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ABSTRACT

Viral infections remain a major cause of morbidity and mortality. Within a viral, interferon
(IFN)-y-driven inflammatory microenvironment, B cells may produce antibody which is
critical for rapid viral clearance and continued protection from reinfection. However, the roles
of IFN-y and IFN-y-induced transcription factors (TFs) in driving antibody secreting cell
(ASC) development from their B cell precursors are poorly understood. Herein, we identify
two IFN-y-inducible transcription factors (TFs), T-bet and interferon regulatory factor 1
(IRF1), that are essential for the differentiation of ASCs from IFN-y-activated B cell
precursors.  T-bet repressed an IFN-y-inducible inflammatory gene program that was
incompatible with ASC formation 7z vitro. In contrast, IRF1 is required for dampening BCR
signaling thus supporting development of a marginal zone innate-like ASC precursor. Both,
T-bet and IRF1, contribute to protective antigen-specific antibody responses upon influenza
infection. While B cell-intrinsic T-bet was required for the generation of long-lived ASCs
upon viral infection, B cell-intrinsic IRF1 was indispensable for the development of early
antigen-specific IgM in response to both viral infection and bacterial immunization. Lastly, we
find that immunization with an intranasal Ad5COVID vaccine induces local IFN-y producing
T cell responses and the production of durable receptor binding (RBD) specific antibody.
Thus, IFN-y and IFN-y-inducible TFs are essential for generating protective humoral

Immunity.
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INTRODUCTION

Overview

Antibodies are an essential component of innate-like and adaptive immunity,
immunologic memory, and immunopathology'. Capable of binding to components of fungi,
bacteria, viruses, and self-antigens, antibody is produced by antibody-secreting cells (ASCs)
that develop from their B cell precursors. Arising from the fetal liver, populations of innate-
like B cells, or “natural memory” cells, predominate in neonatal life and are poised to secrete
broadly reactive antibody rapidly in response to pathogens in a T-independent (T-I) manner”.
In contrast, the continually replenished bone marrow-derived conventional B-2 B cells depend
on Interactions with cognate T cells and specialized stromal cells to undergo affinity
maturation in transient structures known as germinal centers (GCs) upon antigen encounter”
°. It is thought that these highly proliferative, activated GC B cells give rise to long-lived
pools of ASCs and B memory cells (Bmem)®". While there is a well-appreciated role for
antibodies in conferring protection in health and mediating pathogenicity in disease, we do
not yet fully understand the mechanisms by which ASCs differentiate, nor have we fully
identified the pathways that grant longevity to some populations of ASCs".

It is currently understood that the differentiation of activated B cells into ASCs is a
lineage switch, coordinating the loss of B cell identity genes with the acquisition of ASC

)

specific regulators'’. While informative, many of these studies have only described this

transition following model antigen immunization and largely focusing on contributions of

antigen receptor engagement and co-stimulation' ™

. Only relatively recently have cytokine
and cytokine-inducible transcription factors been appreciated in governing not only isotype
switching, but also B cell terminal differentiation.

B cells expressing the IFN-y-inducible transcription factor, T-bet, have been identified
in vivo following immunization, viral infection or in chronic disease states, such as systemic
lupus erythematosus (SLE) and rheumatoid arthritis (RA)"”?'. These studies posited that

populations of T-bet” B cells, with distinct phenotypical characteristics, are a correlate of

protection or disease”?". These studies, however, only focused early post



infection/immunization or are assessed in chronic infection or disease states'>*'. Additionally,
the role of T-bet is latgely ascribed to B cell class switching to IgG2a/c rather than B cell fate
decisions™'. Therefore, the role of T-bet in the generation of long-lived ASCs, and, further,
the molecular mechanism by which T-bet promotes the differentiation of ASCs has not been
adequately addressed.

We recently showed that T helper 1 (Thl)-activated B cells require expression of T-

bet and the interferon gamma receptor (IFN- YR) to differentiate into ASCs™. We found that

IFN-y and not T-bet was required for expression of an ASC specifying transcription factor,
Blimp-1'"*. Instead, T-bet repressed an inflammatory gene program which was incompatible
with ASC formation™. At the intersect of four different bioinformatic analysis, IRF1 was the
only other predicted upstream regulator, besides T-bet, of IFN-y-induced ASC development™.
Therefore, we predicted that IRF1 would be required for the initiation of Prdm1 (the gene
encoding for Blimp-1) and, thus, IFN-y-induced ASC differentiation.

Very little is known about IRF1 in B cell fate decisions. The development of mature
B cells appears to be intact in I7f7 deficient mice”. Relatively recently, it has been shown that
B cell-specific loss of Irf7 results in fewer GC B cells following murine gammaherpesvirus 68,
MHV-68, infection®. Despite this marked reduction in GC B cells, the generation of long
lived, antigen specific antibody is intact in the absence of Ipf/***. ‘This study, while
informative, only thoroughly evaluated I7f]l expressing B cells relatively early following chronic
viral infection™?, It is well appreciated that long-lived ASCs begin to accumulate 20-30 days
after acute viral infection and that persistent antigenic stimulation and inflammation results in
fewer ASCs™?'. Therefore, it is not possible to determine whether IRF1 is required for the
development of long-lived antibody responses from those studies.

We, therefore, hypothesized that IRF1 would promote ASC differentiation. Our
studies evaluate the role of IRF1 expressing B cells, not only in IFN-y-induced ASC
differentiation 7z wvitro, but also humoral responses following influenza infection and
immunization with bacterial particulate antigen 7z vzvo. Furthermore, we propose a mechanism
by which IRF1 may promote the generation of a developmentally distinct ASC precursor, thus
establishing protection against infection and prevention of autoimmune disease. Lastly, we

identify a local IFN-y-producing T cell response as a correlate of durable RBD-specific
antibody upon intranasal Ad5COVID vaccination. Thus, we establish that IFN-y and IFN-y-



inducible transcription factors may promote long-lived antibody responses upon viral
infection and vaccination. To introduce these topics, mechanisms of B cell development,
activation, and differentiation, will be discussed. While relatively limited, we will focus on B
cell activation and differentiation in the context viral infection and autoimmune disease.
Additionally, we will discuss the established mechanisms driving those processes of B cell

biology.

B cell development
B cell precursors progress through an ordered series of developmental and selection

steps before reaching maturity. The well appreciated heterogeneity in peripheral, mature B
cell subsets is largely due to clonal selection defined by BCR specificities as well as BCR
signaling strength. While innate-like B cell subsets, B-1 and marginal zone (MZ) B cells, enrich
for self-reactive specificities, conventional follicular (FoB) cells are highly diversified and
monospecific. Herein, we describe B cell development and the selection events that give rise

to mature B cells.

B cell development- bone marrow
B cells develop from hematopoietic stem cells (HSCs) in the liver before birth and in

the bone marrow (BM) thereafter”. The earliest BM B cell precursors include cells that do
not express surface immunoglobulin (sIg) but do express the B cell lineage marker B220”.
This BM derived B220"sIg"® fraction is heterogeneous with respect to cell surface expression
of BP-1 and CD24 and three populations can be identified as BP-1"*CD24"¢ BP-1"*CD24",
and BP-1"CD24" subsets”. After culture of these populations with a fetal liver derived
stromal cell line, the sequential order of early B cell development can be resolved. Briefly, the
BP-1"%¢CID24"* fraction is the most immature and is referred to as Pre-pro B cells, or Fraction
A”. Fraction A cells upon expression of CD24 (BP-1"*CD24"), matured into early Pro- B
cells, or Fraction B cells. The Fraction B cells upregulated BP-1 and matured into late Pro- B
cells, or Fraction C cells (BP-1"CD24") and the Fraction C cells upregulated expression of the
B cell receptor, slg”.

These early BM fractions were functionally distinct in that they were the only BM
derived B cell lineages to proliferate and survive in the 7z vitro cultures. This was thought to

be due to the presence of a pro-survival factor, IL-7, which was required primarily by Fractions



B and C for proliferation, whereas Fraction A was also dependent on stromal cell contact 7
vitro”. Additional analysis described the status of Ig gene rearrangement in each of these eatly
BM B cell fractions, thus reinforcing the progressive eatly B cell developmental stage assigned
by the cell surface phenotype™.

After productive IgH gene rearrangement and pairing with surrogate light chain, B
cells are permitted to enter a rapidly proliferating phase, Fraction C’, followed by a resting
stage known as Pre- B cells, or Fraction D”. At this stage, rearrangement with a variety of
light chains results in a functional antigen receptor, the hallmark of an adaptive immune cell”.
This process generates a B cell repertoire capable of theoretically recognizing more than 10"
antigenic determinants’. Considering this vast diversity, a balance of immunity and tolerance
must be achieved. Therefore, a B cell expressing a receptor that engages self-antigens “too
strongly” may undergo clonal deletion or gene editing””'™” thus establishing central
tolerance™. However, once a tolerable B cell receptor (BCR) signal occurs, immature B cells

are competent to exit from the bone marrow for further selection in the periphery”*™.

Bone Marrow Periphery
Negative/Positive Selection Negative/Positive Selection
Fr.A Fr.B Fr.C Fr.C’ Fr.D EriE Tr. 1 Tr. 2
Pre-Pro-B Early Pro-B  late late Pre-B  Pre-B
Pro-B Pro-B
Cell Surface
B220 [ |
CD43
BP-1 [—————
CD24 [
CD93 I ]
lg Rearrangement D-Jy V-D-JHN-%
Growth Dependence
Stromal cell contact |
IL-7 /o

Figure 1 Resolution and characterization of B cell development. Summary of
the changes in cell surface molecule expression during B cell developmental
stages in the bone marrow and in the spleen correlated with Ig gene
rearrangement status and growth dependence.

Hardy Immunol Rev. (2000) DOI: https://doi.org/10.1111/}.1600-
065X.2000.imr017517.x



Transitional B cells- peripherial B cell development

Originally described as CD24" splenic B cells, the immature transitional B cells
reconstitute the spleen before CD24"" mature B cells after sublethal dose of irradiation™.
Additionally, CD24" splenic B cells are rapidly cycling which parallel that of the BM derived

3536, Furthermore, unlike the mature B cell compartment, CD24"

immature B cell fraction
splenic B cells undergo apoptosis in response to B cell receptor (BCR) ligation™. However,
this is likely a function due to dosage of antigen receptor stimulation rather than a ubiquitous
response to BCR ligation as it has been demonstrated that low dose BCR crosslinking results
in improved splenic immature B cell survival rather than apoptosis®. Alternatively, amongst
these studies are differing cell surface definitions of splenic immature B cells. Whereas some
define splenic immature as CD24", others have also included cell surface expression of CD93

175 This suggests an underappreciated heterogeneity in this

and varying levels of CD2
population. Indeed, earlier studies defining transitional B cells on the basis of CD24
expression concluded that the earliest newly formed splenic B cells, transitional 1 (T'1) B cells,
were more vulnerable to apoptosis when compared to the more mature transitional (T2) B

322
cells

. Additionally, this study, while informative, cultured T'1 and T2 B cells in the presence
of high dose BCR stimulation which later studies demonstated results in low cell viability of
these splenic newly formed cells”*. Furthermore, in response to high dose BCR stimulation
T2 B cells upregulate CD69 and enter cell cycle’. This could suggest that based on this cell
surface definition, along with high dose BCR stimulation that there were contaminating mature
B cells within this population. However, it has also been shown that T2 cells have augmented
responses to BAFF, a prosurvival factor, suggesting that T2 cells may be more able to
overcome relatively strong BCR signals™.

Given the inherent heterogeneity of the splenic immature transitional B cells, it has
been proposed that T1 and T2 cells have differing propensities to seed the mature marginal
zone (MZ) B cell or follicular (Fo) B cell compartment (discussed at length later). Indeed, in
mice lacking a serine/theorine kinase, TAOKS3, T1 cells do not efficiently express ADAM10,
a metalloproteinase responsible for the initiation of a hallmark MZ B cell developmental
pathway”. However, this study, while informative, monitored ADAM10 expression on all
transitional B cells rather than B cells fated to be selected into the MZ B cell pool.
Additionally, this study also indicated that ADAM10™® T1 and T2 B cells may also yield to

. . . . . . 3 38 ()' %23 . . .
MZ B cell precursors, which is consistent with previous studies™ . While it is observed



that T2 B cells can predominantly give rise to FoB cells, there is also an appreciated plascitiy
amongst mature B cell subsets. FoB cells may migrate through bridging channels into the red
pulp where FoB cells can subsequently experience signals to then acquire qualities of a MZ B
cell®™, Therefore, it is clear that there is no one precursor to either FoB or MZ B cells. In
sum, peripheral transitional B cells are considered distinct developmental intermediates in the
generation of mature B cells and are thought to experience selection pressures that shape the

mature B cell repertoire (Figure 2)”.

BAFF
Pro-survival

BCR <>

Transitional

l negative
selection

Figure 2 Transitional B cell subsets- continued B cell maturation in the
periphery. Summary of the signals and selective pressures transitional 1 (T1) and
transitional 2 (T2) B cells experience to give rise to mature B cell susbets.

Allman Curr. Opin. Immunol (2008) DOI: 10.1016/j.c0i.2008.03.014

The mature B cells
Upon completion of development, mature peripheral B cells are typically classified as

B-1 or B-2 B cells on the basis of developmental ontogeny. Whereas the B-1 B cells arise
from the fetal liver with the capacity to self-renew, the predominant B-2 are continually
replenished from the adult bone marrow and are further categorized into follicular (Fo) and
MZ B cells. Given this heterogeneity within the mature B cell compartment, the characteristics
of these phenotypically, topographically, and functionally distinct B cell lineages will be
discussed (Figure 3).



B-1 cells B-2 cells

N J=
P
K, ?‘,/(\‘W

by

B-1a or B-1b cells MZB cells FoB cells
Poly-/self- reactive BCR Poly-/self- reactive BCR Monospecific BCR
T-1 responses (early) T-I responses (early) T-D responses— GC B
Primary producer of natural Ab  Contributes natural Ab
Serosal cavities Splenic MZ
Shuttles captured Ag to splenic
follicles

Figure 3 Heterogeneity amongst mature B cell subsets. Summary of the
developmental and functional distinctions between mature B cell compartments.

