotopes. Samples were
then pooled for mass cytometry analysis. This allowed all samples to be
prepared under identical conditions and run in a single experiment, thereby
minimizing batch effects that might obscure changes in rare B-cell subtypes.
Seventy samples were analyzed from 24 subjects challenged with either RV-A16
(n=13) or RV-A39 (n=11), corresponding to 3 time points (day 0, pre-inoculation;
day 4/5, acute infection; and day 21, convalescence).

By first analyzing pooled data for all subjects at all time points using
stochastic neighbor embedding (SNE) (236), B-cells were classified into 5 main
populations: (1) a major group of CXCR5+ memory B-cells; (2) plasmablasts with
low CD20 expression; (3) CXCR5- memory B-cells with high CD20 expression;
(4) a small group expressing CD20 and CD38, suggestive of extrafollicular
plasmablasts (PB-X); and (5) contaminating non-B-cells with low CD20
expression (Figure 22). A deeper clustering analysis yielded 50 phenotypes

based on differential expression of 35 markers (238,239) (Figure 23). A heatmap
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display listed markers in order of priority based on their efficiency to discriminate
phenotypes (Figure 24). Markers were selected that distinguished plasmablasts
(CD20 (low), CD22 (low), CD38 (high), CD43 (high), and CD86 (high)) from
conventional B-cells. Other markers were those expressed on cells that are
activated or found at inflamed sites (CD27, CD95, and MHCII), and those
involved in cell trafficking (integrins 1 (airway) and 37 (gut); CXCR5 and CCR7
(lymphoid organs); CCR5 and CXCR3 (inflamed airways); and CXCR4 (bone
marrow)).

Four memory B-cell clusters were identified that lacked expression of
CXCR5, which were IgG+ or IgA+, T-bet"", CD11c"", CD19"9" and CD20"9"
(#19, 20, 25 & 26) (Figure 24). Dual-specific B-cells constituted a single one of
these clusters that was IgG+ (#19), and expressed integrin 1, CCR5 and
CXCR3, and markers of activation/inflammation (CD95"", CD40"%, MHCII"").
These cells also expressed low levels of the activating receptor CD21 and high
levels of the inhibitory receptor, CD22, similar to other reports of T-bet+ memory
B-cells (160,243,168). Virus labeling was not restricted to cluster #19; however,
the algorithm assigned all other clusters a log-scaled value at least ~80% lower,
indicating much lower numbers of RV-specific B-cells within other phenotypes.
Thus, to allow assessment of CXCR5+ mono-specific B-cells, the algorithm was
modified for manually-gated RV-specific cells only, clustered on the basis of
CXCRS5 and their labeling with the two virus strains. This analysis confirmed

dual-specificity for CXCR5- T-bet+CD11c+ memory B-cells, and their enrichment
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for IgG. By contrast, CXCR5+ mono-specific B-cells were T-bet°CD11c¢® and
CCR7+, consistent with LN homing, and CD21 was a prominent feature
(Figures 25 & 26). These findings confirmed the distinctive "effector memory"

signature of dual-specific B-cells.

Dual-specific B-cells Expand After RV Infection

Next, we assessed which B-cell phenotypes were modulated during RV
infection. During acute infection (day 4/5 post-inoculation) CXCRS+ circulating
memory B-cell subsets decreased, consistent with their egress from peripheral
blood into LNs. By contrast, plasmablasts and CXCR5- B-cell subsets were
increased (Figure 27). The largest increase was observed for an extrafollicular
plasmablast subset (cluster #38, +50% change over baseline, p<0.0001),
consistent with an early extrafollicular response, given its upregulation of CD38
and residual CD20 (hence its designation PB-X) (Figure 27-29) (100). This
subset resembled an IgM+ plasmablast, except for its expression of CD20, and
displayed low expression of Ki-67, CD27, and CD71, suggesting it had recently
differentiated and mobilized, but had not undergone mitosis. This subset also
expressed B1 integrin and CCRS5, consistent with trafficking to the inflamed
airways (151,152). The next most significant cluster was an IgA+ CXCR5+
memory B-cell subset (cluster #41) which decreased by 20% (p<0.001)
(Figure 27-29), and whose change was inversely correlated with the increase in
cluster #38, indicating a coordinated B-cell response (Figure 30). IgA+ B-cells

cannot give rise to IgM+ PBs, but these acute fluxes reflect circulating CXCR5+
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memory homing to LNs, while naive B-cells receive stimulus, differentiate, and
traffic to blood. Cluster #21 was a similar IgG+ CXCR5+ memory B-cell type that
also contracted during acute infection (-17%, p<0.01). By contrast, three
CXCR5- memory B-cell clusters expanded. These included two IgG+ clusters
(#20: +15%, p<0.01; and #26: +9%, p<0.01) that differed according to their
expression of CD27, CD43, CD95, and CXCR3; and an IgA+ cluster (#25, +12%,
p<0.01). An IgA+ plasmablast cluster was also expanded at this time point (#1,
+16%, p<0.01) (Figure 27-29).

All clusters that were modulated at day 4 returned to baseline levels by
day 21. RV-specific B-cells that were "dual-specific" (#19) were the only cluster
that significantly increased at day 21 compared with day 0 (cluster #19, +23%,
p<0.001) (Figure 27-29). Further analysis of cluster #19 revealed decreased
expression of markers of tissue homing (CXCR3) and inflammation (CD27)
during acute infection and their rebound at convalescence, consistent with
egress of tissue homing B-cells from the periphery, and their subsequent return
(Figure 31). To further examine fluxes in virus-specific B-cells that may not be
appreciated by the algorithm, mono-specific and dual-specific B-cells were
analyzed within CXCR5+ and CXCR5- memory subsets by manual gating of
mass cytometry data (Figure 32). As expected, the results confirmed an increase
in dual-specific B-cells after RV infection, but also revealed significant increases
in mono-specific B-cells, when analyzed in relation to challenge with homotypic,

but not heterotypic virus. Together, the findings demonstrated highly coordinated
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responses of diverse B-cell types during RV infection, and confirmed the

response of dual-specific B-cells to heterotypic virus.
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Figure 22: B-cells Analyzed by Mass Cytometry in Experimental Infection
t-SNE distribution for total memory B-cells and plasmablasts (CD19+
IgD- cells) colorized by CD20 expression (plasmablasts (low), CXCR5+ memory
(mid), CXCR5- memory (high)) and CXCR5 expression (plasmablasts (low),
CXCR5+ memory (high), CXCR5- memory (low)). Data was pooled from 70

samples analyzed from 24 subjects.
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Figure 23: Visual Representation by t-SNE of B-cell Phenotypes Identified
by FlowSOM

Total memory B-cells and plasmablasts clustered into 50 phenotypes by
FlowSOM algorithm, and overlaid on t-SNE map. Data was pooled from 70

samples analyzed from 24 subjects.
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Figure 24: Dual-specific B-cells Display "Effector Memory" Phenotype by
High Dimensional Analysis

Heatmap of phenotypes according to expression of all markers assessed
by FlowSOM algorithm. Colors in the left column correspond to cluster
phenotypes in Figure 23. Arrowheads denote CXCRS5- memory B-cell clusters

that include a subset dual-specific for RV-A strains (cluster #19).
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Figure 25: RV-specific CXCR5+ Memory B-cells Primarily Target a Single
Strain

Comparison of dual-specific and mono-specific phenotypes within total
RV-specific memory B-cells, showing only those markers used in multi-color flow
cytometry (Figure 17). Cells were clustered solely according to CXCRS5
expression and binding of the two RV strains, to demonstrate that CXCR5+

B-cells can efficiently be segregated into two mono-specific populations.
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Figure 26: Dual-specific B-cells are T-bet+
Pooled total B-cells stained for RV-A16 and RV-A39, and colored for T-bet

expression.
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Figure 27: Discrete Circulating B-cell Clusters Fluctuate in Response to
Infection

Volcano plots showing the percentage change in B-cell clusters that were
significant during acute infection (day 4/5, n=24) and convalescence (day 21,
n=22) (p<0.05). Numerical cluster titles are generated stochastically by the
FlowSOM algorithm. Significance was determined by Wilcoxon matched pairs

signed-rank test.
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Figure 28: Change in Frequency of Selected Clusters During Infection
Cluster frequencies among total IgD- cells are provided across all time

points for each subject. Geometric mean + geometric SD indicated in red.

Significance was determined by Wilcoxon matched pairs signed-rank test.

***p<0.001, ****p<0.0001.
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Figure 29: Overlay of B-cell Clusters Related to RV Infection on t-SNE Maps
Only B-cell clusters that changed significantly (p<0.01) during infection are

shown for each time point.
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Figure 30: Expansion of Circulating Extrafollicular Plasmablasts Coincides
with a Decrease in a CXCR5+ Memory B-cell Cluster

Correlation between the percentage in PB-X (cluster #38, expanded) and
IgA+ CXCR5+ memory B-cells (cluster #41, contracted) during the acute phase

(n=24). Significance was determined by Spearman correlation.
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Figure 31: Change in the Signature of Dual-specific B-cells (Cluster #19)
During RV Infection

The MFI for each marker is shown at day 0, day 4/5, and day 21 (n=70
specimens). Arrows denote marker significance, as determined by Wilcoxon
matched pairs signed-rank test. Geometric mean + geometric SD. *p<0.05,

**p<0.01.
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Figure 32: Change in Percentages of CXCR5+ and CXCR5- Mono-specific
and Dual-specific Memory B-cells during RV Infection

Determined by manual gating (n=24). Mono-specific B-cells were analyzed
in relation to challenge with homotypic and heterotypic RV-A strains. Significance
was determined by Wilcoxon matched pairs signed-rank test. Geometric mean *

geometric SD. *p<0.05, **p<0.01, ***p<0.001.
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Early Antibody Responses to RV in the Nose are Cross-reactive, Limited to IgG,
and Coincide with B-Cell Infiltrates

To establish a role for B-cells at the site of infection, nasal biopsies were
obtained during acute infection for immunohistochemistry analysis. The results
revealed dense infiltrates of CD19+ B-cells that co-localized with virus and CD3+
T cells in the nasal mucosa of infected subjects (Figures 33-37). Infiltrating
B-cells expressed CD20, indicatihng a phenotype consistent with
CXCR5- memory B-cells, rather than plasma cells (Figure 38), although
expression of CD11c and T-bet was not detected, suggesting acquisition of a
transitional phenotype in situ (Figure 21). B-cells were absent in tissue from
healthy controls.

Analysis of nasal wash specimens obtained from infected subjects
revealed a rapid cross-reactive response that was restricted to I1gG, peaked at
days 4/5, and was followed by a 2nd peak at day 21 (Figure 39). These
antibodies matched the features of dual-specific B-cells. By contrast, increases in
strain-specific IgA and IgM were restricted to day 21, and matched the antibody
profiles of mono-specific B-cells and those in the serum (Figures 9 & 18-20).
Anti-viral responses in the nose were accompanied by weak IgG responses to
tetanus, suggesting bystander activation of tetanus-specific memory B-cells.
Surprisingly, in subjects who tested negative for RV infection, weak anti-viral IgG
responses were also detected in the nose, suggesting that viral exposure can

recruit low numbers of CXCR5- memory B-cells, without hallmarks of infection
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(Figure 40). Taken together, these findings are consistent with the rapid
recruitment of dual-specific B-cells to the nose. The differences in nasal and
serum antibody profiles suggest the division of labor between dual-specific and
mono-specific B-cells in the production of local and systemic antibodies

respectively.

Dual-specific B-cells are Clonally Distinct from Their Mono-specific Counterparts

In order to gain further insight into the features of dual-specific B-cells and
their relationship to mono-specific cells, RV-specific B-cell sutypes were purified
by cell sorting, and subjected to single-cell BCR mRNA sequencing. We
theorized that dual-specific B-cells would display high rates of hypermutation
given their ability to respond to different RV strains. As expected, hypermutation
was evident for these cells; however, it was highest for IgA+ CXCR5+ cells
(Figure 41). Since 1gG1 and IgA1 were the main subclasses expressed by
virus-specific B-cells, this likely reflects IgG1 switch to IgA1 (95), and affinity
maturation of IgA+ cells in germinal centers.

Given that clonal families of B-cells share VDJ usage, we next compared
VDJ segment usage for mono-specific and dual-specific cells. The results
revealed a high degree of divergence between antibodies expressed by
mono-specific and dual-specific cells, suggesting that dual specificity did not
arise from hypermutation of a mono-specific clone, but rather through discrete
recombination events in naive B-cells (Figure 42). Moreover, dual-specific cells

displayed reduced antibody diversity compared with their mono-specific
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counterparts. Such oligoclonality of cross-reactive B-cells may reflect the
evolution of VDJ segments that mediate binding to conserved conformational
epitopes of the viral capsid. These findings, coupled with the phenotypic and
functional attributes described herein, support the evolution of a discrete
cross-reactive tissue homing memory B-cell lineage that is rapidly mobilized and

expanded in response to different RV strains.
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Figure 33: Uninfected Nasal Biopsies Stain Sparsely for B-cells and T-cells
Immunofluorescence analysis of nasal tissue analyzed for CD19 (green),
CD3 (white), RV (red), and DNA (blue). Panel (a) was prepared without primary

antibodies. Data is representative of 5 uninfected subjects.
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Figure 34: Infected Inferior Turbinate Stains Densely for B-cells and T-cells
Immunofluorescence analysis of inferior turbinate (IT) tissue analyzed for
CD19 (green), CD3 (white), RV (red), and DNA (blue). Panel (a) was prepared

without primary antibodies. Data is representative of 5 infected subjects.
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Figure 35: Infected Middle Turbinate Stains Densely for B-cells and T-cells
Immunofluorescence analysis of middle turbinate (MT) tissue analyzed for
CD19 (green), CD3 (white), RV (red), and DNA (blue). Panel (a) was prepared

without primary antibodies. Data is representative of 5 infected subjects.
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Figure 36: Infected Nasopharynx Stains Densely for B-cells and T-cells
Immunofluorescence analysis of nasopharynx (NP) tissue analyzed for
CD19 (green), CD3 (white), RV (red), and DNA (blue). Panel (a) was prepared

without primary antibodies. Data is representative of 5 infected subjects.
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Figure 37: Infected Nasal Tissue Demonstrates Dense Lymphocytic
Infiltrates

Cell counts in nasal biopsies from infected subjects after RV challenge
and in uninfected (Un) healthy controls (5 per group). Specimens from uninfected
subjects were available for a single nasal site only. Averages for each subject
were calculated from four image locations within each biopsy. Significance was
determined by Mann Whitney ranked-sum test. *p<0.05, **p<0.01 versus

uninfected tissue.
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Figure 38: Immunofluorescence Analysis of CD20 in Nasal Biopsy
Specimens from RV-Infected Subjects

Representative images from 5 infected subjects showing co-expression of
CD19 and CD20 in infiltrating B-cells, consistent with an effector memory

phenotype. Panel (a) is presented without CD20 channel signal for contrast.
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Figure 39: Early Antibody Responses to RV in the Nose are Cross-reactive
and Limited to IgG

Longitudinal analysis of antibody isotypes specific for homotypic or
heterotypic virus (depending on infecting strain) in nasal washes during RV
infection (subjects infected with RV-A16 and RV-A39 = 13 and 12 respectively;
n=25 for all time points). Significance was determined by Wilcoxon matched pairs
signed-rank test. Geometric mean + geometric SD. *p<0.05, **p<0.01,

***p<0.001, ****p<0.0001 versus day 0.
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Figure 40: Weak IgG Responses to Rhinovirus are Present in the Nose of
Uninfected Subjects After RV Challenge.

IgG antibodies were measured longitudinally in nasal washes obtained
from 5 subjects who remained uninfected after RV challenge. Geometric mean *

geometric SD.
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Figure 41: Dual-specific and CXCR5- B-cells are Hypermutated at Similar
Levels as their Mono-specific and CXCR5+ Counterparts

Somatic hypermutation counts at immunoglobulin heavy chain loci in
FACS-sorted RV-specific single B-cells. Dual-specific B-cells were sorted as a
separate phenotype for CXCR5- IgG+ cells only. Significance was determined by
Mann-Whitney ranked-sum test. Mean £ SD. *p<0.05, **p<0.01, ***p<0.001,

****p<0.0001.
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Figure 42: Dual-specific B-cells are Clonally Distinct from Their
Mono-specific Counterparts
VDJ segment selection in mono-specific and dual-specific B-cells (734

and 180 cells respectively).
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Discussion

Here we report the first comprehensive analysis of RV-specific B-cells and
humoral immunity in humans. By assessing B-cells in parallel with antibodies of
all isotypes, we identify a pivotal role for dual-specific cells in mediating
cross-reactive responses to different RV strains in the nose. This was made
possible by using intact RV capsid to measure antibodies, and to label B-cells.
By applying a multi-faceted approach in both the absence and presence of
infection, we demonstrate that RV-specific B-cells, that cross-react with two
distinct RV-A strains, constitute a major functional subset of tissue homing
memory cells. The high number of these cells likely arises from previous RV
infections. We provided several lines of evidence to support the pivotal role of
dual-specific B-cells in the adaptive response including: (1) their ability to rapidly
secrete 1gG antibodies specific for both RV-A16 and RV-A39; (2) outgrowth
following in vivo infection; (3) a molecular signature commensurate with
tissue-trafficking T-bet+ B-cells; and (4) antibody profiles in the nose that
matched those secreted by dual-specific B-cells. The molecular characteristics of
dual-specific B-cells echo the features of RV-specific Th1 effector memory cells
previously described by our group (228,229). With this in mind, these
dual-specific memory B-cells may constitute a subset analogous to "effector
memory", which was borne out by their functional properties.