Attanavanich J Immunol. (2004) DOI: 10.4049/jimmunol.172.2.803
New Viral Immunol. (2020) DOI: 10.1089/vim.2019.0136
Yang Elife. (2015) DOI: 10.7554/eLife.09083

B-1 B cells
According to the lineage hypothesis, it is thought that the innate-like, self-renewing B-

1 B cells represent a separate lineage derived largely from the fetal liver that cannot give rise

69,70

to conventional or B-2 cells™". Arising from distinct progenitors, B-1 B cells have a restricted

%72 These limitations

and biased BCR repertoire through unique developmental constraints
are essential to the establishment of conserved specificities capable of recognizing diverse
antigens, including those originating from self” . Thus, B-1 B cells are the primary producers
of natural, cross-reactive antibody that is continuously produced in the absence of
immunization, infection, or microbial antigen””". However, it has been recently shown that
populations of B-1 B cells may be directly influenced by microbial components™. Given this
distinct function, it is thought that the B-1 B cell lineage is regulated differently than B-2 B

cells and in part contributes to their unique phenotype.



B-1 B cells were originally identified as expressing “Ly-1" or CD5", a known negative
regulator of antigen receptor signaling”’. B-1 B cells are known to highly co-express CD9,
CD36, CD72, CD73, CD11b and CD22. Expression of these proteins is indicative of the
ability of B-1 B cells to effectively capture and present antigen (CD306), migrate to sites of
inflammation (CD11b), and to manage continuous BCR activation (CD72 and CD22)"*™.
CD73 expressing-B-1 B cells may be indicative of their previous antigenic experience®. Owing
to this distinctive phenotype, B-1 B cells are sometimes referred to as “natural memory cells,”
and as such are positioned in serosal cavities to readily re-encounter antigen®"".

B-1 B cells are further distinguished on the basis of CD5 expression, where the earliest
B-1a B cells express CD5 and arise before birth the B-1b B cells do not express CD5 and can

be replenished through adult bone marrow™”.

Due to this difference in developmental
ontogeny, B-1a B cells are continually replenished through self-renewal, whereas B-1b B cells

: 325
can be derived from an adult bone marrow precursor ™.

B-2 B cells
The continually replenished, adult bone marrow derived B-2 B cell lineage are further

categorized into follicular B (FoB) and marginal zone B cells (MZ B) on the basis of

phenotype, position, and function.

Follicular B cells
Most mature B cells are recirculating cells that home to B cell follicles in secondary

lymphoid tissues and therefore are referred to as follicular B (FoB) cells®. B cell follicles are
in close proximity to the periateriolar lymphoid sheath (PALS) in the spleen and the paracortex
in the lymph nodes, which are areas mainly populated by T cells”. Therefore, it is more likely
that FoB cells may communicate with T cells. Composed of a highly-diversified BCR
repertoire, it is unlikely that FoB cells experience any strong peripheral selection event and,
presumably, is an additional basis for T-dependent activation, expansion, and affinity
maturation (discussed later) in response to protein antigens’®. However, the even more
diversified BM-derived immature B cell fraction would suggest FoB cells undergo some clonal
selective pressure™. Altogether, FoB cells represent an expansive pool of mature B cells

capable of responding to a vast number of antigenic determinants.



Marginal zone B cells
Located at the interface of the lymphoid white pulp and non-lymphoid red pulp of the

spleen, the marginal zone (MZ) is a unique microenvironment where senescent cells, cellular
debris, and blood-borne pathogens are efficiently removed from the blood by the resident

46

immune cells (Figure 4)***. One such MZ resident immune cell are the phenotypically distinct

CD21"CD23"*MZ B cells®. Similar to B-1 B cells, MZ B cells co-express CD1d, CD36 and

CDY, presumably to aid in antigen capture and presentation’ ™

. Due to their positioning
and continual exposure to the circulation MZ B cells embody some functional properties of
innate immunity”. Indeed, it has been shown MZ B cells, rather than FoB cells, have an
enhanced capacity to prime T cells®. However, their most prominent role is providing a first
line of defense through rapidly producing cross-reactive antibody to bridge the temporal gap
required by later arising T-dependent responses®’. Therefore, the innate-like MZ B cells are
spatially, phenotypically, and functionally distinct B cell subset™.

The production of cross-reactive, natural antibody (NAb) primarily relies on B-1 B
cells and, to a lesser extent, MZ B cells®’. Thus, MZ B cells express BCRs that react with

46,47,51,52

microbial and self antigens . Indeed, autoreactive 81X or M167-V;-bearing B cells are

46,47,51,52 :
»17 By virtue of

selected into the MZ B cell pool from their splenic transitional precursors
a repertoire enriched with self-reactive specificities, MZ B cells participate in “housekeeping”
functions. Certainly, a primary role of NAb is to promote the clearance of potentially
proinflammatory apoptotic cells, and thus, the prevention of autoimmune disease™*”.
Although, unlike B-1 B cells, mechanisms for Ig diversification are intact in MZ B cell
progenitors thereby enhancing the breadth of the MZ B cell repertoire®”™>".  Although, the
FoB cell repertoire is certainly more vast’™®. Therefore, the MZ B cell pool may possess a
relatively restricted, self-reactive repertoire that assists in the clearance of senescent cells and
cellular debris in the circulation.

In addition to strong, peripheral clonal selection events, MZ B cells depend on
signaling though a membrane bound receptor, Notch2 by engaging its ligand, delta-like 1
(DLL-1) expressed on stromal cells of the MZ’”. Indeed, mice lacking Notch2 or

components of this hallmark pathway have fewer MZ B cells’™”

. Similatly, there are more
MZ. B cells in transgenic mice where Notch2 pathway is constitutively activated””. The primary
function of the Notch2 pathway is to direct MZ B cell development from their splenic

transitional B cell precursor53’45’9l’95. While it is well appreciated that the activation of the



Notch2 pathway is required for MZ B cell development, the underlying molecular mechanism
supporting that development is unknown. It has been suggested that a predicted downstream
target of Notch2 signaling, c-Fos, drives MZ B cell development by sensitizing transitional B

96,97

cells to toll-like-receptor (TLR)-induced proliferation™ . However, it is currently understood
that TLR signaling is mostly dispensable for mature B cell development™”. Therefore, how
Notch2 governs MZ B cell development remains largely unexplored. Thus, through the
communication with neighboring DLL-1 expressing MZ resident stromal cells, MZ B cells
require Notch2 signaling for their development.

In addition to the developmental cues imparted to the MZ B cells by the other resident
cells of the MZ, MZ B cells communicate with populations of MZ macrophages to efficiently

87,100-102

capture antigen Strategically interposed between the lymphoid white pulp and the

circulation, the blood flow slows within the MZ allowing for the efficient capture of particulate

87,100-102 Studies

antigens by populations of scavenger receptor expressing MZ macrophages
have shown that the scavenger receptor, SIGN-R1, is required for antigen trapping in the
MZFM% and that its expression requires the presence of MZ B cells™'. Indeed, Cd79 or
Notch2 deficient mice, which have markedly fewer MZ B cells, have diminished SIGN-R1

0,103

expression on populations of MZ macrophages (MZMs)" Consequently, antigen is
inefficiently trapped in the MZ and, in turn, MZ B cells are unable to capture antigen'".
Therefore, the cooperation between MZMs and MZ B cells is required to effectively filter
antigen from the circulation, one of the principle functions of the spleen.

Additional interactions with stromal cells expressing adhesion molecules, ICAM1 and

VCAMI, are required for the retention of MZ B cells within the MZ'". Indeed, MZ B cells
selectively express the integrins, aL.B2 and a4f1, which interact with ICAM1 and VCAMI,

: 104
respectively

. S1PR1 and S1PR3 expressing MZ B cells are also diverted from entry into B
cell follicles by overcoming response to the chemoattractant CXCL13 produced by follicular
dendritic cells (FDCs)'"”"". Therefore, owing to their selective expression of receptors and
integrins, MZ B cells are positioned within the splenic MZ. Altogether, the development and
function of MZ B cells are largely influenced by niche specific signals resulting in a distinctive

B cell population essential for the protection from blood borne pathogens and the filtration

of potentially inflammatory cellular debris.

10
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Figure 4 The splenic marginal zone. Immunofluorescent staining of a naive
mouse splenic section. Located at the interface of the lymphoid white pulp and the
circulation the splenic marginal zone (MZ) is strategically positioned to filter cellular
debris and pathogens from the blood.

Won et al. J. Immunology (2006)
DOI:https://doi.org/10.4049/jimmunol.177.5.2749

B cell differentiation: Bmem and ASCs
For B cells, there exists two different B cell effector fates upon activation: memory B

cells (Bmem) and antibody-secreting cells (ASCs). ASCs are terminally differentiated B
effectors that produce antibody. Whereas, Bmem are defined as antigen experienced, B cells
that have returned to a quiescent state and may differentiate into ASCs upon reencounter with
antigen. There is a well appreciated diversity in the cellular mechanisms driving B cell

differentiation into ASCs or Bmem, thus, an overview of these processes will be provided.

B cell activation and CSR/SHM
Antigens can be transported passively through blood or lymph and, if of a small

molecular size, diffuse through a reticular network within lymphoid tissues for delivery to
dendritic cells (DCs) and B cells"””. As for large molecules, DCs may shuttle antigen to B

110-111

cell follicles to initiate early antibody responses . Furthermore, B cells may participate in

11



antigen capture and transport to load follicular DCs (FDCs) and prime CD4" T cells®™'".
Therefore, it is very likely that B cells encounter antigen through many mechanisms 7 vzvo and
as such experience various cytokine and co-stimulatory signals to support BCR-induced
activation.

Naive B cells primarily express IgM/IgD"*'". Upon activation with antigen or toll-
like receptor (TLR) ligands, B cells may undergo class switch recombination (CSR), which is a
DNA recombination process that switches the immunoglobulin (Ig) constant region for a
mostly cytokine directed-secondary Ig isotype or class'”""". Therefore, after CSR, the
activated B cell will express either an IgG (subclasses are IgG1, IgG2b, IgG2a/c, or IgG3, in
mice), IgA, or IgE Ig constant region on their surface rather than IgM/IgD">'"". Additional,
processes of somatic hypermutation (SHM) involves the introduction of point mutations
within the variable region of Ig genes, thus augmenting the affinity for antigen'". Historically,
it was thought that CSR and SHM predominately occurred in germinal centers (GCs) as both
processes required activation-induced cytidine deaminase (AID), which is most highly

117

expressed in the GC B cells . However, very recently, it was shown that at least CSR occurs

113

infrequently in GCs . By enforcing synchronicity and tracking hen egg lysozyme (HEL)-

specific B cells, it was shown that Ighg7-germline transcripts (GLTs) were most highly

expressed just 2.5 days post immunization'".

In this model, the peak of the GC response
occurs at 5.5 days after immunization, suggesting that Ighg? GLTs could not have originated
from the GC B cells'”. Additionally, this observation is consistent with early extrafollicular
responses producing class switched antibody. Thus, at least CSR is a process initiated very
early after B cell activation, resulting in an altered Ig response most suitable to provide
protection upon vaccination or infection.

While the molecular and cellular mechanisms of CSR and SHM have been thoroughly
characterized, relatively few reports have addressed how affinity of the BCR influences B cell
fate decisions. Nor have the contributions of inherit signaling differences between different
Ig isotypes been adequately explored'®. However, it has been shown that high affinity
antigenic engagement preferentially biases B cells towards ASC differentiation whereas B cells
expressing BCRs with weaker affinities for the antigen were primarily directed to germinal

11,119 : : - -
. Furthermore, it has been observed that over the course of immunization the

centers
affinity of serum antibody increases over time, suggesting that B cells bearing a BCR of high

affinity are selected into the long-lived ASC pool'™'*, Therefore, BCR affinity may drive ASC

12



differentiation directly, independent of T cell help, or bias B cells towards participation in

GCs.

T-independent (1-1) generation of Bmem and ASCs
T-I antigens are classified as type I or type II. Whereas type I T-I antigens are classified as

mitogens and engage polyclonal receptors like TLRs, type 11 T-I antigens are typically highly
repetitive structures like polysaccharides. Upon immunization with T-I antigen, rapid

generation of Bmem and ASCs ensues.

T-1 Brmem
Historically, it was thought that the Bmem compartment is generated from B cells

activated by proteinaceous antigens and have received cognate CD4" T cell help. These
notions were based on the observations that many Bmem had undergone CSR and SHM'”,
However, it has been shown that populations of Bmem can emerge independently from T cell
help. Upon immunization with a type II T-I antigen, a quiescent, antigen specific B cell

124

population persisted 120 days post immunization ~. Generated in the absence of T cells, this

population resembled characteristic Bmem by secondary Ig expression and cell surface

124

phenotype

. Therefore, Bmem can be generated in the absence of T cell help, however the

5

longevity of these cells is not entirely clear, though some suggest a lifespan of at least 60 days'”.

T-1 ASCs
Mature B cells can give rise to two categorically distinct antibody-secreting cell (ASC)

populations defined on the basis of lifespan: rapidly dividing, short-lived plasmablasts or long-
lived plasma cells (LL-PCs)>'™**™*". Tt is often assumed that innate-like B cells may
differentiate into extrafollicular, short-lived plasmablasts upon encounter with T-I antigens,

126,127
. However,

whereas conventional FoB B cells give rise to LL-PCs in a T-D manner®"
lifespan of ASCs cannot be determined solely based on the putative precursor nor the quality
of the immunizing antigen. Indeed, upon immunization with haptenated polysaccharide, a
type I T-I antigen, antigen specific B cells differentiate into ASCs that migrated to the bone
marrow, a long-lived niche, where the ASCs persisted for 150 days or longer after

126

. . . . . . 12(
immunization ~. This observation was unchanged even in the absence of T cells ™.