Dual-specific B-cells express receptors for ligands induced by RV in nasal

secretions, which would be expected to aid in their recruitment to the site of



147

infection (229). In the present study, the presence of dense B-cell infiltrates in
nasal biopsies, coupled with the production of cross-reactive IgG antibodies (but
not IgA or IgM) in the nose during acute infection, provided compelling evidence
for the influx of dual-specific “effector memory” cells. Moreover, the dichotomous
antibody profiles in the nose versus the serum fit with the different antibody
profiles of dual-specific and mono-specific B-cells respectively. Together, these
findings indicate a spatial and temporal division of labor between distinct
virus-specific B-cell subsets that mediate antibody responses during the acute
phase at the site of infection, and those that contribute to the systemic antibody
repertoire after virus has cleared.

The persistence of dual-specific T-bet+ B-cells in steady state, that are
poised to rapidly differentiate and secrete cross-reactive 1gG, contrasts with the
portrayal of T-bet+ B-cells as exhausted, poorly functional, or pathogenic
(243,164,165,167). This discrepancy may be explained by the ability to
re-activate B-cells upon repeated RV infections, as opposed to the induction of
B-cell anergy by chronic antigenic stimulation in certain disease settings
(163,245). Our study is not the first to define the trait of tissue homing "effector
memory" B-cells. Previous studies have referred to B-cell phenotypes as
“tissue-like memory” based on signatures of surface proteins that included the
lack of CXCRS, although features of cell trafficking and differentiation were not

elucidated (160,250,170,243).
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Expression of inhibitory receptors on T-bet+ B-cells has been interpreted
as a sign of exhaustion (160,243,168). One example is the BCR co-receptor
CD22, which was also highly expressed on dual-specific B-cells. This molecule
inhibits BCR signaling, but also has functions in B-cell homeostasis, survival and
migration (251-253). Similarly, the loss of expression of B-cell activating
molecules such as CD21 and CD27 on "tissue-like memory" B-cells has also
been linked to exhaustion based on reduced proliferation capacity, despite the
ability to secrete antibodies (245). Low expression of these proteins was a
feature of dual-specific B-cells in the present study. On the other hand, high
expression of molecules that amplify BCR signaling (e.g. CD19 and CD20) was
also a feature. With these aspects in mind, the functional relevance of inhibitory
molecules may be more nuanced in those cases where T-bet+ B-cells rely on
alternative pathways to modulate BCR signaling (e.g. TLR pathway)
(170,80,164). Regardless, when considered together, much of the phenotypic
and functional data related to T-bet+ B-cells indicates an effector function
(168,169,167). The rapid benefits of anti-CD20 therapy (rituximab) in
autoimmune disease aligns with this view. This treatment would not be expected
to ablate CD20- plasma cells, but would be expected to target CD20"" B-cells,
such as those with an "effector memory" signature. Indeed, successful anti-CD20
therapy demonstrates lasting ablation of IgD- CD27- B-cells that resemble

"effector memory" cells (254,255).
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Our study raises new questions regarding the provenance of LN homing
and tissue homing B-cells that are virus-specific, especially considering their
different specificities. One possibility is that these subsets are lineally divergent,
a theory supported by the disparate VDJ usage of mono-specific and
dual-specific B-cells. Interestingly, we identified a rare naive (IgD+ IgM+/-) subset
that was CXCRS5- and T-bet+ that would fit the profile of a precursor of "effector
memory" B-cell (Figure 43). While the dichotomy of mono- and dual-specificity is
puzzling, it is possible that the cross-reactive RV epitope recognized by
dual-specific cells, and that drives its expansion at sites of infection, is not
maintained on viral antigen that primes those B-cells in draining LNs. Variation in
the nature of antigen encountered in the tissues versus the LNs might also
explain the different antibody profiles of dual-specific and mono-specific B-cells
respectively.

The discrete antibody profiles of mono- and dual-specific B-cells were also
striking. The interferon axis in the nose would be expected to favor CSR in tissue
homing dual-specific B-cells to 1gG. In mice, IFN-y produced by T-cells induces
T-bet-dependent CSR to IgG2a in B-cells, which is the antibody subclass most
closely related to human IgG1 (161,256,176,80). On the other hand, denatured
virus within draining LNs may drive CSR to IgG and IgA in LN homing B-cells
during resolution of inflammation (79). In addition to its role in CSR, T-bet has
been implicated in regulating the balance between systemic and mucosal

antibody responses, possibly by influencing B-cell migration to tissues via
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upregulation of CXCR3 (180,256). This feature might further contribute to the
discrepancy between strain-specific antibody profiles in the serum and
cross-reactive antibodies in the nose reported here.

Importantly, our findings help to explain why humans can resolve RV
infections, but remain susceptible to re-infection throughout their lives. Adaptive
immunity to different RV-A strains is intact in all adults we have tested to date.
Beyond B-cells, circulating memory T-cells that are RV-A-specific are
cross-reactive, based on their recognition of peptide epitopes that are highly
conserved across the RV-A species (228). Repeat infections likely arise from
waning of cross-reactive B-cell responses over time, as a result of the return of
dual-specific B-cells to the circulation, spleen, or other reservoir (Figure 44).
Indeed, our data indicate that nasal B-cells are not retained indefinitely, as
evidenced by sparse B-cells in nasal tissue from healthy controls. Moreover, our
data imply that dual-specific B-cells fail to give rise to LLPCs that might provide
durable cross-protection, given that cross-reactive antibody responses in nasal
secretions did not extend to the serum. Instead, cross-reactive antibodies are
induced locally and briefly, but do not persist systemically, whereas longer lasting
narrow spectrum antibodies target the infecting strain, but do not cross-protect.
This may reflect evolution of the “ideal” relationship between host and virus that
is mutually beneficial.

Clinical observations in patients with primary hypogammaglobulinemia

provide compelling evidence of the importance of B-cells, as opposed to
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systemic antibodies, in resolving RV infections. This condition results in defects
in the production and survival of B-cells, and acute respiratory tract infections are
common. In these patients, RV was found to be the most common virus, and
positive PCR for RV, including that for the same strain, persisted for several
months, despite adequate immunoglobulin replacement therapy (257). Given that
RV-specific antibodies would be expected to be present in the immunoglobulin
treatment, owing to high rates of seropositivity to specific RV strains in the
population (~40%), this scenario highlights the inability for systemic antibodies to
clear virus in the nose, and the importance of antibodies secreted by mucosal
B-cells.

A key question remains regarding the neutralizing capacity of
cross-reactive antibodies in our system. If we consider that viral surface epitopes
involved in host-cell entry are less likely to mutate than other epitopes (208,204—
206), conserved epitopes of RV-A16 and RV-A39 might be expected to interact
with the major RV receptor, ICAM-1. Thus, we might predict that dual-specific
B-cell clones are more likely to neutralize virus than their mono-specific
counterparts. However, neutralization may be dispensable, as long as
opsonization occurs. In keeping with the capacity to opsonize virus, we have
demonstrated the ability for dual-specific B-cells, as well as their secreted
antibodies, to bind whole virus. It should be noted that the nature of neutralizing
antibodies remains ill-defined in RV infection, including their isotype. However,

knowledge of antibodies against influenza, another common respiratory viral
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pathogen, could yield clues. In this context, IgA is more cross-reactive and more
neutralizing than 1gG, primarily as a result of its more efficient secretion into the
airways, and its divalence, which enhances avidity and complex formation with
virus (258-260). Interestingly, whereas IgA outperforms IgG in neutralizing
influenza when secretions isolated from the upper airways are considered, the
reverse may be true in the lower airways during acute infection (261). Given that
influenza primarily infects the lungs rather than the nose, this would fit with a
model of rapid secretion of neutralizing IgG at the infection site by "effector
memory" B-cells. With respect to RV, a previous report noted initiation of
neutralizing activity in nasal secretions as early as 4 days post-infection, whereas
a rise in neutralizing activity in the serum required more than 7 days, consistent
with our timeline (262).

In summary, we have characterized a novel T-bet+ B-cell subset that is
cross-reactive for different RV strains. These cells respond rapidly to RV infection
in vivo, and differ from their mono-specific counterparts based on their tissue
homing potential and enrichment for IgG. Through comprehensive assessment of
antibody profiles both in vivo and ex vivo we define a role for dual-specific
“effector memory” B-cells in the induction of cross-reactive IgG in the nasal
mucosa as early as 1 day post-infection, whereas mono-specific B-cells drive
subsequent IgG, IgA, and IgM responses systemically. Such division of labor
among dichotomous B-cell types that are virus-specific provides unprecedented

insight into the B-cell response to RV.
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Figure 43: T-bet and CXCRS5 Expression in IgD+ and IgD- B-cells
Representative flow cytometry data from an uninfected human subject
demonstrating the presence of T-bet+ CXCR5- B-cells in both CD19+IgD- and

CD19+IgD+ subsets.
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Figure 44: Inmunofluorescence Analysis of T-bet+ B-cells in Spleen
Representative images from deidentified healthy splenic tissue
demonstrating nuclear T-bet and surface CD19 co-expressed on the margins of
B-cell zones (see arrows). Sections are stained for CD19 (green), T-bet (red,
purple overlay on nuclei), and DNA (blue). RBCs are unstained, but
autofluoresce intensely (white). Panel (a) is presented without T-bet channel

signal for contrast.
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Conclusions and Future Directions

We have addressed a major knowledge gap in the field of adaptive
immunity to RV by characterizing the B-cell response to infection. In particular,
we demonstrate the presence of mixed-isotype single-strain specificity in
CXCR5+ memory cells and convalescent serum, and IgG-restricted
cross-reactivity in CXCRS5- B-cells and acute nasal secretions. These results
indicate a lack of humoral cross-protection at steady state, somewhat mitigated
by a broadly-reactive localized response rapidly induced upon infection. This
begins to explain human susceptibility to repeated RV infections, which are
relatively brief, and occasionally even asymptomatic. Our most generalizable
finding going forward is novel evidence for the existence of an effector memory
phenotype in B-cells (Bem), most easily recognizable by its lack of lymphoid
homing receptor CXCRS5. By utilizing this term, we invoke the well-established
T-cell subset (Tem) that circulates through peripheral tissues and blood, rapidly
differentiating toward effector activity upon engagement with cognate antigen at
sites of inflammation. This is precisely what we observe in B-cells responding to
RV: a stably circulating population with a characteristic surface phenotype (in
several ways reminiscent of Tem), that mobilizes upon acute infection, as
evidenced by the accumulation of B-cells and secretion of corresponding
antibodies within infected nasal tissue, as early as day 1 post-infection
(Figure 45). This is in contrast to conventional memory B-cells, or, to extend our

T-cell analogy, central memory (Bcm). These cells also circulate in blood, but
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continuously traffic through lymphatic tissue and receive stimulus in LN follicles.
Our ability to link our findings in the blood with those in the nose was
strengthened significantly by the cross-reactive specificity exhibited by putative
Bem, and its absence in Bcm. At first this would seem purely fortuitous, but in
fact there is recent evidence that this may be a common feature of tissue-homing
B-cells. Prior to our work, CXCR5- T-bet+ B-cells, analogous to the Bem subset
we have defined, were described as exhausted “age-associated” B-cells (ABC),
given their inferior proliferative capacity, and accumulation with advanced age, or
else in chronic infection or autoimmunity. We acknowledge that the suggestion of
this novel phenotype and functional capability in B-cells is provocative, however,
in this chapter, we will argue in support of this notion, and propose future work to
provide confirmation and to further explore its implications for the immunology

field.

Effector Memory and Symmetry in Lymphocytes

The literature is littered with evidence indicating that ABCs are functional,
poised for rapid effector activity, traffic to inflamed tissues, and share many
mechanistic and descriptive characteristics with Tem (80,81,159-170). This work
is the first to demonstrate and synthesize all of these observations within a
unifying model, and it does so in the setting of experimental human infection.
While the theory absolutely requires confirmation through replication, and
generalization to additional models of immunization including infection (other

than RV), vaccination, autoimmune disease, allergy, and possibly even cancer, it
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would not be a surprising phenomenon if borne out. It denotes symmetry in
T-cells and B-cells, two cell-types sharing an ancient lineage. Given the
evolutionary complexity that now separates these cells, the patterns of trafficking
represented by central memory, effector memory, resident memory, and effector
cells (PCs vis-a-vis B-cells) are comparably simple, and likely predate the T-B
schism. Furthermore, the ability of B-cells to respond immediately with
opsonizing (and most likely neutralizing) antibodies and limit the spread of
infection is an advantage that evolution would be expected to conserve.
Physicists perhaps have a monopoly on the aphorism “nature loves symmetry”,
but this physical truth extends far beyond their limited purview. Although, in
fairness to physicists, life and immunity are manifestations of physics, as
quantum mechanics dictate electron orbitals, and thus molecular bonding and
biochemistry. Symmetry amplifies the applications of established building blocks
and the utility of genetically encoded information. Thus Occam’s razor may be
restated: “the most symmetrical solution is the most likely solution.” If T-bet
drives an antiviral immune program, it would do so most efficiently by initiating a
parallel program in Th1, CD8+ T-cells, NK-cells, and B-cells. CXCR3 expressed
by any of these cells is the same gene product and employs the same homing

mechanism.

Theoretical Benefits of B-Effector Memory
Arguably there is not an absolute need for Bem: B-cells are capable of

acting at a distance through immunoglobulin secretion to control local infections,
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whereas cytotoxic T-cells and NK-cells are not, as they require direct synapse
with infected cells (174,186). However, CD4+ T-cells’ immune orchestrating role
conceivably could also be restrained to endocrine function in the draining LN.
Yet, to the contrary, these cells are well known to contribute Tem that home
directly to nascent sites of inflammation, providing immediate and undiluted
support to other effector lymphocytes and phagocytic myeloid cells. No one
would dispute the value of this feature in CD4+ T-cells, and certainly the humoral
response would also benefit from such proximity. To this point, distinctions are
often made between specific antibodies and neutralizing antibodies, however,
any antibody of any affinity will neutralize at high enough concentration. The RV
capsid is a 60-mer of VP1-4 complexes (~100kD total, each), and thus might
contain up to 60 binding sites for a single antibody clone, if we assume one
epitope per monomer subunit (though as few as 12 sites at five-fold vertices). If
60 sites were occupied, given sufficient IgG concentration, the opsonins would
total ~10MD, while the capsid itself would be a mere ~6MD, and thus
neutralization would be a foregone conclusion. Bem offers both immediacy and
many orders of magnitude higher concentration of antigen-specific antibodies at
the site of infection, where effector activity is most vital. The restriction on
pathogen outgrowth would no doubt be profound, compared with the lack of this,
albeit theoretical, B-cell subset. However, as above, all the requisite pieces of
immune machinery are present, and the T-cell analog exists; if Bem are not

present in humans (or mice), the most likely explanation is that they were not
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preserved by evolution. Perhaps we should be asking why we never appreciated
their contributions previously, and, more pointedly, why we neglected to look for

them.