Furthermore, a polysaccharide vaccine, Pheumovax, confers long-lived humoral immunity to

23 pneumococcal bacterial subtypes for up to 10 years in humans, which persisted even after

13



splenectomy'”™'?. Therefore, it is prudent to also consider how lifelong humoral immunity is
maintained. It has been proposed long-lived antibody is supported through the continual
replenishment of short-lived plasma cells generated by persistent antigen activating Bmem'*”
'». Consequently, through the adoptive transfer of LL-PCs into syngeneic, naive recipients, it
has been shown that antigen-specific antibody can be maintained in the absence of

. Therefore, T-1 antibody responses have the capacity to be long-lived

immunizing antigen
and can be maintained independently from immunizing antigen.

It is also often assumed that antibody arising from ASCs formed independently of T
cell help are of low-affinity. Indeed, the very process, SHM, that can generate high affinity
BCRes, takes place largely within in T cell-dependent GCs. Although, it has been shown that
some germline encoded specificities are inherently of high affinity for particular antigens,
thereby dispelling the notion that SHM is required to generate such a response”’. More
recently, it has been suggested that severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) can induce production of germline encoded receptor-binding domain (RBD)-specific
antibodies capable of potent virus neutralization in at least some individuals'. Therefore,
while SHM can certainly augment affinity for antigen, it is not required.

Regardless of whether an antibody is of high affinity or not, T-I antibody has proven
beneficial in providing protection against infection. It has been shown in the absence of T
cell help, influenza-specific antibody promotes the resolution of primary influenza infection'”.
Additionally, B-1 B cells contribute to protection from influenza infection even before
encounter with the virus through the generation of natural IgM134’135. Furthermore, an
expanded population of B-1 B cells have been shown to provide local IgM upon influenza

136

infection . Therefore, ASCs arising independent of T cell help are protective through the

production of naturally derived and antibody.

T-dependent (1-D) generation of Bmem and ASCs
Upon immunization with proteinaceous T-dependent antigen (T-D), highly transient and

dynamic structures arise in the form of GCs. This well-orchestrated response requires the
participation of CD4+ T cells and follicular dendritic cells (FDCs) to generate populations of
Bmem and ASCs.

14



The Germinal Center
GCs were first described as distinct microanatomical regions of secondary lymphoid

organs that contained dividing cells™71%,

As such, GCs were thought to be the site of
developing lymphocytes, however it was later shown that GCs are induced upon immunization
resulting in B cell expansionl38. As mentioned previously, GCs are the site of SHM, and
therefore drive Darwinian-like selection of B cells that express high affinity BCRs'. Affinity
based selection and iterative rounds of SHM occur in disparate “zones,” which are clearly
139,140

visible by conventional histology (Figure 5)
cells (FDC) and CD4" T follicular helper (Tth) cells, are found in the light zone (I.Z), highly

. Whereas antigen loaded follicular dendritic

138

proliferating B cells are located in the dark zone (IDZ) ™. Thus, affinity-based selection occurs

through B cells competing for antigen displayed on the surface of FDCs and interactions with
Tth cells.
The notion that affinity based selection occurs over the course of vaccination has been
shown by very eatly experiments monitoring the dissociation rate of antibody/antigen
. . 137 . . . .. .
conjugates over time . It is also recognized that limiting amounts of antigen promoted
affinity whereas abundant antigen resulted in delayed affinity maturation*"*""'*’, From this

observation, it has been proposed that GC B cells of high affinity would “block™ access to

anticen depots, thus putting those of low affinity at a competitive disadvantage?*!**,
g pots, p g y p g

qresies

Indeed, GC B cells of higher affinity acquire more antigen and expan . However, this

model is not supported by more recent data as it appears that GC B cells do not form lasting

146,147

interactions with FDCs Furthermore, GCs are formed without functional FDCs

altogether''*. Although, the lifespan of the antibody response was impaired, suggesting that

interactions with FDCs may grant longevity to ASCs'*"'*.

Altogether, these observations
underscore the importance of interactions with other cell subsets. While not required for the
formation of the GC, engagement of GC B cells with FDCs can alter the quality of the
humoral immune response.

An alternate limiting source for driving affinity maturation is help derived from the
Tth cells™". Tt is thought that Tth cells select high affinity B cells on the basis of peptide
MHC (pMHC) displayed on their surface, where B cells of the highest affinity would
proportionally present antigen'*. Therefore, only GC B cells with the highest affinity would

138,148

be competitive for Tth cell interactions . Indeed, Tth cell derived signals determines the

magnitude of GC B cell expansion, therefore influencing affinity based selection'*"**'*’,
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Clearly, Tth cells provide help selectively to GC B cells of the highest affinity, but how do the
Tth cells support GC B cells? Crosslinking of CD40 on the surface of GC B cells promotes
cell proliferation and slows the rate of apoptosis 7 vitro'”. Furthermore, blocking CD40 ligand
(CD40L), expressed on Tth cells, potently abrogates established GCs # vivo"'. Additional
support is provided by the Tth cells through the secretion of the cytokine, IL-21, which
promotes GC B cell proliferation and maintenance'*>'*>'*, Therefore, Tth are indispensable
in supporting affinity based selection, survival and proliferation.

Germinal centers may persist for one year, primarily due to the availability of antigen
and T cell help"™*"**. Given the prolonged lifespan of the GC, generation of Bmem and ASCs
are separated by time, thus imparting different qualities to each respective population'”. GC-
derived Bmem are thought to be of moderate affinity (higher than

O

naive B cells), whereas GC-derived ASCs are uniformly of high affinity'™’. Since antigen
specific antibody of varying affinities are generated throughout the course of immunization,
an antibody-driven affinity based selection mechanism has been proposed’. This notion of
“antibody masking” would drive affinity based selection by blocking antigen on the surface of
FDCs and may promote GC resolution'”’. Therefore, the GC generates layered populations
of Bmem and ASCs with varying affinities, the latter producing antibody which may then

terminate the GC through blocking antigen displayed on the surface of FDCs.

Germinal Center (GC)

Dark zone
(DZ)

Figure 5 The germinal center. illustration depicted the organization of the
germinal center (GC).

Light Zone (LZ)- the site of affinity-based selection and where follicular dendritic
cells and T follicular helper cells reside. Dark Zone (DZ)- the site of clonal
expansion and somatic hypermutation (SHM).

Victora et al. Blood (2012) DOI:10.1182/blood-2012-03-415380

16



1-D Bmem
While Bmem are thought to be generated before the onset of a robust GC response,

some subsets emerge with delayed kinetics suggesting the dependency on T cell help'®.
Certainly, class switched, IgG1" Bmem arise after [gM* Bmem exhibiting qualities of GC

V125,158,159

experience in the form SH . Furthermore, Bmem are functionally classified on the

basis of Igisotype'”’. Upon rechallenge, the IgM " Bmem generate GCs, while the IgG" Bmem

160

differentiate into ASCs ™. This observation could suggest that class switched BCRs provide

unique signals that promote ASC differentiation'"”.

Alternatively, as IgG" Bmem arise later
through the course of immunization, they may experience signals deriving from T cell
help'*'*". These additional T cell derived cues may poise IgG" Bmem to rapidly differentiate

1! Indeed, Be/6 deficient B cells generate Bmem that had

into ASCs upon antigen reencounter
significantly fewer SHMs, indicating that at least the affinity of the Bmem is dependent on T
cell help'®.  Others have shown a subset of 1.Z GC B cells identifiable by the surface
expression of CCRO, a chemokine receptor important for Bmem positioning, transcriptionally

16

3,164 : : : .
resembles the mature Bmem compartment ™" Therefore, Bmem are incredibly diverse in

regards to origin and functionality and arguably represents the least understood B cell subset.

1-D ASCs
As mentioned previously, LL-PCs are uniformly of high affinity and it is thought that

this very quality drives their differentiation'"'*’. Indeed, it was shown that antigen specific B
cells experiencing a range of affinities through antigen variants were biased towards ASC
differentiation in the presence of high affinity interactions'"'*’. Although, this observation did
not determine whether this mechanism applied to GC B cells, only that high affinity
interactions could direct ASC differentiation. Additionally, Bcl-2 overexpression in transgenic
mouse models had an expansion of antigen specific cells suggesting that the stringency of
selection had lessened'”. However, affinity-based selection appeared intact, as antibody
arising later after immunization remained of high affinity. Therefore, it is thought that high
affinity BCRs are a prerequisite for ASC differentiation.

oM I610,

Additionally, it is thought that ASCs arising from GCs are long-live
Indeed, abrogation of GCs through loss of T cell help, FDCs, or key transcriptional regulators
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of the GC B cell program coincides with waning antigen specific antibody titers'*>'**'**, Most
notably, in the absence of CD40 or MHCII, influenza specific IgG antibody returns to
baseline, naive titers 100 days post infection, whereas no remarkable difference in early
influenza specific antibody is observed'®. This suggests that CD4" T cell help is required to

168

generate durable antibody responses after influenza infection™. Furthermore, it has been

shown that antibody generated in the absence of T cell derived signals are remarkably reduced

: 138,169
in affinity ™"

. It could be argued that durable antibody requires the sum of all ASCs over
time, regardless of the quality of affinity or dependency of T cell help. However, adoptive
transfer of ASCs into naive, syngeneic recipients would suggest otherwise’'”. Additionally,
it has been well appreciated that maintenance of LL-PCs requires contributions of the
cytokines BAFF, APRIL, and I1-6"7"'. Are there other factors selectively required for LL-
ASCs? It remains to be seen how polarizing, infection induced cytokine may influence the

differentiation or lifespan of ASCs. Therefore, while much is known about the initial selection

of ASCs very little is known about selective requirements that grant ASCs longevity.

Transcriptional Regulation of Bmem and ASCs
The generation of ASCs from activated B cell precursors requires the repression of B

cell identity genes with coordinated activation of a unique ASC-specific program'’. The
primary function of this program is to achieve high rate antibody production while maintaining
the integrity of the cell. This balance is principally driven by key transcriptional regulators
IRF4, Blimp-1, and XBP-1'". As a titratable transcription factor, the expression of IRF4

4

dictates function'”. Activated B cells require low expression of IRF4 for CSR and GC

formation, whereas high expression of IRF4 can activate Prdm1, the gene encoding for Blimp-
177 Once Blimp-1 is expressed, Blimp-1 may act as a transcriptional repressor of key B
cell identity genes like Pax5 and Spib'”"'"®. Although Blimp-1 is thought to be required for the
generation of ASCs, some populations of ASCs appear to form independently of this key
transcriptional regulator' '™, Indeed, Blimp-1 is dispensable for IgG3-secreting B-1 B cells'™.
Thus, while a Blimp-1-dependent program is characteristic of most ASCs, there exists some
unique B cell lineages that utilize unconventional mechanisms for antibody production.
Along with the transcriptional rewiring required by ASCs, it is equally important for

ASCs to manage the immense endoplasmic reticulum (ER) stress due to high rate antibody

production. One critical transcription factor, XBP-1, has been shown to be required for late
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stage ASC development'®'. Indeed, B cells deficient in X/4p7 are capable of expressing CD138,

181

a defining cell surface phenotype of most ASCs ™. Additionally, Irf# and Prdm1 transcript level
expression is unchanged, suggesting that X/p7 is dispensable for the initiation of ASC
differentiation''. Furthermore, characteristic morphological changes associated with ER
remodeling are not observed in B cells lacking X/p7'*'. This result correlates with a remarkable
reduction of antibody production in the absence of Xip7'™. Therefore, in addition to the
regulation of distinguishing transcription factors and phenotypes, ASCs require significant ER
remodeling to support their most significant function.

Very little is known about the transcriptional regulation of the quiescent, relatively low
affinity population of Bmem. It is thought that low affinity GC B cells undergo apoptosis
because they are rendered competitively unfit, which further supports the notion that many

PEISIN - Although, more recently, low affinity

Bmem are generated independent of T cell help
populations of L.Z GC B cells have been shown to represent a “PreBmem” pool ™. PreBmem
expressed higher amounts of the transcriptional repressor, Bach2, which is required for CSR
and SHM, and reduction of Bach2 expression resulted in fewer Bmem'*”. Although, it could
be argued that GC B cells were not effectively generated, therefore it only be concluded that
Bach2 is required for T-I Bmem. Furthermore, the anti-apoptotic transcription factor, Bcl-2,
has been shown to promote generation of Bmem. Indeed, constitutive expression of Be/2

resulted in a larger Bmem pooll(’5

. Until very recently only factors promoting the generation
of Bmem through antagonizing the effects of apoptosis had been described. Hhex is shown
to be a critical driver of Bmem through the repression of a key GC B cell identity transcription
factor, Bcl-6'". Thus, the transcriptional regulation of Bmem, while still very unclear, requires

the coordinated activation of anti-apoptotic factors with the repression of other activated B

cell programs.

Signals 1, 2, and 3: For B cell development and differentiation
The above review focused on the stages of B cell development, activation, and

differentiation. The following will discuss the signals responsible for those processes. Thus,
BCR signaling, co-stimulation, and cytokine, often referred to as signals 1,2, and 3,

respectively, will be reviewed.
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Signal 1: BCR

Selection- B cell development
During formative, transitional developmental stages, BCR signaling in response to

self-antigens underlies negative and positive selection events that determine which B cells
expressing a unique Ig rearrangement, or clone, form the mature B cell repertoire. It is often
thought that these secondary selection mechanisms establish peripheral tolerance, eliminating
or inactivating potentially pathogenic, autoreactive B cells while sparing non-autoreactive B
cells, thereby generating an innocuous mature B cell repertoire™.

However, in the production of the mature B cell repertoire a balance between
activation and tolerance must be achieved or else immunity could not be established.
Therefore, an alternative view is that all mature peripheral B cell subsets, follicular (FoB),
marginal zone (MZ), and B-1 B cells, have some autoreactivity”’. Indeed, continued BCR
signaling is required for mature B cell survival'. Therefore, it is likely that these selection
mechanisms function on the basis of a signaling threshold, only eliminating cells bearing a

40,42

BCR that respond “too strongly” to self-antigens Thus, in addition to antigenic based

selection, response to BCR ligation must be appropriately tuned for developmental

40,42,43-45

progression Indeed, MZ B cells have been shown to require weak BCR signals”

bl

whereas FoB and B-1 B cells favor stronger BCR signals for their development™™.