Evaluating the Practical Role of B-Effector Memory

While we may freely speculate at the value of Bem, given the clear
advantages they would ostensibly confer, ultimately it will be necessary to more
rigorously test their importance in immunity. Studies in human patients lacking
B-cells and receiving passive humoral immunity via transfusion demonstrate
chronic viral infections, including RV, that are absent in healthy, B-cell competent
individuals (257). This is highly consistent with a role for Bem in clearance of
infection. However, these subjects also lack what we might call “central memory”
B-cells (Bcm or conventional, lymphoid-homing memory). Thus, their infections
do not receive an influx of Bem immediately upon infection, but they also do not
receive lymphoid-derived humoral immunity beginning a week later. Further work
is needed to elucidate the distinction between central and effector memory
B-cells. It is wunlikely that naturally-occurring human genetic variants
(spontaneous knockouts) will be informative in this regard. Similarly, while there
are a variety of human conditions (particularly cancer and autoimmune disease)
wherein treatments effectively knock out B-cells by targeting CD19 or CD20,
these too will not suffice, as they ablate Bem as well as Bcm. In light of these
limitations, it will be necessary to pursue murine models of infection, which

regrettably will not make use of ICAM-1-tropic strains of RV (such as RV-A16
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and RV-A39), as they infect humans exclusively. RV strains tropic for the
LDL-receptor are a possibility, however (263). Also Coxsackie viruses, which are
closely related to RV (picornavirus family, enterovirus genus) have been applied
to mouse models of infection and immunity (219). Given the drastic change of
model, it will first be necessary to confirm in mice all of the observations made in
this work. ABCs are documented in mice, and it is reasonable to suggest that
T-bet+ B-cells in mice function equivalently as in humans, but there must be
verification that the murine infection successfully generates functional Bem,
before these cells are further probed in that context. Provided the mouse model
of serial RV or Coxsackievirus infection demonstrates the outgrowth of Bem after
primary infection, and rapid localization and IgG secretion in infected tissue after
secondary infection, novel experiments may be undertaken. ldeally, this model
will also allow for antigen-specific B-cell labeling, as demonstrated herein, with
whole capsid, tagged fluorescently or otherwise. The expansion of Bem in mice
may be quite profound given their relatively pathogen-free environment, and, in
this case, antigen labeling may not be necessary. However, if mice, as humans,
have a considerable circulating cohort of Bem at baseline, antigen-specificity
may be crucial to identify responding cells. At this point, establishing the relative
importance of Bem and Bcm should be straightforward. Virus-specific (or bulk)
Bem and Bcm will be sorted from mice previously infected one or more times.
These cells will be transferred separately (and both or neither as controls) to

congenic naive animals to be subsequently infected. This also presents an
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opportunity to test the dependence upon memory CD4+ T-cells, which could be
transferred in parallel. Bcm are likely to depend upon Tcm, but it is an open and
intriguing question whether Bem depend upon Tem. Both cell types are clearly
present in the nasal biopsies we collected from RV-infected human subjects, but
this does not necessarily imply immune synapse and T-dependent B-cell
activation. Control of viral growth should be assessed by qPCR of infected
tissues and animal health by weight loss and survival. Infectious doses of virus
may need to be titrated to reveal measurable health effects. Alternatively, the
model may require a more virulent pathogen. By all readouts, however, our
hypothesis is that Bem is more important for early clearance and acute-phase
wellbeing than Becm. Given literature tracking the outgrowth of PCs from GCs and
the concordance in our own data between Bcm specificity and serum antibodies,
we expect that Bcm, is likely instead crucial for production of bone
marrow-resident LLPCs and subsequent protection from initiation of infection
upon future exposure (21,27-29,51,151). Still, the relationship between PCs
within various anatomic niches should be tested for their differential derivation
from Bem or Bcm. This could easily be determined from a congenic transfer

model, as described above.

Association of Specificity and Phenotype
One curious finding of our work is that Bcm and Bem largely target distinct
RV epitopes, the former being strain-specific and the later cross-reactive. This

may be a unique peculiarity of human RV infection, but the immunological
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mechanism accounting for it is likely broadly applicable, even if it does not
always result in such stark dichotomous specificity. The essential question this
observation poses concerns the state of antigen draining to LNs, and how it
varies from native antigen at the site of infection. Our data suggest that the
cross-reactive epitope between RV-A16 and RV-A39 may be compromised by
the time viral protein reaches a lymphoid follicle, having drained passively though
lymphatic vessels, or having been carried actively by a DC. This is difficult to
probe because the same antigen may be present in both locations, even
proteolytically intact, while its conformation may be altered. Methods will require
preservation of tertiary and quaternary structure in protein gathered at either
location. One simple approach in mice (as above) would be to purify RV or
Coxsackievirus from infected tissue and from the draining LNs by the same
density gradient approach used to harvest RV from HelLa cells (232), and then to
quantify by gPCR. Alternatively, homogenized tissue could be used in a plaque
assay to determine the presence of viable virus. Based on the narrow specificity
of Bcm, our expectation would be that intact virus rarely migrates to the LN,
however, if it is found there, another possibility is that it is infecting DCs or some
other draining cell. This notion is consistent with our finding that some
RV-infected cells in our biopsy samples are weakly CD11c-positive, though their
precise identity and trafficking pattern are unknown (Figure 46). While this may
at first appear as a negative outcome for the host, it is possible that such

infection is the most efficient mechanism to provide antigen to central
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(LN-resident) lymphocytes, allowing their eventual outgrowth and production of
Teff and PCs to induce late clearance and long-term protection. Other possible
assays would involve harvesting supernatants from homogenized infected tissue
and LNs. These would be run on native gel and blotted, or coated on ELISA
plates, to be detected with immunoglobulin harvested from plasmablast
differentiation cultures of Bem and Bcm, as performed in this work. Here we
might expect antibodies derived from Bem to demonstrate augmented binding to
samples derived from infected tissue, and Bcm to favor lymphoid antigen.

One theory to account for the discrepancy in specificity between Bem and
Bcm is a temporal shift between disrupted antigen and intact viral capsid flowing
to the GC, the latter of which could be sourced from infected cells in the LN, as
suggested above. Early in the infection, only opsonized fragments flowing
through lymphatic vessels may reach the LN, but this supply of protein may shift
toward whole virus if LN-homing cells become infected and begin releasing intact
viral particles before the GC has run to completion. This hypothesis is consistent
with a study of influenza vaccination which compared the IGH gene sequences of
memory B-cells (Bcm) and ABCs (in this case, “activated B-cells” but
phenotypically consistent with our Bem) (264). Here the authors found a temporal
untethering of immunoglobulin heavy chain sequence families between memory
B-cells and ABCs, which was profound in the first two weeks, but faded away in
the coming months as memory B-cells and ABCs looked increasingly similar and

clonally related. Their interpretation was that ABCs lose their activation status
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over time and become conventional memory B-cells. It is difficult to compare our
data to theirs, given the incongruence in experimental models and time points,
but both of our studies may be consistent with other work demonstrating that
memory is first to leave the GC and PCs are last, and that each have divergent
specificities (138,139). Logically, Bem may form sometime in between, and thus
if the quality of antigen was changing over the course of that period, it could
affect the specificity of PCs versus Bem versus Bcm. Further studies might
address this question, as above, by harvesting supernatants from LN
homogenates at various time points across infection, and assaying by qPCR,
native gel blot, or ELISA.

Once Bem are established, it is possible that they maintain their
population by forming local GCs in respiratory tissue in the setting of infections.
This is consistent with our biopsy results, which demonstrate dense infiltrates of
both T-cells and B-cells (Figures 34-37). It is also consistent with a murine
influenza study finding that cross-reactive B-cells are highly enriched in lung
tissue compared with LN and spleen (265). These dual-specific B-cells persisted
in the lungs for at least 2 months post-infection, and could be found in GC-like
structures. When GC clonal selection was analyzed in each site, it was found to
vary significantly between lung and lymphoid tissue. These results again argue
for the presence of distinct viral antigen at the site of infection, compared with
draining LNs. In this case, the authors maintain that antigen persists longer in

lung tissue than in lymphoid tissues, and that this extended period of GC



167

competition promotes the development of cross-reactivity. Certainly it should
increase affinity for the infecting (homotypic) strain, but we are somewhat
skeptical that time alone would augment cross-reactivity because protracted
SHM could just as easily diminish affinity for homologous, but structurally distinct
epitopes on the heterotypic strain. However, the idea of transient tertiary
lymphoid centers within infected tissue is highly intriguing, and could help to
explain the specificity of Bem, particularly if it is found that intact virus does not
appreciably migrate to LNs at any time point. This histological finding should be
confirmed in a murine model of RV or Coxsackievirus, and the prevalence of
cross-reactive RV-specific B-cells should also be determined in freshly excised

human tonsils or adenoids, given their respiratory/lymphoid hybrid nature.

Association of Specificity and Isotype

Although we demonstrate a trend in Bem toward cross-reactivity and Bcm
toward mono-strain specificity, these are not mutually exclusive. The more
absolute rule, however, is for cross-reactivity in IgG+ B-cells, and its absence
with other isotypes. This is apparent in our assays of plasmablast differentiation
culture supernatants and in nasal washes. Lack of cross-reactivity in B-cells with
isotypes other than IgG is particularly notable, given the presence of naive cells
found to bind both RV strains. This suggests that when dual-specific B-cells are
activated, it is in the context of signals that strongly induce CSR to IgG. This is
precisely what ought to happen under the control of a Th1 anti-viral response, but

it is impressive how consistent CSR to IgG is for dual-specific B-cells
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(79,81,165). This finding is consistent with the theory above that only certain
B-cells come into contact with whole virus, which would contain both the
cross-reactive capsid epitope and viral RNA. Such B-cells binding intact virions,
upon internalization of those viral particles, might receive innate TLR-derived
signals from the viral RNA. RV RNA would most likely signal through TLR-7,
which is known to activate pre-established T-bet+ B-cells (80,164,167).
Unmethylated DNA, another viral DAMP, while not present in RV, has been
shown to induce T-bet expression in B-cells via TLR-9, and it is likely that TLR-7
is capable of functioning the same way (162). Again, if there were a temporal
switch in quality of antigen flowing to GCs, early draining material may
simultaneously lack the cross-reactive epitope as well as the IgG- and
T-bet-inducing viral RNA. As a first step toward establishing a role for the RNA
genome in inducing the Bem phenotype, it would be worth confirming the reports
of T-bet induction and CSR to IgG in B-cells using TLR-7 ligands (e.g.
resiquimod) in place of CpG (the TLR-9 ligand used previously). Next, as a more
complete experiment, naive human B-cells should be in vitro co-cultured with
RV-specific CD4+ T-cells using various antigen preparations including whole
virus (with intact RNA), whole virus lacking RNA, fractionated virus with RNA,
and fractionated virus without RNA (266). T-cells would be gathered by sorting
for Tetramer labeling, as previously established in our lab (228,229). RNA would
be removed by digestion with benzonase (nuclease). Our hypothesis in this case

would be that B-cells are induced to expand, differentiate, and secrete when



169

stimulated with all forms of RV antigen, but that when viral RNA is present, CSR
is fairly uniform to IgG, whereas it might be more mixed with IgM and IgA
otherwise. Furthermore, dual-specific B-cells should only grow out when whole
capsid is present. It is important to remember here that fractionated virus with
RNA is an unphysiological control condition; naked RNA would not be expected

to survive long in vivo, as it drains through lymphatic vessels.

T-Helper Skewing Applied to B-Effector Memory

In arguing for effector memory parallels between T-cells and B-cells, we
have a major problem with our theory in that CD4+ Tem come in a variety of
subtypes: Th1, Th2, Th17, etc. While B-cells do as well, in the form of isotypes,
we are arguing that T-bet both drives the Bem phenotype as well as 19G. Thus
Bem are necessarily Th1-skewed by our argument. This may be the case, but it
seems more likely that Bem can exist with other isotypes, and driven by other Tfh
subtypes (Th1-like/lgG, Th2-like/lgE, Th17-like/lgA) (79). A subset of Bem is
IgA+, but it is not clear whether this indicates Th17 skewing in its GC of origin, or
simply that IFN-y-driven CSR to IgG makes occasional errors. By sole virtue of
the elegance of symmetry, we are in favor of Bem existing with equivalent
diversity as exists in T-helper cells. It could easily be that Bem type-1 is just the
most prevalent phenotype, as Th1 is among CD4+ T-cells. Also, our viral model,
by definition, favors type-1 responses, potentially blinding us to others. It would
be convenient if T-bet clearly induced either an effector memory homing

phenotype, as in CD8+ T-cells, or a type-1 (IgG1) skewing phenotype, as in
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CD4+ T-cells, but it seems to do both. Thus it is difficult to separate our variables.
Notably, within our own data, we detect a tetanus-specific IgG signature in Bem
plasmablast differentiation cultures and in nasal washes during RV infection,
suggesting that even the Th2 adjuvant, alum, induces type-1 Bem. Certainly we
are open to a breakdown of symmetry, but it will be worthwhile to probe
tissue-homing B-cells in other inflammatory contexts before dismissing the
possibility of the type-2 (Th2-induced, IgE+) or type-3 (Th17-induced, IgA+) Bem.
Since the most basic definition of effector memory has nothing inherent to do
with T-bet or IgG, only tissue-trafficking and rapid immunoglobulin secretion, we
propose further mouse experiments immunizing with adjuvants known to induce
Th1, Th2, and Th17 responses (e.g. KLH+NP with CpG DNA, alum, or flagellin,
respectively) (267,268). Circulating NP-specific B-cells should be phenotyped
(with particular attention to CXCR5 expression) prior to and after serial
immunizations, and the site of immunization should be assayed by fluorescence
microscopy and enzymatically digested for further flow cytometric analysis.
Ideally these experiments would be carried out in a variety of locations and tissue
types to determine whether those have any bearing on Bem phenotypes. In
addition to our upper-respiratory data, previous work suggests that a Bem-like
response may be elicited in the lung by influenza infection, but this should be
confirmed (261). Here we expect that CXCR5-negative memory B-cells will be
induced, and that these will traffic to site of immunization upon re-exposure. It is

difficult to imagine, however, what the detailed phenotype of these cells might be
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when stimulated with Th2 and Th17 adjuvants. Certainly we expect Th17 to elicit
IgA, but this may be heavily dependent upon the site of immunization (79). After
all, IgA would seem to have evolved more specifically for mucosal surfaces than
for particular PAMPs, though these factors are not entirely disentangled from one
another, as pathogens often demonstrate strong preferences for anatomical
niches. IgE is also difficult to predict, given that its expression as a membrane
bound BCR is intrinsically pro-apoptotic, which explains the effective absence of
IgE+ memory cells in circulation (269,270). Still, short-lived IgE+ Bem would
present a fascinating result, and their detection may require a high-frequency

repeat immunization schedule, with close attention to early time points.

Induction of B-Effector Memory

While the theory above that Bem arise midway through a GC response
satisfies many of our observations, as well as those of others, it does not account
well for the existence of IgD+ B-cells lacking CXCR5 and expressing T-bet
(Figure 43). If these are indeed GC-experienced cells, they would be expected to
have undergone CSR, although this is not an absolute requirement
(68,69,101,102). Still, we should consider other more likely possibilities than a
GC origin. One option is that these are the result of an extrafollicular response,
and that they did not receive adequate CD40L, IL-4, and IL-21 to undergo CSR.
Alternatively, they may represent T-independent responses, which are similarly
less prone to CSR. This could occur by either of the two routes: type 1 with

activation through an innate PAMP receptor (e.g. TLR), or type 2 with massive
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crosslinking of BCR by a highly repetitive antigen (54,60). These mechanisms
could be easily tested in vitro, and supplementation with IFN-y may be required to
elicit T-bet. It would also be interesting to determine if SHM rates in these cells
differ from other IgD+ true naive B-cells, where it is essentially absent. Given the
lack of CSR, and the interrelation of these processes through AID, it would be
surprising if SHM were elevated. Additional comparisons should be made
between IgD+ “Bem” and naive B-cells, particularly encompassing in vitro
activation and immunoglobulin secretion. If these cells are previously activated,
they should initiate secretion more rapidly than true naive cells, and there would
likely be some disparity in their rate of surface phenotype differentiation, as well.
A final possibility is that T-bet+ CXCR5- B-cells are a pre-existing lineage prior to
any engagement with antigen or activation event. This would be difficult to verify,
given the complex lives of lymphocytes, and the activation events that
necessarily occur en route to maturity, but a simple approach would be to
evaluate bone marrow for T-bet expression and determine its presence in
immature B-cells. We do not favor this possibility, but it should be considered.
Setting IgD expression aside, a theory that dominated the early ABC literature
was that T-bet+ B-cells were the exhausted products of repeated stimulation
(160,170,245,250). Though it seems unlikely, given more recent reports pointing
to roles for TLR signaling and T-cell-derived IFN-y, this hypothesis should
nevertheless be tested (80,81,163,165,167-169,242). Human B-cells could be

stimulated in vitro under culture conditions favoring memory expansion (rather
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than PC differentiation), and the expression of CXCR5 and T-bet could be
assessed for the outgrowth of a Bem phenotype (271-273). In parallel, murine
congenic virus-specific Bcm could be transferred to naive mice and tracked upon
repeated challenge. Maintenance of phenotype or conversion to Bem could

inform the influence of chronic activation on Bcm stability.