Accordingly, there are different positive and negative selection signals involved in the

6

. . 4 . . ..
generation of various mature B cell compartments™. Thus, a brief overview of positive and

negative peripheral selection as well as BCR signaling mechanisms will be provided.

Clonal Positive Selection
In contrast to the strong evidence supporting positive selection of T cells in the

thymus, it is currently not known whether a defined ligand is required for BCR dependent
positive selection”’. Tt is well appreciated that persistent BCR signaling provides some positive
signal that allows mature B cells to survive". Indeed, mature B cells are lost upon conditional
deletion of surface IgM (sIgM)*. Furthermore, mouse models that have compromised BCR

43,44,48-50

signaling have fewer mature B cells . Therefore, the existence of natural, 7z vivo self or

commensal ligands that continue to provide BCR stimulation have been proposed for all

48-50
mature B cells™™".
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Although, innate-like B cell subsets are thought to experience stronger peripheral
antigenic selective pressures. An example of this is a functional germline encoded IgH gene,
V81X, that is reactive towards intracytoplasmic antigens’"”. V;81X-bearing B cells are
preferentially selected into the MZ B cell pool’”.  Other examples are the V;S107.1-
expressing B cells, or T15" B cell clonotypes, which confer protection against Streptococcus
prenmoniae through the recognition of phosphorylcholine (PC)*>*. While PC is ubiquitously
expressed amongst altered self and microbial antigens, T15" B cell clonotypes are expanded in
mice raised in specific pathogen free conditions™ ™. Therefore, it is proposed that T15" B cell
clonotypes are selected by autoantigens™. These autoreactive specificities dominate in neonatal

51,52,56,57

life and are preferentially selected into B-1 B cell pools . Thus, there are some well-

characterized specificities enriching in the innate-like B cell subsets that constitute a significant

portion of the natural, preimmune repertoire.

Clonal Negative Selection
The mechanism of central tolerance is often incomplete and potentially pathogenic,

self-reactive B cells may emerge into peripheral lymphoid tissues. Therefore, secondary,

. . - . . . 31,40,42,58-
peripheral tolerance mechanisms eliminate or functionally silence autoreactive B cells” "

60

Studies of “double-transgenic” mice expressing neo-self antigen, hen egg lysozyme

(HEL), and B cells bearing an Ig-transgene encoding for high affinity anti-lysozyme antibody

31,40,59

demonstrates the mechanisms of peripheral tolerance . In the presence of soluble HEL,

Ig-transgenic B cells do not undergo clonal deletion in the bone marrow and are in normal

numbers in the periphery, although are competitively excluded from B cell follicles by non-

31,40,42,59,60

transgenic B cells While B cell development seemed intact, Ig-transgenic B cells

display reduced sIgM expression and are unable to produce anti-lysozyme antibody, thus are

31,40,59

considered functionally unresponsive or anergic . Reduced sIgM could be a mechanism

of tolerance induction through counteracting persistent antigenic stimulation®".
Alternatively, IgM™ B cells could be deleted, allowing for expansion of an IgM™ B cell
populationsg. The precise role for the change in sIgM expression, whether cause or effect, in
functionally inactivating autoreactive B cells remains to be seen. Thus, the autoreactive B
cells that escape clonal deletion in the bone marrow are rendered functionally inactive in the

31,59,60

periphery
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BCR signaling threshold-mediated selection
In addition to clonal selection, perhaps equally important is the different BCR signaling

thresholds required by distinct populations of B cells for their development™.  Studies of
transgenic mouse models that overexpress positive regulators of BCR signaling, such as Cd79
and Bz, showed an enrichment of B-1 B cells”'. Similarly, mice deficient in negative regulators
of BCR signaling, such as SHP-1 (encoded by the gene P#n6), also have an expanded B-1 B

43,61 3 1
", However these mice also exhibit an overall severe

cell compartment and fewer MZ B cells
B cell immunodeficiency suggesting that BCR signaling was “too strong” for most mature B
cells”. Through these studies an optimal BCR signaling threshold has been suggested,
although an exact threshold is difficult to ascertain as there are contributions of BCR
specificity and avidity to also consider.

Additional studies have suggested a BCR signaling threshold independently of BCR
specificity™. This was shown through the generation of BCR-deficient mice expressing
different amounts of the Epstein-Barr virus (EBV) protein LMP2A (BCR**LMP2A" mice).
LMP2A is able to mimic some aspects of BCR signaling and, therefore, support B cell
survival. In this study, weak constitutive signaling through LMP2A in BCR deficient mice
favored FoB cell and MZ B cell development while an increased expression of LMP2A
generated mostly B-1 B cells*. However, other studies show that FoB cells require relatively
strong BCR signaling through activation of BTK, though BTK is also required for clonal MZ

47,62,63

B cell survival and accumulation Thus, a BCR signaling continuum, or “Goldilocks

),43,58

hypothesis” is proposed” B-1 and FoB B cells favor relatively strong BCR signals,

44,62,63

whereas MZ B cells require relatively weak BCR signals

Altered selection driving development of autoimmunity
Despite the rigorous tolerance mechanisms that aim to give rise to a diverse yet

innocuous repertoire, pathogenic, self-reactive B cells may breach those selection mechanisms

42,43,48,49,58 :
””” . As mentioned above, the

leading to the development of autoimmunity™®
combinatorial rearrangement process that generates the nascent Ig receptor produces a vast B
cell repertoire potentially capable of recognizing 10" antigenic determinants’. However, as
the mature B cell repertoire is limited by the absolute number of B cells occupying the

periphery, only a fraction of the potential repertoire can be present at any given time*’. Thus,
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a model of intraclonal competition (Figure 6) has been proposed for the generation of the
‘fittest’” and ‘safest’ mature B cell repertoire.

This model may be illustrated by phenotypes observed in mice with altered
components of BCR signaling. For example, mice deficient in P#pre, the gene encoding for
CD45 and positive regulator of BCR signaling, have fewer mature B cells when bearing a
restricted Ig receptor*™ ", However, in the presence of selecting autoantigen mature B cells
accumulated in periphery suggesting that loss of activating BCR signals may result in the

40,41,64,65
722, 'Thus, autoreactive B cells

retention of autoreactive specificities instead of elimination
may be allowed to expand and survive in the absence of other B cells.

In contrast, loss in negative BCR signaling molecules may lead to B cell
immunodeficiency by promoting excessive B cell elimination. As described above, absence of
Pwpn6, or SHP-1, results in BCR signals that are “too strong” and a severe B cell
immunodeficiency ensues**®. This, in turn, may drive autoimmunity by permitting a greater
frequency of autoreactive B cells to persist in the periphery due to absence of other competing
B cells*?. Additionally, strongly autoreactive B cells may become competitively fit in
response to “accessory” pro-survival factors, such as BAFF, or toll-like receptor (TLR)

59,66-68

signaling’ Indeed, B cells rendered anergic may be redeemed through activation with
TLR ligation and sufficient BAFF”* Therefore, a strict BCR signaling threshold promotes

the retention of the most competitively fit B cells.

COMPETITION | Inclusion of potentially “bad”

| B cells in the absence of other

mature B cell

selechon
presenfed 108

Negative selection
Follicular exclusion

through interclonal
competition

COMPETITION

Figure 6 Model of interclonal competition Ig rearrangement generates a
repert0|re capable of recognizing up to 10'° antigenic determinants, however only
108 B cell clones can be represented in the periphery. Self-reactive B cells that
signal “too strongly” are excluded from B cell follicles to prevent the formation of
autoantibody.
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Signaling: The good
Upon antigen engagement and cross-linking of the membrane —bound BCR, Src family

kinases, like Lyn, and the spleen tyrosine kinase (Syk) regulate a cascade of phosphorylation

184-186

events that initiate BCR signaling These early phosphorylation events result in the

assembly of intracellular proteins, phospholipase C-y2 (PLC- y2), Vav, Bruton tyrosine kinase
(Btk), Phophoinositide 3-kinase (PI3K), and the adaptor protein B-cell linker (BLNK) to form

184-186

a multicomponent complex known as the signalosome Coordinated activity of the

signalosome results in the production of secondary messengers, diacylglycerol (DAG) and

184-186

inositol-1,4,5-triphosphate (IP3), which initiates calcium influx . Subsequently, calcium

signals differentially activate transcriptional regulators of the NF-kB, MAPK and NFAT

184-186

pathways , thereby promoting proliferation, survival, and differentiation.

Strict negative regulation of BCR signaling is also required to prevent inappropriate B
cell activation. Some transmembrane receptors are potent negative regulators of BCR
activation, such as FcyRIIb, CD5, CD72, and CD22"¥"'¥, Signaling through those receptors
recruits inhibitory proteins, SHIP, SHP-1, and Lyn, which inactivate BCR signaling through

191-192

dephosphorylation of BCR activating kinases Thus, the engagement of BCR, and
subsequent signal transduction, is an elegantly balanced signaling cascade that equilibrates
activation with inhibition appropriately tuning B cell development and differentiation.

In addition to the immediate signaling cascade, it is well appreciated that IRF family
members are influenced by antigen receptor signaling'”*'". Through the immunization of
HEL variants with differing affinity for BCR, it is shown that high affinity interactions are a

> While less is known

correlate of high IRF4 induction and, thus, ASC differentiation z» vivo
about the expression of other IRF family members in response to antigen receptor signaling,
it was shown that IRF1 is required for the positive selection of developing CD8" T cells, and
in the absence of IRF1, TCR-mediated signal transduction is impaired'”. Thus, it conceivable

that IRF1, like IRF4, could direct B cell maturation and differentiation in response to antigenic

stimulation.

Signaling: The bad
As discussed previously, the interplay of positive and negative selection generates a B

cell repertoire that is capable of providing immunity while maintaining tolerance™**®.
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Continued “weak” BCR signaling, presumably through engagement of self-antigen, provides
some positive signal that allows mature B cells to survive. However, should the engagement
of self-antigen surpass a BCR signaling threshold, the potentially autoreactive B cell is
eliminated through clonal deletion or the induction of anergy“’“’m’u. Therefore, BCR
signaling of an “intermediate” signaling strength promotes the positive selection of innocuous,
yet protective B cells’ 7%,

Alterations to components of BCR signaling are associated with the development of
autoimmune manifestations. B cells deficient in the Src family kinase, Lyz, have enhanced
BCR signaling determined by augmented calcium influx and increased activation of the MAPK
pathway'**"”*'*, Consequently, mice with a B cell-specific deletion in Lyz have fewer B cells.
However, despite this B cell immunodeficiency, these mice develop high amounts of
pathogenic, class-switched autoantibodies with age'”’. Similarly, mice that overexpress an
activator of BCR signaling, Bz, display symptoms of systemic lupus erythematosus (SLE)-like
disease, characterized by chronic inflammation, spontaneous GC formation, and production

198,199

of autoantibody . Conversely, X-linked agammaglobulinemia (XLLA) is a disease caused

by deleterious mutations in the BTK gene and these patients present with a near loss of all

200.
mature B cells

2. While XLA patients typically do not develop autoimmune disease, it has
been reported the few remaining B cells bear autoreactive specificities’’. Therefore,
alterations in BCR signaling often results in the development of autoimmune manifestations
that is characterized by the expansion of activated B cells and the generation of autoantibodies.

Although not yet well understood, protein tyrosine phosphatase nonreceptor 22
(PTPN22) is thought to be a negative regulator of BCR signaling®. Single nucleotide
polymorphisms in the gene, PTPN22 (C1858T; R620W), are associated with SLE, rheumatoid
arthritis (RA), and type 1 diabetes (T1D)*****”. In accordance with alterations in BCR
signaling, individuals carrying the autoimmune-associated variants of PTPN22 have expanded

68,206,207 H H
=02 Furthermore, studies of mice

populations of circulating transitional and anergic B cells
carrying a mutation in P#pz22 (analogous to the human PTPN22°'"*" variant) have enhanced
BCR signaling, expanded populations of immature B cells, and an increased proportion of
FoB cells to MZ B cells®®. These results support a model where the risk variant enhances
BCR signaling, thereby promoting the selection of autoreactive specificities into the FoB cell

compartment. However, in opposition to that model, it has also been proposed that Prpn22

is completely dispensable for BCR signaling®”. Indeed, PTPN22 is predominantly expressed
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in T cells™". Furthermore, no significant difference in BCR signaling is observed in the

10

absence of Ppn22”". Although, while informative, these reports only evaluate BCR signaling
in all mature B cells. Therefore, given the inherent heterogeneity within a pool of all mature
B cells, it cannot be determined whether P#pn22 is dispensable for every categorically distinct

population of B cells. Thus, the role of PTPN22 in BCR signaling remains very much unclear.

Signal 2: Co-stimulation: Cellular interaction and TLR ligands
Co-stimulation is typically thought of as interactions formed between 2 cells through

cell surface receptor/ligand pairs™".

However, this definition could include any signal that
supports antigen-induced activation. While antigen receptor signaling is critical for the
activation of B and T cells, it is insufficient to maintain proliferation and drive
differentiation®'. Therefore, a brief description of co-stimulation will be provided.
Co-stimulatory signals to CD40-expressing B cells are provided by CD40 ligand
(CD40L)-expressing CD4" T cells”'. Early studies showed that by stimulating B cells with
agonistic anti-CD40 antibodies plus BCR stimulation induces robust B cell proliferation and
CSR*"”. This result suggests that B cells benefit from direct T cell contact’?. Furthermore,

23 Other molecules

additional CDA40 signaling promoted survival in ex zzzo human GC B cells
abundantly expressed by T cells are equally as important for the generation of class switched
antibody”''. In the absence of CD28 on T cells, or its respective receptors CD80/CD86 on B
cells and antigen presenting cells (APCs), vesticular stromatitis virus (VSV)-infected mice
failed to efficiently mount a class switched antigen specific IgG1 or IgG2a®"*. Additional
studies have shown impaired GC formation and altered CSR in the absence of Iws, a co-
stimulatory molecule abundantly expressed on T cells, and Iroslg, the respective ICOS ligand

predominantly expressed on B cells and APCs*">*'¢

. Therefore, through the interaction of
ligand/receptor pairs, T cells can support B cell activation and antibody production.