B-Effector Memory in Tissue and Beyond

Many questions remain unresolved concerning the nasal biopsy samples
collected from infected subjects. We are extremely curious about the RV-infected
cells that sit interspersed among the responding lymphocytes. The cells staining
positive for RV have so far defied clear staining with all T-cell, B-cell, and myeloid
markers that we have attempted (CD11c is questionable, Figure 46).
Unexpectedly, the RV staining of epithelial cells is mild in comparison. The
cytoplasm of these RV+ cells appears thick with viral antigen (capsid subunit
VP2, specifically), suggesting genuine infection, rather than simple endocytosis.
This relates to our hypothesis above about supply of intact capsid to LNs; if these
cells drain through lymphatic vessels, they may explain the temporal shift in
specificity between Bcm and Bem. Given our failure so far to identify these cells,
taking a step back and attempting basic CD45 staining seems appropriate.
Another method that would help in identifying these RV-infected cells, as well as
further confirming the Bem phenotype of the B-cells infiltrating infected nasal
tissue, would be to enzymatically digest and homogenize freshly biopsied tissue,

rather than subjecting it to formalin fixation. Unfixed cells could be stained for



174

cytometry, allowing the use of our expansive panel of phenotyping antibodies.
Though it may be below the limit of detection for fluorescence microscopy, day 4
differentiated Bem may still express residual T-bet and CD11c, and this may be
appreciable by cytometric analysis. Furthermore, fixed samples are not
amenable to staining cells for IgG, given that by day 4 of RV infection, secreted
IgG thoroughly coats the tissue, and B-cells do not stand out above background
signals. Digested tissue evaluated by cytometry could confirm whether infiltrating
B-cell are exclusively IgG+, or if the representation is more mixed, and perhaps
IgD+ Bem (as above) are present. Mitotic markers such as Ki-67 will also be
informative when considering the origin and expansion of Bem, Extending biopsy
time points would also help to determine what becomes of these cells after the
resolution of acute infection. From in vitro stimulation experiments, we expect
that many Bem differentiate toward a PC phenotype, but in vivo this may not be
the case, or it may only be reflective of a subset of the infiltrating cells. Another
possibility is that after PC differentiation and secretion of cross-reactive 1gG,
these cells de-differentiate and resume their Bem phenotype. An analogous
process has been proposed in T-cells, with Teff surviving contraction to supply
the Tem pool (274). Pursuing the ultimate fate of tissue-trafficking cells will likely
again require an animal model, however. To this end, we envisage a
photoactivatable approach wherein Bem responding to rechallenge with virus or
other immunogen (e.g. NP-KLH) at an accessible site, such as the murine ear,

are photolabeled. Such cells could then be pursued for their eventual phenotype
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in circulation or in LNs. We were at first surprised by our observation that
stimulated Bem temporarily upregulate CXCR5 before assuming a PC
phenotype, however, given that leukocytes are not known to traffic into blood
vessels, other than in the unique context of the thoracic duct, the lymphatic route
may represent the only way back into circulation for effector memory. Indeed,
Tem are known to recirculate from peripheral tissue via lymphatic vessels by
re-expressing CCR7 (275-277). Alternatively, CXCR5 may aid Bem in localizing
with Tem within inflamed tissues. Its ligand, CXCL13 may be secreted directly by
Tfh-like Tem or by myeloid cells orchestrating that interaction; both cell types are
known to perform this function (25,99,278,279). This also suggests further
avenues for determining the T-cell dependence of Bem, given that this interaction
could be restrained in vivo, either by directly blocking synapse or by inhibiting

trafficking patterns.

Harnessing B-Effector Memory

From our data relating to tetanus and others’ to influenza, it does seem
that Bem are induced by vaccination (including inactivated formulations), but
some analysis of the expansion of Bcm and Bem should be performed to
compare the differential effects of infection, live-attenuated vaccines, and
inactivated vaccines (264,169). Specificity will be of particular interest, given that
one would expect the antigen binding of Bcm and Bem to be more uniform with a
cross-linked target that should be conformationally identical in immunized tissue

as in the draining LN. This could help to confirm above theories of differential
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antigen quality and access between B-cell memory subtypes, given that no such
temporal or spatial disparity should occur in this setting. As previously, the
expected province of Bem is clearance of infections, not necessarily prevention,
so this phenotype possibly becomes less important with pathogens that cause
lifelong disease, such as HIV. Alternatively, because Bem are hypothesized to be
less dependent upon T-cell help than Bcm, they may play an important role in the
initial control of HIV and prolonging latency. Their expansion in HIV is well
appreciated, but this has not been compared with health outcomes
(160,168,170,250). Testing this will require a primate model, and should be
extended to studies inoculating with recombinant cytomegalovirus that protects
against simian immunodeficiency virus (SIV) exposure by incorporating
immunogenic SIV epitopes (280). HIV aside, Bem ostensibly presents the
greatest benefits in reducing the duration and extent of infections that humans
regularly clear, but nonetheless cause significant morbidity and mortality.
Depending on the results of mouse experiments described above, evaluating the
respective contributions of Bcm and Bem, vaccine strategies may be enhanced
by favoring the outgrowth of Bem, or by increasing their longevity. Though alum
seems reasonably conducive to tetanus-specific Bem, given our in vitro
stimulation and nasal wash data suggesting anti-tetanus IgG secretion by Bem, it
will be valuable to compare the effects of various adjuvants in a murine model,
particularly those that favor a Th1 response, as proposed above. Lastly, given

the putative role for Bem in causing autoimmune pathology, studies of the
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alleviating effects of TLR inhibitors in such diseases should expand their scope to
include Bem (281). Ablation of ABCs individually, upon total B-cell ablative
treatment, is known to correlate with improved remission outcomes, but such
aggressive treatment leaves patients severely immunocompromised (254,255).
Blocking the DAMP-dependent activation of Bem may provide more narrowly

targeted, yet efficacious therapy.

Humoral Immunity to Rhinovirus

While the implications of Bem are highly generalizable, it is worth
considering the individual context of RV infection, given that it is the primary
concern of the Woodfolk lab. Reflecting on our initial thoughts going into this
work, we had surmised the presence of an inherent defect in the humoral
response to RV that could account for the repeated infections to which humans
are subject. In particular, we theorized that when a subject is reinfected with a
heterotypic strain of RV, cross-protective Tfh-memory cells might be
monopolized by the dominant reservoir of memory B-cells expanded at the
previous infection. Such B-cells, we imagined, would largely be of low-affinity or
non-neutralizing with respect to the new viral strain, and might block access to
Tfh-cells for higher-affinity memory and naive B-cells that are relatively scarce.
There was also widespread evidence in our field to suggest that most individuals
produce high levels of antibodies against a buried RV epitope on the VP1 capsid
subunit protein N-terminus that is unexposed on live virus (202,215,216,282).

Thus, we further conjectured that when a subject is reinfected with RV, the early
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response might be dominated by B-cells expanded at previous infections, which
target this “decoy” epitope on dead virus. The VP1 N-terminus is highly
conserved, and we expected B-cells targeting it to be cross-reactive. Alas, these
would succeed only in opsonizing broken, inactive viral particles, and might block
access to Tfh-cells for scarce memory and naive B-cells with neutralizing
potential. However, in light of our data presented herein, it seems that rather than
the VP1 N-terminal “decoy” being the object of misguided B-cells, it was the
research focused upon it that was misguided. Our work instead supports the idea
that antibodies binding this motif do so through a nonspecific interaction resulting
from its hydrophobicity. Our own experience and others’ (unpublished) suggests
that monomeric VP1 is a poorly soluble protein, highly prone to aggregation, and
this precisely reflects the hydrophobic quality that leads to nonspecific binding of
immunoglobulin. Furthermore, our bead-based immunoassay demonstrated
marked increases in serum antibodies against intact capsid after RV infection,
but detected no such change with respect to VP1. This indicates that the
changes in serology brought about by the humoral immune response against RV
have no relationship to the VP1 monomer, which appears to bind antibodies in a
non-specific fashion. Indeed, the publications touting the high antibody binding
capacity of VP1 failed to demonstrate change in binding across infectious time
points, consistent with our findings (202,215,216,282). Their data is intriguing in

that asthmatics have higher levels of binding than controls, but this may reflect
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the properties of serum of allergic asthmatics that makes antibodies more prone
to bind non-specifically in solid phase assays.