Other co-stimulatory signals that inform and alter B cell development and
differentiation are wholly independent of cellular interactions. B cells express toll like
receptors (TLRs) that can recognize components of bacteria and viruses, such
lipopolysaccharide (LPS, TLR4), single-stranded RNA (ssRNA, TLRY), and CpG-containing
DNA (TLR9)*"". TLRs signal through adaptor proteins MyD88 and TRIF*". While it is
typically thought that TLR signaling is largely dispensable for B cell development, there is

some evidence to support otherwise. B cells stimulated with CpGs (TLR9 ligands) become
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more responsive to the pro-survival factor, BAFF, which is essential for the development of
mature B cells”***, Furthermore, it has been proposed that engagement of BCR and TLR
promotes the positive selection of developing B cells by overcoming pro-apoptosis factors

68,221,222

induced by BCR signaling . Therefore, while not required, TLR signaling can certainly
support B cell development.

It has been shown Myd88 and Ticam1 (the gene encoding for TRIF), are mostly
dispensable for mounting antigen-specific antibody in response to T-I and T-D immunizing
antigen™. Although, upon challenge of Streptococeus pnenmoniae or influenza, B cell intrinsic
Myd8§ is indispensable for eliciting a robust antigen specific IgG2a response™>**. Additionally,
in the absence of Myd88 and Ticam1 there is a significant reduction in total IgG3 antibody in
the preimmune sera of these mice™. Since innate-like B cell subsets are the primary producers
of natural IgG3 antibodies, this result suggests B-1 and MZ B cells may be impaired by the
inability to sense microbial or self-components™. Thus, the contributions of TLR in B cell
biology remains unclear and requires further study in the context of homeostasis and infectious
disease.

The signaling through co-stimulatory molecules principally activates NF-kB, MAPK,

225,226

STAT and IRF families of transcription factors Notably, TLR signaling appears to
require IRF family members for the expression of type I interferon (IFN)*>**, Indeed, it has
been shown that pDCs depend on Myd§$ to activate IRF7 which is required for the production

of IFNa/B*'. Interestingly, type I IFN production is independent of TLR-driven IRF7 and

1228

IRF3 activity in myeloid DCs (mIDCs) and instead requires IRF17". This result is unexpected,

as IRF1 is thought to be induced by IFN-y. Thus, this study suggested an IRF1-dependent
link between TLR and IFN-y, where IFN-y enhances TLR signaling. Indeed, dual TLR and

IFN-yR signaling augments the production of IFNP, IL12-p35, and iNOS in an IRF1-
dependent fashion™. While well described in myeloid derived lineages, the role of TLR-
induced IRF family members in B cell development or differentiation remains relatively

unexplored.

Signal 3: Cytokine
Cytokines are secreted pleiotropic effector molecules that mediate the communication

230

between cells™. Acting through cell surface receptors, cytokines are known to influence the

development, activation, and differentiation of a broad range of cells™. Therefore, the effects
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of cytokines on B cells with a focus on IFN-y will be discussed. However, since relatively little
is known about the mechanisms of IFN-y-inducible transcription factors (TFs) in B cells, IFN-

y-inducible TFs in CD4" T cells will also be reviewed.

The bare essentials
It is well appreciated that 11.-7 is indispensable for B and T cell lymphopoiesis®

30,231,232

Although IL-7 is not required for the earliest stages of B cell development, Fraction A in the

bone marrow, it is essential for the expansion of late pro- and pre- B cells, Fractions B and C,

respectively™ "2 As 11.-7 is required for B cell development progtession, mature B cells

. : 28-30,231,232
are markedly lost in its absence™ .

Peripheral, transitional B cells are vulnerable to
apoptosis and are dependent on the pro-survival cytokine, BAFF*"**!, Tt has been proposed
that BAFF signaling overcomes the pro-apoptotic effects of BCR engagement at this

67,68,219,221
developmental stage”™™™>" """,

Furthermore, in response to elevated BAFF mice develop
autoantibodies”. Thus, BAFF may be strictly regulated to maintain B cell survival without
triggering autoimmunity”. Therefore, 11.-7 and BAFF are essential for B cell development
and survival.

As discussed previously, T follicular helper (Tth) cells support B cell differentiation by

113138166

providing co-stimulation and IL-2 Indeed, mice deficient in [/27r are unable to

166

produce antigen specific IgG1, IgG2b, and IgG3 in response to T-D immunization ™.
Although, it appears that [/27ris dispensable for the generation for antigen-specific Bmem'®.
Additionally, it has been well appreciated that maintenance of LL-ASCs requires the
contributions of the cytokines BAFF, APRIL, and I1.-6'""'". Therefore, while BAFF, APRIL,
IL-6, and IL-21 are required for ASC responses, relatively little is known about the
contribution of cytokine to Bmem'*'"*'",

Largely ascribed to roles in CSR, other cytokines are known to influence the activation

and recruitment of B cells. However, these will not be discussed at length here. Instead the

following table will offer a brief overview of some functions of these other cytokines:
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TABLE 1: Description of cytokines in B cell biology.

Cytokine Function Reference

IL-1a/f enhancement of T-D 233,234
antibody production;
Antigen presentation.

IL-2 B cell survival; ASC 234,235
differentiation.
IL-4 IgG1 and IgE 235-242

CSR/production; supports
IgA production; IL-4
production; repression of
alternate B cell fates; GC B
cell support; B cell
proliferation

IL-10 ASC differentiation; 243,244
regulatory functions
IL-12/IL-18 | supports B effector 1 238,245
function
IL-17 supports IgA CSR; 246-248

migration by CCRG; B cell

mucosal immunity

IFNa/B Transitional B cell 68,249
survival/autoimmunity;

enhancement of BCR

signaling.

TGF-B IgA and IgG2b CSR 250,251

IFEN=y and IFN—y—induced transcriptional regulation
Respiratory epithelial cells are the primary targets for influenza virus’”. After influenza

infection, inflammatory cytokines, IL-1 and type I and II interferon (IFN) drives the
recruitment of innate and adaptive immune cells to the lung”’. Type II IFN, IFN-y, is

produced by NK cells and T cells and is required to promote viral clearance and reduce viral

burden®***

IFNGR2*. Each subunit, IFNGR1 and IFNGR2 interacts with an intracellular Janus
activated kinase, JAK1 and JAK2, respectively”**". Activation of JAK1 and JAK2 results in

. IFN-y, binds to a receptor that is composed of two subunits, IFNGR1 and

phosphorylation of signal transducer and activator of transcription 1, STAT1***". STAT1
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homodimers translocate to the nucleus to drive the transcription of I7f7, Thx21 (gene encoding

255

for T-bet), and other interferon stimulated genes (ISGs)™. Therefore, IFN-y is induced upon

viral infection and promotes transcription of Irf1, Thx21, and ISGs.

T-bet
CD4" T cells

CD4" helper T cells differentiate into distinct lineages upon pathogen-specific priming,
and as a result, produce polarizing cytokines to effectively respond to a variety of infections™”.

In response to I1.-12 and/or IFN-y, CD4" T cells will activate Th1 cell specific genes while

258-260

opposing genes of alternative CD4"T helper cell fates Upon activation with IL-12

and/or IFN-y, CD4" T cells will express T-bet, a principle TF for Th1 cell fate commitment™.
Indeed, T-bet is required to activate Ifzg, which in turn establishes a feed-forward
reinforcement of the Th1 cell program®**®. Additionally, given optimal T cell receptor (TCR)

activation, full Th1l cell generation is achieved through an IFN-y-autocrine mechanism, and

263

blocking IFN-y results in fewer IFN-y-producing Thl effectors

However, upon

suboptimal TCR stimulation, both IL.-12 and IFN-y are required for the generation of Thl

263

cells, where IL-12 enhances production of IFN-y™. Therefore, it is thought that the extent

of dependency of either I1.-12 or IFN-y may rely on TCR signaling strength’”. Altogether, T-

bet will activate lineage specific genes to establish an IFN-y-driven Th1 cell program.

Along with activation of Th1 cell specific programs, T-bet has been shown to be a
potent repressor of alternative CD4" T helper cell fates™”**. Certainly, T-bet cooperates with
Runx3 to silence I1.-4, the signature cytokine of the Th2 cell’”. Furthermore, T-bet has been

264

shown to physically interact with and redirect Bcl-6, thus obstructing Tth cell commitment™".

More recently, T-bet has been shown to repress an inflammatory type I IFN gene program in

265

response to IFN-y™”. Thus, it appears that T-bet functions to activate Th1 lineage genes, while

simultaneously blocking alternative CD4"T helper cell fates and functions.

B cells
Relatively little is known about IFN-y and T-bet directing B cell fate decisions. Eatly

studies identified that T-bet is required to direct class switch to IgG2a in response to IFN-

21,269

y"". This would remain the primary role of T-bet in B cells, although others find that a
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population of T-bet "B cells are generated after mice are infected with an intracellular bacterial
pathogen, Ehrlichia muris’. Interestingly, these T-bet” B cells are described as a subset of T
cell-dependent (T-D) IgM " Bmem responsible for the production of antigen-specific IgG upon

200268 T het' B cells are also required for the development of antigen-specific

rechallenge
antibody following chronic viral infections, lymphocytic choriomeningitis virus (LCMV) and
murine gamma-herpesvirus 68 (MHV-68)'>'****" " Additionally, T-bet expressing B cells are
consistently observed in the enlarged spleens of aged mice and in murine models of
autoimmune diseases’’. These “age-associated” B cells exhibit a profound proliferative

327

response to TLR7 and TLRY agonists and are refractory to BCR ligation™'. Those distinctive

functional features distinguish this subset from other mature B cell subsets™’

. These findings
from murine mouse models have been extended to human studies. Indeed, T-bet expressing
B cells with enhanced responsiveness to TLR7 agonists have been associated with the
development of autoreactive, naive PC precursors in systemic lupus erythematosus (SLE)

2. However, these studies only evaluated antibody responses during persistent antigen

patients
stimulation and inflammation. Furthermore, the conclusions of those studies largely focused
on the production of Ig(G2a rather than how T-bet may direct the differentiation of Bmem or
ASCs.

Similar to T cells, B cells can produce IFN-y in response to 1L-12/1L-18 in vitrs’®. B
cells also secrete IFN-y when activated with antigen and cognate, IFN-y-producing Th1 cells
(B effector 1, Bel cells)”™**”. Interestingly, IFN-y production by Bel cells is dependent on
Ifngr! and Thx21, but can occur in the absence of S7#1**. Furthermore, production of IFN-
v by Bel cells is required to maintain the transcription of Ifzg*. This suggests, like T cells, B
cells may depend on the feed-forward reinforcement of the B effector program. While
relatively little is known about how T-bet regulates B effectors, even less is known about how
T-bet may promote ASC differentiation. It has been shown that Bel cells produced more
antibody when compared to B cells activated in the presence of antigen and IL-4-producing

Th2 cells (B effector 2, Be2, cells)*. Therefore, the exact mechanism of how T-bet directs

ASC fate commitment remains an open question.
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IRF1
CD4" T cells

It is observed IRF1 deficient mice are susceptible to intracellular bacterial pathogens,
Listeria monocytogenes and Leishmania major infection”"?"". These early experiments suggest that
susceptibility to at least Listeria monocytogenes is due to a defect in the generation of Thl-
mediated immunity””'. Indeed, CD4" T cells exhibit a refractory response to I1.-12 in that a
small, but significant amount of 11.-4 is produced instead of IFN-y*""*”%. Thus, it appears that
Th1 cell differentiation is compromised in the absence of Irf7. Subsequently, it has been
shown that IRF1 directly activates transcription of 1/72b1 through binding to an interferon-
stimulated response element (ISRE) consensus sequence within the promoter region of
1/12b1*”. This observation suggests that IRF1 is required for the 11.-12/IFN-y feedback
mechanism that is essential for the establishment of the Th1 cell program. Therefore, similar
to T-bet, IRF1 promotes Th1 cell commitment through the activation of lineage specifying
genes. Additionally, IRF1 appears to repress some aspects of Th2-directed immunity”**"". In
the absence of Irf7, mice exhibit elevated production of Th2-signature cytokines, IL.-4 and IL-

0,271

5, and are resistant to the nematode infection, Nippostrongylus brasiliensis™**". Furthermore,

IRF1 binds to 3 distinct regulatory elements in the I/4 gene which correlates with reduced [/4

273

expression in CD4" T cells*”. Thus, IRF1 activates Th1 lineage specifying genes while directly

opposing alternative T cell fates.

B cells

It is relatively unknown whether IRF1 participates in B cell fate decisions. The
development of mature B cells appears to be intact in Irf7 deficient mice™. Although, it is also
proposed that IRF1 may contribute to the termination of proliferation in developing B cells*™.
Relatively recently, it has been shown that GC B cells require I7f7 following MHV-68
infection®. However, it appears If/ is dispensable for the generation of long lived, antigen
specific antibody™. Interestingly, it is proposed that IRF1 may activate a negative regulator of
BCR signaling, SHP1**. Although, how IRF1 regulates SHP1 activity remains an open
question®. This study, while informative, only thoroughly evaluated Irf7 expressing B cells
during the first 42 days following chronic viral infection®. Therefore, it cannot be determined
whether IRF1 is required for the development of long-lived antibody responses from this

study. Thus, the role of IRF1 in B cell biology has not been adequately addressed.
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Summa
Fungi, bacteria, viruses, and self-antigens all have the potential to incite an immune

response. In health, we are granted immunity from infection while maintaining tolerance,
otherwise we succumb to disease. How is protection from disease achieved? Certainly,
antibody is one essential component underlying protection and pathology. Some decades ago
two concepts revolutionized our understanding of the generation of antibody: 1) antigen must
interact with respective membrane bound antigen receptor and 2) the consequences of that
interaction involve clonal expansion and differentiation®”. While these concepts emerged
many years ago, we have yet to fully understand the mechanistic basis for the development of
the cells that secrete antibody. As described above, what we do know has been limited to
simplistic immunization models with particular focus on BCR signaling and co-stimulation
with relatively little understanding of the contribution of cytokines to the process. Therefore,
in order to develop efficacious vaccines, it will be absolutely essential to recognize how
infection induced cytokine would promote protective antibody responses upon encounter
with pathogen.