Another goal of ours was to detect cross-reactivity, which we succeeded in
doing. As discussed at length, there is quite a bit of nuance to this observation,
as cross-reactivity was heavily enriched in a B-cell subset highly consistent with
effector memory. The consequence of this distribution of specificity is that
cross-reactivity is exclusively within the 1gG isotype, and is primarily expressed at
the site of infection, rather than systemically. Lastly, overall we did not see
evidence of original antigenic sin. Conventional B-cell memory and naive cells
responded as expected to novel strains with mono-strain specificity, and we did
not observe heterotypic responses in mono-specific B-cells. Heterotypic signals
were largely confined to dual-specific Bem, and were the result of balanced
cross-reactivity, with no reason to doubt the neutralizing or opsonizing capacity
for either viral strain. Thus, if a B-cell defect exists, it is the lack of cross-reactivity
in Bcm and in IgA. Bem seems well equipped for clearance, but its effect appears
only temporary. If cross-reactive Bcm could accumulate and predominate over
the course of many discrete infections, cross-protective LLPCs might develop.
Given that Bem represent a novel concept, there is cause to question dogma
dictating that LLPCs are primarily Bcm derived. However, this notion conflicts
with our own results indicating a lack of cross-reactive serum antibodies
(Figure 9), and with numerous studies linking LLPCs to lymphoid GCs (283-

286). The most likely explanation is that while RV-specific Bem efficiently
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generate PCs, these traffic to respiratory tissue, an environment much less
conducive to longevity than bone marrow (29,148-150). Furthermore,
RV-specific Bem would be expected to produce almost exclusively 1IgG+ PCs.
Compared with IgG, IgA has shown greater capacity for neutralization, given its
divalence and mucosal secretion efficiency (259-261). Thus, broadly protective
cells are two steps away from reality: Bem, while in some ways exciting, are the
wrong phenotype and the wrong isotype. We could envisage a highly artificial
scenario wherein IgA+ Bcm are engineered with immunoglobulin genes isolated
from Bem, but hopefully the experiments proposed above will provide
alternatives to such a heavy-handed intervention by elucidating the mechanisms
by which Bcm and Bem are created, and how their specificities develop. The
ultimate goal remains a fairly traditional vaccine model, but will require the

appropriate antigen, adjuvant, and delivery, to be determined by future work.

B-Effector Memory and Rhinovirus

Many questions remain concerning the unique role Bem seems to play in
RV infection and clearance. The issue of neutralization is foremost, though as
discussed earlier, any antibody at sufficient concentration to enforce saturation of
a viral capsid with icosahedral symmetry should neutralize. Given that there is no
objectively appropriate immunoglobulin concentration to test neutralization, such
assays are somewhat meaningless. We fully expect the antibodies secreted by
Bem are instrumental in clearance of multiple RV strains, which is consistent with

the mild course most infections take. Moreover, there is some evidence that RV
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infection is frequently subclinical, without sufficient symptoms to alert the host,
and Bem may explain this phenomenon. In our own study, subjects who failed to
become infected (negative seroconversion and viral culture/PCR at day 1
post-inoculation) nevertheless demonstrated cross-reactive nasal IgG secretion,
indicative of Bem activity. It would be a simple matter to apply cellular analysis to
such subjects. We strongly suspect that resistance to symptomatic infection may
correlate with Bem frequency. While this arguably conflicts with our stated
opinion that Bem are more important for clearance than for prevention, it is
important to note here that subclinical infection and early clearance, in the
strictest sense, still represent affirmative infection. It would certainly be
worthwhile to explore time points prior to 1 day post-infection for nasal biopsies
and washes. Bem may become active even within hours of exposure.

Another important step will be to establish the extent of cross-reactivity in
Bem, particularly with minor group RV-A strains using the LDL-receptor to infect
host cells, and also with RV-B and RV-C family viruses. It would be highly
surprising if viruses using entry receptors other than ICAM-1 could be targeted by
the same Bem cells highlighted by our study, given that receptor binding epitopes
are by far the most likely to be conserved and cross-reactive. Even if Bem are
not pan-RV-specific, there are roughly 100 major group RV-A strains, and
simultaneously targeting all or most of those would be an impressive feat (1).

Furthermore, there may be other Bem cells that target RV-B or RV-C broadly.



182

These questions can be answered using the same methods developed for the

work herein.

Rhinovirus, B-cells, and Asthma

Finally, a major focus of our lab is determining why asthmatics suffer
increased morbidity (and occasional mortality) from RV, and future work will
consider this. Essentially our full analysis should be repeated in asthmatic
subjects, with particular consideration for disparities between their responses and
healthy controls. Given that asthmatics are known to generate increased
frequencies of PC effectors, we are curious to see if their Bem responses are
also augmented. Certainly this is the trend in lupus, which is known to share
many mechanistic qualities with allergy, though of course targeting a very
different class of antigens (161,163,167,242). Prior to pursuing this considerable
undertaking, however, several pieces of data we have already collected are
informative. For one, according to our bead-based immunoassay, asthmatics
produce RV-specific IgE in their serum after infection, whereas healthy control
subjects do not (Figure 9 and 47). This alone could account for increased mast
cell- and basophil-mediated symptoms after infection. On a related note, we
register a strong bystander response against tetanus in nasal washes, which
likely extends to a host of allergens and nasal bacteria (287). Benign
environmental or commensal antigens that are chronically present will lead to
symptoms, provided increased specific IgE secretion; this is the very definition of

allergy. We have not confirmed IgE+ Bem, but this is a strong possibility,
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particularly when considering allergic or asthmatic subjects. Just as it has been
enlightening to determine the phenotypes of RV-specific B-cells, a similar
approach considering allergen-specific cells would be valuable, and in asthmatics

we expect to see Bem specific to allergen, as well as RV and tetanus.

Summary

We have demonstrated the presence of rare dual-strain rhinovirus-specific
B-cells universally circulating in adult human subjects, which expand following
resolution of RV infection. These cells exhibit an IgG+ T-bet+ phenotype
consistent with published accounts of “age-associated B-cells”, and additionally
lack CXCRS5, indicative of peripheral tissue-homing. In contrast, we detected
CXCR5+ memory cells of all isotypes with single-strain RV-specificity. Supporting
the proposed localization of the T-bet+ cells, we found B-cell bodies and
cross-reactive 1gG at acute time points in nasal biopsies and washes,
respectively, from human subjects experimentally infected with RV. Serum
antibodies were not detected until convalescence, and were single-strain specific
and of mixed isotypes, matching CXCR5+ B-cells. Analysis of memory B-cell
subsets in vitro demonstrated that CXCR5- B-cells secrete immunoglobulin more
rapidly upon stimulation than CXCRS5+ B-cells. Taken together, these findings are
highly suggestive of the existence of dichotomous memory B-cell types, as
previously established in T-cells. T-effector memory is known to contribute to
early control of infections by trafficking directly to sites of inflammation and

rapidly initiating immune effector functions. Thus, a novel cross-reactive
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B-effector memory cell type, coupled with a lack of cross-protective serum
antibodies may explain the long documented phenomenon of frequent RV
infections with rapid clearance in humans. Beyond shedding light on the nature of
adaptive responses to RV, this also presents new questions relating to the
origins of B-effector memory and its cross-reactive specificity. If this phenotype
and its proposed capabilities are confirmed, there will be broad implications for
the field of immunology. It will suggest new strategies for vaccination, as well as
for treatment of autoimmune disease, and will challenge established dogma
concerning the roles and functions of B-cells and secreted antibodies. There is
more to be done to cement our theory, but this work, in a human model, is
compelling, and, if myriad prior studies are reconsidered in light of our
conclusions, there is truly striking congruence between them all. The most

symmetrical solution is the most likely solution.
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Figure 45: Schematic of B-cell Memory Subsets Responding Acutely to RV
According to our theoretical model, naive B-cells and Bcm specific for
individual viral strains traffic to LNs and form GCs, while Bem home directly to
inflamed nasal tissue, immediately activate effector function, and begin
elaborating cross-reactive IgG, contributing to RV clearance. PBs leaving GCs at
later time points are predominantly mono-specific and may home to nasal
mucosa or bone marrow. Upon convalescence, Bcm drain through efferent
lymphatics and recirculate, while Bem transiently express LN-homing receptors

to exit nasal tissue via afferent lymphatics, and follow Bcm back into circulation.



Efferent
Lymphatic

Afferent
Lymphatic

Rapid

Differentiation

186

e
k@ T-cell
,@‘\- Bcm/Naive
%ﬁ Bem
r>
@‘; PB (mono)
yx
mi, PB (dual)
¥

*

*

RV-A16
RV-A39
Cytokines




187

Figure 46: CD11c is Expressed by Infiltrating non-B-cells
Representative images from 5 infected subjects showing CD11c staining
within RV-infected tissue. CD11c+ cells include some positive for RV (indicated

by yellow arrows). Panel (a) is presented without RV channel signal for contrast.
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Figure 47: RV-Infected Asthmatic Subjects Produce Serum IgE Against RV
Longitudinal analysis in asthmatics of serum antibodies specific for

homotypic whole virus at days 0, 4, 7 and 21 after RV inoculation (12 asthmatic

subjects infected with RV-A16). Geometric mean * geometric SD. **p<0.01 and

*k%*

p<0.001 versus day O.
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