Herein, we describe the role of two IFN-y-inducible transcription factors, T-bet and
IRF1, in driving ASC differentiation. We find that T-bet, unlike other ASC specifying
transcription factors, promotes ASC differentiation through extinguishing an IFNy-induced
pro-inflammatory program which is incompatible with completion of terminal ASC
differentiation 7z vitro. In contrast, IRF1 is required for dampening BCR signaling thus
supporting development of an innate-like ASC precursor. Both, T-bet and IRF1, contribute
to protective antigen-specific antibody responses upon influenza infection. While T-bet is
required to generate long-lived humoral responses, IRF1 is essential for early antigen-specific
IgM. Although, IRF1 is also induced upon BCR and TLR engagement, the contribution of

IFN-y cannot be understated, as we clearly show how an IFN-y-driven inflammatory program
initiates ASC differentiation (Figure 7). Accordingly, we show a significant local IFN-y-
producing T cell response which correlates with the production of durable RBD-specific
antibody upon intranasal Ad5COVID vaccination. Thus, we show for the first time, how
IFN-y and IFN-y-inducible transcription factors promote ASC differentiation, thus informing

efficacious vaccine strategies.
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Figure 7 Model of IFNg-inducible IRF1 contributing to the generation of ASC
precursors. IRF1-expressing B cells are required for optimal antibody responses
early post following influenza infection and T-I immunization models. While IRF1
can be induced upon IFNg stimulation TLR/BCR-inducible IRF1 is critical for the
generation of a protective, innate-like PC precursor, marginal zone (MZ) B cells.
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SUMMARY

Although viral infections elicit robust interferon-y (IFN-y) and long-lived antibody-secreting
cell (ASC) responses, the roles for IFN-y and IFN-y-induced transcription factors (TFs) in
ASC development are unclear. We showed that B cell intrinsic expression of IFN-yR and the
IFN-y-induced TF T-bet were required for T-helper 1 cell-induced differentiation of B cells
into ASCs. IFN-yR signaling induced Blimp-1 expression in B cells but also initiated an
inflammatory gene program that, if not restrained, prevented ASC formation. T-bet did not
affect Blimp-1 upregulation in IFN-y-activated B cells but instead regulated chromatin
accessibility within the Ifzg and Ifngr2 loci and repressed the IFN-y-induced inflammatory gene
program. Consistent with this, B cell intrinsic T-bet was required for formation of long-lived
ASCs and secondary ASCs following viral, but not nematode, infection. Therefore, T-bet
facilitates differentiation of IFN-y-activated inflammatory effector B cells into ASCs in the

setting of IFN-y-, but not IL-4-, induced inflammatory responses.
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INTRODUCTION

The interferon-y (IFN-y) inducible T-box transcription factor (TF), T-bet, regulates the
activation, proliferation, differentiation, lifespan, and effector functions of T cells (Lazarevic
et al., 2013) by modulating gene expression through its interactions with histone-modifying
enzymes and other master regulator TTs, like Bcl6 and Blimp-1 (Oestreich and Weinmann,
2012, Xin et al., 2016). T-bet promotes T helper-1 (Th1) development by activating effector
cell gene programs (Zhu et al., 2012) and by repressing alternate cell fates (Lazarevic et al.,
2013) and type I interferon (IFN)-induced inflaimmatory gene programs (Iwata et al., 2017).
Although T-bet is required for IFN-y-driven switching to the immunoglobulin G2¢ (IgG2c)
(B6) or IgG2a (BALB/¢) isotype in mice (Peng et al., 2002), rematkably little is known about
whether T-bet can also influence B cell-fate decisions. However, recent studies showing that
T-bet-expressing B cells are expanded in aging, chronically infected, and autoimmune mice
and humans (Jenks et al., 2018, Karnell et al., 2017, Knox et al., 2017, Lau et al., 2017,
Naradikian et al., 2016, Rubtsov et al., 2011, Rubtsova et al., 2017, Wang et al., 2018) suggest
that T-bet may influence B cell transcriptional programming and cell-fate decisions. In support
of this idea, autoantibody responses in some systemic lupus erythematosus (SLE)-prone mice
are dependent on B cell intrinsic T-bet expression (Rubtsova et al., 2017), and expansion of
an unusual population of T-bet-expressing CD11c+CXCRb5neg IgDnegCD27neg (DN2)
human B cells correlates with disease severity in a subset of SLE patients (Jenks et al., 2018,
Wang et al., 2018). Moreover, T-bet+ DN2 cells (Jenks et al., 2018, Wang et al., 2018) as well
as T-bet+ CD27+CD21lo-activated human memory B cells (Knox et al., 2017, Lau et al,,
2017) exhibit phenotypic, molecular, and functional similarities to antibody (Ab)-secreting cell

(ASC) precursors.

Given the association between T-bet expression and pre-ASC formation, we tested whether
T-bet was required for commitment to the ASC lineage. We showed that ASC development
by B cells activated 7z vitro in the presence of IFN-y-producing T cells required B cell intrinsic
expression of T-bet and the IFN-yR. T-bet, despite facilitating IFN-y-dependent ASC
development, was not required for IFN-y-induced upregulation of ASC programming TFs,

like Blimp-1, interferon-regulatory factor (IRF)4, and XBP1 (Nutt et al., 2015). Instead, T-bet
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repressed an IFN-y-induced inflaimmatory gene program that was incompatible with ASC
differentiation. Moreover, we found that B cell intrinsic T-bet expression was required for
long-lived ASC (LL-ASC) formation following primary infection with influenza virus and
memory B cell differentiation into ASCs following influenza challenge infection. By contrast,
T-bet-expressing B cells were not required for ASC differentiation following a Th2-inducing
nematode infection. Therefore, unlike the core TFs that are required for ASC commitment in
all settings (Nutt et al., 2015), T-bet promotes ASC development by preventing B cells from
assuming an alternate inflammatory effector cell fate in response to IFN-y, which is produced

in response to some but not all pathogens and autoantigens.

RESULTS

The Blimp-1-Dependent ASC Gene Program Is Enbanced in Th1-Activated B Cells

We reported that cultures of Th1 cell-stimulated B cells (Bel cells) contained more secreted
Ab than cultures of Th2 cell-stimulated B cells (Be2 cells) (Harris et al., 2005b). To test whether
ASC development was enhanced in the Bel cultures, we subdivided the day 4 Bel cells into 4
discrete populations using the ASC markers CD138 and CD93 (Figure 1A) and measured Ab
production by the sort-purified cells. We found that the CD138+CID93+ subset produced the
most Ab, as measured by Ab secretory rates, following re-culture of an equivalent number of
cells for 5 h (Figure 1B) or by ELISPOT (Figure 1C). Next, we quantitated CD138+CD93+
ASCs and Ab secretory rates in day 4 Bel and Be2 cultures. CD138+CD93+ cells were more
prevalent in day 4 Bel cultures (Figures 1D and 1E), and day 4 Bel cells produced more Ab
than day 4 Be2 cells (Figure 1F), indicating enhanced ASC formation in Bel cultures.

To determine when ASC lineage commitment occurs in Bel cells, we used gene set enrichment
analysis (GSEA; Subramanian et al.,, 2005) and evaluated when TFs that are differentially
expressed between bone marrow (BM) ASCs and follicular B cells (FOBs) (Shi et al., 2015)
were enriched in the Bel transcriptome (Table S1; Figure S1A). Since many ASC-specific TFs
were significantly enriched in the Bel transcriptome by day 3 (Figure 1G; Figure S1B), we
examined day 2 cells and found that only two ASC-promoting TFs, Prdm1 (Blimp-1) and Jun,
were upregulated at this time point in Bel cells relative to Be2 cells (Figure 1H; Figure S1C).
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Consistent with this, day 2 Bel cells generated from Blimp-1-reporter mice (Rutishauser et al.,
2009) expressed detectable amounts of Blimp-1 (Figure 1I). Next, we performed assay for
transposase-accessible chromatin sequencing (ATAC-seq) (Buenrostro et al., 2015) on day 2
Bel and Be2 cells (Table S2). We identified 611 differentially accessible regions (DARs)
(Figure 1]) and observed significant enrichment (p = 3.77 X 10—90) of accessible Blimp-1-
binding motifs in the day 2 Bel cells compared to the Be2 cells (Figure 1K). Finally, we
observed few CD138+CD93+ ASCs (Figures 1L and 1M) and significantly decreased Ab
secretory rates in Bel cultures containing Prdm1—/— Bel cells (Figure 1N). Thus, antigen and
Th1 cell-activated B cells rapidly upregulate Blimp-1, undergo chromatin remodeling at Blimp-
1-binding sites, and differentiate in a Blimp-1-dependent fashion into CD138+CD93+ ASCs.

IFN-y Controls Early Blimp-1 Expression and ASC Development in Bel Cells

To identify the upstream TFs that might promote early Blimp-1 expression in Bel cells, we
examined day 2 Bel and Be2 ATAC-seq and transcriptome datasets using the PageRank (PR)
algorithm (Yu et al., 2017; Table S3; Figure S2), ingenuity pathway analysis (IPA; Krimer et al.,
2014), and HOMER motif analysis. We also identified the differentially expressed genes
(DEGsS) in the day 2 datasets. Fourteen of the 357 PR-predicted TFs were also identified in at
least 2 of the other 3 analyses and 2 of these TFs, T-bet (Tbx21) and Irfl, were identified in
each analysis (Figure 2A; Table S3). Expression of Thx21 and Irfl was induced in Bel cells
within 1 day (Figures 2B and 2C) and by day 2 chromatin-accessible regions containing binding
motifs for T-bet (Figure 2D) and IRF1, including the interferon-sensitive response element
(ISRE), ETS-IRF composite element (EICE) and AP1-IRF composite element (AICE)
binding sites (Figures 2E-2G), were significantly enriched in Bel cells. Expression of Tbx21
and Irfl was ablated in IFN-yR1-deficient (Ifngt1—/—) Bel cells (Figure 2H), demonstrating
that expression of these TFs was controlled by IFN-y. To test whether Bel differentiation was
dependent on IFN-y signals, we examined Prdml expression in Ifngrl—/— Bel cells.
Expression of Prdm1 was significantly lower in day 2 Ifngrl—/— Bel cells compated to day 2
B6 Bel and Be2 cells (Figure 2I). Moreover, expression of Prdm1 and other ASC promoting
TFs, like Irf4, Pou2afl, and Xbp1, remained low even out to day 4 in Ifngrl—/— Bel cells
(Figure 2J), and these B cells did not form CD138+CD93+ ASCs or secrete Ab (Figures 2K—
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2M). Thus, IFN-y controls rapid upregulation of Tbx21, Irfl, and Prdm1 in Bel cells and is

necessary for the development of Bel ASCs.

T-bet Controls IFN-p-Dependent ASC Development but Does Not Regulate Early Expression of Blimp-1
Since T-bet is known to regulate Blimp-1 expression in T cells (Oestreich et al., 2012, Xin
et al.,, 2016), and Blimp-1 was required for Bel ASC formation, we tested whether Bel
differentiation was T-bet dependent. We found that ASC formation and Ab secretion (Figures
3A-3C) were significantly impaired in Tbx21—/— Bel cultures. Consistent with this, GSEA
using RNA sequencing (RNA-seq) data (Table S4) from day 4 B6 and Tbx21—/— Bel cells
revealed that the transcriptome of Tbx21—/— Bel cells was not enriched for ASC-specific
TFs (Shi et al., 2015) and was instead enriched in FOB TFs (Figures 3D and 3E; Figure S3A).
To examine whether T-bet facilitates ASC development by promoting Blimp-1 expression or
activity, we analyzed quantitative PCR and ATAC-seq (Table S2) data from day 2 B6 and
Tbx21—/— Bel and Be2 effectors. We identified 561 DARs between day 2 B6 Bel and
Tbx21—/— Bel cells but only 30 DARs between day 2 B6 Be2 and Tbx21—/— Be2 cells
(Figure 3F). In addition, we observed significantly increased chromatin accessibility in the
100 bp immediately surrounding T-bet consensus binding motifs in B6 Bel cells relative to
Tbx21—/— Bel cells and B6 Be2 cells (Figure 3G; Figure S3B). However, chromatin
accessibility near Blimp-1-binding motifs was unchanged (Figure 3G; Figure S3B), and Prdm1
mRNA expression was equivalent (Figure 3H) between the day 2 B6 and Tbx21—/— Bel cells.
Similarly, expression of other ASC-inducing TFs (Nutt et al., 2015; Figure 3H) and chromatin
accessibility near binding sites for any of these TFs (Figure 3G; Figure S3B) were only
modestly affected in the day 2 Tbx21—/— Bel cells. Thus, T-bet appeared to promote IFN-

y-dependent ASC formation via a distinct mechanism.

Thx21—/— Bel Cells Maintain an Activated Inflammatory Gene Signature

Although T-bet was not required to induce early Prdm1 expression in Bel cells, we identified
>2,000 DEGs between day 4 Tbx21—/— and B6 Bel cells (Table S4). To understand which
T-bet-regulated genes were responsible for ASC development, we first examined the IPA-
predicted upstream regulator TFs in B6 Bel and Be2 cells and Tbx21—/— Bel cells (Table
S5). As expected, IFN-y-induced TFs, like STAT1, T-bet, and IRF family members, were

predicted to be activated (positive Z-score) by day 1 in Bel cells compared to Be2 cells
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(Figure 4A; Table S5). Moreover, by day 2, downstream inflaimmatory and anti-viral gene
targets of STAT1, IRF3, and IRF7 were more highly expressed in Bel cells compared to day
2 Be2 cells (Figure 4B). However, expression of these genes declined by day 4 in Bel cells,
and the predicted Z-scores for STAT1, IRF3, and IRF7 shifted from activated to inhibited
(negative Z-score) (Figure 4B). By contrast, the majority of the downstream gene targets of
IRF3, IRF7, and STAT1 were more highly expressed in day 4 Tbx21—/— Bel cells compared
to day 4 Bel cells (Figure 4B), and IRF3, STAT1, and IRF7, which were the top IPA-identified
upstream regulators of the day 4 Tbx21—/— Bel transctiptome (Figute 4C; Table S5), were
predicted to be activated in these cells (Figure 4C). The time-dependent downmodulation of
the inflammatory gene signature in the B6 Bel cells was not limited to downstream targets of
IRF3, IRF7, and STAT1 as mRNA expression of multiple TFs from the IRF (Figure 4D),
STAT (Figure 4E), and nuclear factor xB (NF-«B) (Figure 4F) families also declined by day 4
in the B6 Bel cells. Similarly, mRNA expression of receptors that activate NF-»B and IRF,
including members of the Toll-like receptor (TLR) (Figure 4G) and TNFR (Figure 4H)
families, decreased by day 4 in B6 Bel cells. By contrast, expression of many STAT, IRF, and
NF-»«B TFs (Figures 4D—4F), as well as receptors and ligands that activate NF-»B and IRF
signaling, including TLRs (Figure 4G) and TNF and TNFR family members (Figure 4H), was
increased in day 4 Tbx21—/— Bel cells relative to B6 Bel cells. The enhanced inflammatory
gene signature observed in the Tbx21—/— Bel cells was not due to the lack of ASCs in the
Tbx21—/— Bel cultures as we obsetved similar results comparing the transctiptomes of day
4 Tbx21—/— Bel cells and the non-ASCs present in the day 4 Bel cultures (Figures S4A—
S4G; Table S5). Thus, an inflaimmatory “effector-like” transcriptional signature, which is

transiently observed in B6 Bel cells, is maintained in Tbx21—/— Bel cells.

T-bet Is a Transcriptional Repressor in Bel Cells

Although T-bet is well characterized as a transcriptional activator of T cell effector
development (Zhu et al., 2012) its role as a repressor is less appreciated. However, a recent
report (Iwata et al., 2017), showing that commitment to the Th1 cell lineage requires T-bet-
directed repression of IFN-a-driven inflammatory gene expression, suggested that T-bet
might promote ASC development by repressing the inflammatory transcriptional program in

Bel cells. We therefore compared our RNA-seq dataset with published B6 and Tbx21—/—
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Th1 cell RNA-seq and chromatin immunoprecipitation sequencing (ChIP-seq) data (Iwata
et al., 2017) and found that many of the T-bet-repressed target genes in Th1 cells were also
repressed in a T-bet-dependent fashion in Bel cells (Figure 4I). Indeed, GSEA revealed that
the day 4 Tbx21—/— Bel transcriptome was significantly enriched relative to day 4 B6 Bel
transcriptome in targets that are normally repressed by T-bet in Thl cells (Figure 4J).
Moreover, this T-bet-dependent repression of inflaimmatory genes in Bel cells was time
dependent as expression of known targets of T-bet repression declined in Bel cells between
days 1 and 3 (Figures 4K and 4L; Figure S4H). Thus, deletion of T-bet in Bel cells resulted in
the sustained expression of inflammatory and anti-viral genes, including many already

described (Iwata et al., 2017) targets of T-bet repression in T cells.

Sustained TLR and NF-»B Signaling in Bel Cultures Prevents ASC Development

Thx21—/— Bel cells sustained expression of many inflammatory genes and TFs, including
NF-»B and NF-»B activators, that are normally suppressed during Bel differentiation. Since
NF-»B can regulate B cell development, activation, and ASC formation (Gerondakis and
Siebenlist, 2010, Klein and Heise, 2015), we assessed whether sustained NF-»B activation
blocked differentiation of IFN-y-activated Bel cells. We found that maintaining NF-xB
activity in Bel cultures, by adding the NF-xB activator betulinic acid (Kasperczyk et al., 2005)
beginning on day 2, significantly suppressed the formation of ASCs and Ig-secreting cells
(Figures 5A and 5B; Figure S5A) in the Bel cultures. Next, we exposed Bel cells, beginning
on day 2, to NF-xB-activating TLR ligands. We found that ASC development declined
significantly (Figures 5C and 5D; Figure S5B). This was not due to reduced cell recovery as
the Bel cells proliferated equally well in the TLR7 and TLR9 ligand exposed cultures (data not
shown). Thus, sustained TLR and NF-xB signaling is sufficient to suppress Bel ASC
development, suggesting that ASC differentiation is likely to be impaired in B cells that cannot

downmodulate the inflammatory gene network that activates NF-xB.

T-bet Regulates IFN-yR Signaling in Bel Cells by Repressing Ifng and Ifngr2 Expression
T-bet facilitates Thl cell commitment by repressing Ifna expression and preventing initiation
of an IFN-a-driven autocrine inflammatory loop (Iwata et al., 2017). Since Ifna and the Ifnar

were not overexpressed in Thx27—/— Bel cells (data not shown), we hypothesized that T-bet
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might facilitate ASC commitment in IFN-y-activated B cells by inhibiting expression of
inflammatory genes that are normally induced by IRF and NF-xB TFs following activation
with IFN-y or intracellular TLR ligands. We therefore performed IPA upstream regulator
analysis on the T-bet-repressed genes that were either unique to Bel cells or shared between
Bel and Th1 cells (Iwata et al., 2017; Figure 5E; Tables S6 and S7). In agreement with our
hypothesis, IFN-y and TLRs were predicted by IPA to be the top upstream regulators of the
1,220 T-bet-repressed genes that were unique to Bel cells (Figure 5F; Table S7). Furthermore,
many of the genes that were repressed by T-bet in both Th1 and Bel cells (Figure 5G; Table
S7) were also predicted by IPA to be downstream targets of IFN-y and/or TLR signaling
(Figure 5H; Table S7). Thus, both unique targets of T-bet repression in B cells and shared
targets of T-bet repression in Bel and Thl cells can be induced by IFN-yR and/or TLR
signaling.

Next, we determined the overlap between T-bet-repressed genes in day 4 Bel cells (Table S0)
with genes containing T-bet-dependent DARs in day 2 Bel cells (Table S2). We identified 40
genes that were repressed in a T-bet-dependent fashion in Bel cells and mapped to T-bet-
dependent DARs that also contained one or more consensus T-bet binding motifs (Figure 51).
The DARs from 17 of these genes contained AICE binding motifs for AP1-IRF complexes
or EICE binding sites for Ets-IRF complexes (Figure 5I), suggesting that many of the T-bet-
repressed genes in Bel cells may be co-regulated by IFN-y-induced IRF TFs. Two of the genes
identified in this analysis included Ifzgr? and Ifng (Figures 51-5K). Both loci contained DARs
with T-bet binding motifs (Figures 5L and 5M) that also co-localized with binding motifs for
IRF family members. To address whether these T-bet-regulated chromatin-accessible regions
in the Ifngr? (Figure 5L) or the Ifng (Figure 5M) loci were conserved between Bel and Thl
cells, we compared the day 2 Bel cell ATAC-seq data with day 4 Th1 cell ATAC-seq data and
published Th1 cell T-bet ChIP-seq data (Zhu et al., 2012). We found DARs that were shared
between Bel and Th1 cells and DARs that were specific to either Bel or Th1 cells. The Bel
unique DAR in the Ifngr? locus contained T-bet, EICE, and AICE binding motifs, while the
Bel unique DAR in the Ifig locus contained IRF4 and T-bet binding motifs (Figure 5M).
Chromatin accessibility in the B cell unique Ifzg and Ifugr? DARs increased in a T-bet-
dependent fashion (Figures 5L and 5M), despite the fact that the genes were downregulated
in a T-bet-dependent fashion in Bel cells (Figures 5] and 5K). These results suggest that T-
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bet orchestrates chromatin opening in loci undergoing repression and may repress gene
expression either through direct binding or by indirectly facilitating recruitment of other

repressors to these loci.

T-bet Tunes Expression of IEN-yR-Regulated Inflammatory Genes

Since T-bet dampened inflammatory gene expression in Bel cells, we predicted that
Tbx21—/— Bel cells would make enhanced inflammatory responses following activation with
ligands of TLR or TNFR family receptors. Consistent with this, significantly more IFN-y
(Figure 5N) and IFN-y-induced cytokines, like interleukin-6 (IL-6) (Figure 50), were produced
by day 4 Tbx21—/— Bel cells stimulated with TLR7 + TLRY ligands or TLR ligands plus anti-
CDA40 and anti-Ig. Given this result, we examined whether T-bet prevented establishment of
an IFN-yR-induced inflammatory feedback loop. We found that inflammatory genes like Ifng,
Irf1, Statl, Tlt7, Tnfsf10, and Hifla (Figure 5P) were expressed at significantly higher amounts
in day 2 Tbx21—/— Bel cells and at significantly reduced amounts in day 2 Ifngrl—/— Bel
cells when compared to control day 2 B6 Bel cells. Therefore, expression of these IFN-y-
inducible genes appeared to be restrained by T-bet. However, other genes, like Ifngr2, Irf5,
Relb, 116, Batf, and Rorc, were more highly expressed in both Ifngrl—/— and Tbx21—/— Bel
cells relative to B6 Bel cells (Figure 5Q)), suggesting that IFN-yR signaling could also repress,
in a T-bet-dependent fashion, expression of inflammatory genes and alternate fate-specifying
TFs in Bel cells. Collectively, these data show that T-bet does not directly initiate IFN-y-
dependent ASC programming. Instead, T-bet blocks inappropriate activation of the IFN-y-
induced inflammatory gene program and prevents establishment of alternate effector cell fates

in IFN-y-activated B cells.

T-bet+ B Cells Regulate Primary ASC Responses to Viral Infection

To test whether B cell intrinsic expression of T-bet was required for ASC development in vivo,
we first infected ZsGreen (ZsG) T-bet reporter mice (Zhu et al, 2012) with influenza
A/Puerto Rico/8/1934 HIN1 (PRS) vitus or the parasite Heligmosomoides polygyrus (Hp)
and characterized the T-bet-expressing B cells. Consistent with our in vitro Bel and Be2 data
(Figure S6A), ZsG (T-bet) was expressed by lymph node (LN) FOBs, ASCs, and germinal
center B (GCB) cells from the flu but not Hp-infected mice (Figures 6A and 6B). ZsG was
also expressed by flu nucleoprotein (NP) (Allie et al., 2019)-specific GCB, ASC, and memory
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B cells (Figures 6C—6H). Although ZsG could be detected in early NP-specific plasmablasts
(Figure 6C), by day 60 post-infection only a fraction of splenic ASCs (Figure 6D; Figure S6B)
and few of the BM LL-ASCs continued to express ZsG (Figure 6E; Figure S6C). By contrast,
most flu NP+ memory LN B cells continued to express ZsG (Figures 6F and 6G; Figure S6D)

as well as intracellular T-bet protein (Figure 6H).

To address whether T-bet expression by B cells was required for ASC development i vivo, we
generated BM chimeras that selectively lacked T-bet in all B cells (B-T#x27—/— mice) or wete
T-bet sufficient in all lineages (B-WT mice) (Figure S6E) and measured day 60 Hp- and flu-
specific responses. Although Hp-specific IgG and IgG1 (Figures 61 and 6]) responses were
similar in both groups, flu-specific IgG Ab (Figure 6K) and BM ASC (Figures 6L and 6M)
responses were significantly decreased in the B-Tbx27—/— chimeras. Thus, T-bet-expressing
B cells facilitate LL-ASC and Ab responses to an IFN-y-inducing viral infection but not to an

II.-4-dominated nematode infection.

Although flu-specific Ab and ASC responses were significantly decreased in B-Thx27—/—
mice, humoral immunity was not completely ablated in these mice. Since B cell intrinsic T-bet
is required for isotype-switch to IgGG2a (Peng et al., 2002), we assessed the isotype distribution
of the NP-specific Ab and memory B cell responses to flu to determine whether the loss of
IgG2c B cells was sufficient to account for the decline in flu-specific Abs in B-Thx27—/—
mice. As expected, (Baumgarth et al., 1999), the flu-specific IgM Ab response was short lived
in both groups of mice (Figure 6N). Consistent with a requirement for T-bet in switching to
IgG2c (Barnett et al., 2016, Peng et al., 2002, Wang et al., 2012), NP-specific IgG2c Abs
(Figure 60) and day 60 IgG2c+ NP+ memory B cells (Figure SOF; Figures 6P—6R) were
missing from B-Thx27—/— mice. By contrast, both the NP-specific IgG2b Ab (Figure 60)
and the NP+ IgG2b+ memory B cell (Figures 6P—6R) responses were intact in the B-
Thx21—/— mice. However, despite normal frequencies and numbers of IgG1+ flu NP+
memoty B cells in B-Thx27—/— mice (Figures 6P—6R), the NP-specific IgG1 Ab response
was significantly decreased in B-Tbx27—/— mice (Figure 60). These data therefore indicate
that T-bet not only regulates switching to IgG2c following flu infection but also directs the

formation of IgG1 long-lived flu-specific Ab responses.
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ASC Recall Responses to Fiu Require T-bet+ Memory B Cells

Although the total number of flu NP+ memory B cells was not altered in B-Tbx21—/— mice
(Figure 6R), T-bet was expressed by many memory B cells (Figures 6G and 6H). To address
whether T-bet+ memory B cells contributed to secondary ASC formation, we infected
Tbx21fl/fLhCD20-TAM-cre mice (Figure 7A; Figure S7A) and control B6 mice with PR8
vitus. On day 90 post-infection, we exposed the Tbx21fl/fl.hCD20-TAM-cre mice and B6
controls to tamoxifen (TAM) to selectively and inducibly (Khalil et al., 2012) delete Thx21
from B cells in the flu memory Tbx21fl/fLhCD20-TAM-cte mice (Figure 7A; Figure STA).
Eight days after the last TAM treatment, we examined expression of CXCR3 (Figure 7B), a
known T-bet target gene (Zhu et al., 2012), in B and T lineage cells. TAM treatment of memory
Tbx21fl/fL.hCD20-TAM-cre mice did not affect CXCR3 expression by T cells (Figure 7C) but
did cause significant reductions in the frequencies of CXCR3+ B cells and CXCR3+NP+
memory B cells (Figures 7D and 7E; Figure S7B). However, inducible deletion of T-bet in the
CD20+ compartment did not affect the number of total LN cells, B cells, or T cells (data not
shown) or the number of LN NP+ memory B cells (Figure 7F; Figure S7B). Therefore,
continued expression of T-bet by memory B cells is not required for short-term maintenance

of the flu NP+ memory B cell pool.

Next, we infected naive B6 mice (“X31 primary” mice) and the TAM-treated B6 and
Tbx21fl/fLhCD20-TAM-cre PR8 flu memory mice with X31 (H3N2) influenza (Figure 7A;
Figure S7A). Since the H1-specific Abs generated during the primary PR8 infection do not
neutralize the H3 X31 virus, we were able to productively infect the PR8 memory mice and
follow the response to NP, which is conserved between both viruses (Kees and Krammer,
1984). Similar to our prior experiment, T-bet was efficiently and specifically deleted in B cells
from the TAM-treated Tbx21fl/fLhCD20-TAM-cre mice as measured by decreased CXCR3
expression by total B cells (Figures S7C and S7D) and NP+ GCB cells and ASCs (Figure 7G;
Figures S7F and S7G) on day 5 post-X31 challenge. However, CXCR3 continued to be
expressed by T lineage cells (Figure S7TE). NP+ GCB cells, while not yet detectable in the X31
primary infected mice (Figure 7H), were present in equal numbers in LNs from X31-
challenged TAM-treated B6 and Tbx21fl/fl.h CD20-TAM-ctre mice (Figure 7H; Figure S7F).
However, the number of NP+ ASCs in the challenged memory Tbx21fl/fl.hCD20-TAM-cre
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mice was decreased 10-fold compared to the X31-challenged PR8 memory B6 animals
(Figure 71; Figure S7G). Thus, T-bet expression by memory B cells regulates the differentiation

of reactivated flu-specific memory B cells.

Secondary Flu-Specific [¢G2¢c ASC Responses Require T-bet+ Memory B Cells

Since our data showed that T-bet was not required for the maintenance of the memory B cell
pool (Figure 7F), we used the Tbx21—/—hCD20-TAM-cte mice to address whether T-bet
regulates the differentiation of flu NP+ memory B cells into IgG2c-producing ASCs.
Consistent with our earlier results, TAM treatment of day 90 PR8 memory hCD20-TAM-cre
controls and Tbx21fl/fl.hCD20-TAM-cte mice had no impact on the number of flu NP+
memory B cells (Figure 7J; Figure S7H). This was true whether we looked at the NP+ IgM-
expressing IgDnegCD38+ memory B cells or the IgG1 and IgG2c NP+ memory B cells
(Figures 7K and 7L; Figure S7TH). Next, we challenged the mice with heterologous X31 virus
and measured the ASC response 5 days post-challenge. Again, we observed a significant
teduction in the number of NP+ ASCs in the Tbx21fl/fl.hCD20-TAM-cte mice compared to
control animals (Figure 7M; Figure S7I). Moreover, IgG2c NP+ ASCs, which were easily
detected in the challenged control group, were significantly decreased in the TAM-treated
Tbx21fl/fLhCD20-TAM-cre mice (Figure 7M; Figure S7I). Therefore, T-bet controls the
differentiation of flu-specific memory B cells into IgG2c+ ASCs. Taken together, these data
support the conclusion that T-bet expression by B cells does facilitate the development of
ASC and Ab responses following primary and secondary flu infections. However, T-bet, unlike
Blimp-1 or IRF4 (Nutt et al., 2015), is not a master regulator of ASC development since some
types of ASC responses remain intact in the absence of T-bet-expressing B cells. The
importance of the T-bet controlled ASC developmental pathways in health and disease is

discussed.

DISCUSSION

In IFN-y-activated T cells, T-bet regulates cell-fate decisions by activating lineage-specific
programs and repressing alternate fates and inflammatory feedback loops (Iwata et al., 2017,

Lazarevic et al., 2013). Although T-bet is expressed by human DN2 and memory pre-ASCs
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(Jenks et al., 2018, Lau et al., 2017, Wang et al., 2018), and T-bet-expressing B cells are required
for autoAb responses in some autoimmune mice (Peng et al., 2002, Rubtsova et al., 2017), the
role for T-bet in ASC lineage commitment had not been well studied. We previously reported
that cognate encounters between antigen-presenting B cells and IFN-y-producing Th1 cells
results in rapid upregulation of T-bet (Harris et al., 2005a) and robust Ab production (Harris
et al., 2005b). This result was initially quite puzzling as at that time Th2 cytokines were thought
to promote B cell differentiation (Randolph et al., 1999), and IFN-y was thought to induce B
cell apoptosis (Bernabeti et al., 2001). However, more recent publications revealing that IFN-
YR, STAT1 and T-bet-expressing B cells are required for autoAb responses in some mouse
models of autoimmunity (Domeier et al., 2016, Jackson et al., 2016, Rubtsova et al., 2017,
Thibault et al., 2008), suggested that IFN-y signaling might also be important for ASC
development. Our data showing that IFN-y-producing T cells not only induced IFN-y- and
T-bet-dependent B cell differentiation but were even more effective in promoting ASC
development than IL-4-producing T cells demonstrated that potent B cell-fate cues can be
provided by an inflammatory cytokine that is often associated with viral infection and

autoimmunity.

Although we fully expected to find that T-bet induced B cell differentiation by promoting TFs
that initiate ASC commitment, we realized that T-bet did not regulate the early expression or
activity of any of the well-described ASC-associated TFs (Nutt et al., 2015) including Blimp-
1, which can be modulated in a T-bet-dependent fashion in T cells (Oestreich et al., 2012, Xin
et al., 2016). Likewise, T-bet did not function to repress TFs like Pax5 that maintain B cell
identity and prevent ASC differentiation (Nutt et al., 2015). Instead, we found that IFN-y,
rather than T-bet, was responsible for eatly induction of Prdm1 and that T-bet functioned to
repress anti-viral and inflaimmatory genes that are known downstream targets of type I and
type II IFN signaling (Pollard et al., 2013). These results were similar to data (Iwata et al.,
2017) showing that T-bet prevents Ifna expression and represses initiation of an autocrine
type I IFN inflammatory circuit in developing Th1 cells. Although expression of Ifna, Ifnb,
and Ifnar was not impacted in Tbx21—/— Bel cells, we observed that expression of Ifng and
Ifngr2 was higher in Tbx21—/— Bel cells relative to B6 Bel cells and that Tbx21—/— Bel
cells produced more IFN-y following TLR stimulation. These data suggested that T-bet might

repress an IFN-y-induced autocrine or paracrine inflammatory circuit in differentiating B cells.
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In fact, IPA revealed that many of the >1,000 T-bet-repressed genes in Bel cells were
predicted to be activation targets of IFN-yR and or TLR signaling. Since engagement of IFN-
YR, TLR, and TNF family receptors can activate IRF and NF-xB TFs (Hiscott, 2007, Rickert
et al., 2011, Schroder et al., 2004), we postulate that a key function of T-bet in B cells is to
restrain IRF and NF-»«B-directed transcriptional programs and prevent the establishment of
feedforward inflammatory circuits. Furthermore, we predict that once NF-»B and IRF
inflammatory loops ate initiated in Thx21—/— Bel cells, additional IFN-yR signaling may not
be required to sustain the inflammatory phenotype, as several TNF family ligand and receptor
pairs capable of driving NF-»B inflammatory loops (Rickert et al., 2011) were upregulated in
Tbx21—/— Bel cells.

Our data showed that T-bet prevented sustained activation of TFs from the STAT and IRF
and NF-»B families. While expression of many Nfkb family members declined rapidly in Bel
cells compared to Be2 cells, Thx21—/— Bel cells maintained high expression of Nfkb family
members relative to B6 Bel cells. Enforced NF-xB activation in the B6 Bel cells, either
through addition of a NF-«B activator or exogenous TLR ligands to the Bel cultures,
significantly suppressed ASC formation. Thus, sustained NF-xB activation was sufficient to
prevent IFN-y-induced B cell differentiation. This was somewhat unexpected since many of
the cues that drive B cell activation and proliferation promote NF-»B activity (Hoffmann and
Baltimore, 2006). Moreover, deletion or mutation of some NF-»B family members, specifically
within mature B cell compartment, is reported to impair ASC commitment in some settings
(Grossmann et al., 2000, Heise et al., 2014, Kaisho et al., 2001). However, a recent publication
shows that c-REL (Rel), which is overexpressed and predicted by IPA to be in an activated
state in Tbx21—/— Bel cells, blocks ASC differentiation in response to TLR ligands (Roy
et al., 2019). Furthermore, we found that two IPA-predicted activation targets of c-REL,
Bach2 and Cd40, were downregulated in a T-bet-dependent fashion in differentiating Bel
cells. Given that downmodulation of both Bach2 and CD40 is required for ASC development
(Igarashi et al., 2014, Lee et al., 2005, Randall et al., 1998), it is tempting to speculate that one
way T-bet facilitates ASC formation is by preventing sustained NF-xB and c-REL signaling
that promotes continued expression of pro-proliferation and anti-differentiation genes like

Cd40 and Bach?.
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In addition to repressing expression of Nfkb family members, T-bet also downmodulated
genes, like Irfl and Statl, that are induced in an Ifngrl-dependent fashion in Bel cells. These
data suggested that IFN-yR signals induce an inflaimmatory IFN-stimulated gene (ISG)
transcriptional program and simultaneously engage a T-bet-mediated negative feedback loop
to tune the magnitude and duration of ISG expression. However, genes such as Baft, Rorc,
Ifih1, and 116 were highly expressed in both Tbx21—/— and Ifngr—/— Bel cells, suggesting
IFN-y and T-bet cooperate to repress some genes. Since we identified overlap between T-bet-
repressed genes and DARs with EICE or AICE binding motifs, one possible mechanism is
through recruitment of repressive IRF complexes by T-bet. Given that IRF TFs were
identified by PR, IPA, and HOMER as putative upstream regulators of the Bel transcriptome
network, we speculate that T-bet, perhaps through its capacity to recruit chromatin modifying
enzymes to DNA (Miller and Weinmann, 2010), may increase chromatin accessibility and
allow for binding of IFN-y-induced IRF-containing repressive TF complexes. Regardless, the
data support a model in which IFN-y and T-bet cooperate to prevent expression of alternate
cell-fate-specifying transcriptional programs in the activated Bel cells—similar to the role that
T-bet plays in cementing commitment to the Th1 cell lineage (Oestreich and Weinmann,

2012).

Our in vivo experiments using B-Tbx21—/— chimeras demonstrated that B cell intrinsic T-
bet was required for the development of a primary IgG1 long-lived Ab response and the
secondary IgG2c ASC response to influenza virus but was not required for the development
or maintenance of flu-specific memory B cells. This result initially appeared inconsistent with
a previous study reporting that T-bet was required for maintenance of IgG2¢c memory B cells
(Wang et al., 2012). However, this study, which actually evaluated the memory B cell recall
response following in vivo reactivation with B cell receptor (BCR) ligands, showed reduced
formation of secondary ASCs following reactivation of memory IgG2c cells. Thus, this result
is very consistent with our data showing that inducible deletion of T-bet in memory cells
greatly impairs the IgG2¢c ASC recall response to flu. However, our experiments, which also
examined memory cell maintenance under steady state following T-bet deletion, demonstrated
that T-bet was not required for memory cell maintenance, at least over a 10-day period. This
result is similar to CD8 T cells where T-bet is not required for memory formation (Joshi et al.,

2007) but does regulate memory cell differentiation to secondary effectors (Joshi et al., 2011).
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While our in vivo data clearly showed a role for B cell intrinsic T-bet in regulating some
primary and secondary ASC responses to influenza, our data also indicated that B cell intrinsic
expression of T-bet is dispensable for the IgG1 Ab response to Hp and the IgG2b Ab response
to influenza. These data indicated that, unlike Blimp-1 or IRF4, T-bet is not a universal ASC
lineage commitment factor; instead, T-bet regulates IFN-y-induced ASC differentiation. We
believe that these results are very consistent with our zz vitro data that suggested that T-bet
primarily functions to prevent IFN-y-activated B cells from being “locked into” an effector
inflammatory cell fate that is not compatible with commitment to the ASC lineage. If this is
correct, then T-bet should be completely dispensable when B cells are activated in an
environment with few IFN-y-producing cells or have received previous programming signals
that render the B cells non-responsive to IFN-y signals. We think this is likely to be the case
for the B cells responding to Hp infection as the response to this pathogen is dominated by
IL-4-producing Th2 and Tth2 cells (Le6n et al., 2012). While we cannot yet explain why flu-
specific IgG2b+ ASC formation is intact in the B-Thx27—/— mice, transforming growth
factor B (TGF-B) is the cytokine most often associated with IgGG2b class-switch recombination
(Deenick et al., 2005, Mclntyre et al., 1993, Sellars et al., 2009), and it is known, at least in
T cells, that TGF-8 potently suppresses IFN-y signaling (Lin et al., 2005). Thus, it is possible
that IgG2b+ B cells are unable to respond to IFN-y signaling and differentiate in an IFN-y
and T-bet-independent manner. In summary, 7z vivo activated B cells must integrate a complex
array of microenvironmental cues during the processes of class switch recombination,
proliferation, and differentiation. We propose that T-bet, while not a universal regulator of B
cell differentiation, acts in a cytokine-dependent manner in the settings of virus infection and
autoimmunity to finely tune the IFN-induced inflammatory gene network and allow B cells to

transition from an activated inflammatory “effector” cell to a terminally differentiated ASC.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and generation of bone marrow chimeras.

All experimental animals were bred and maintained in the UAB animal facilities. All
procedures involving animals were approved by the UAB Institutional Animal Care and Use
Committee and were conducted in accordance with the principles outlined by the National
Research Council. Mouse strains used in these experiments include the following:
CD45.1+OT-II  (intetcrossed ~C57BL/6-Tg(TcraTctb)425Cbn/] and  B6.SJL-Ptprca
Pepcb/Boy] (CD45.1+ B6 mice), B6.129S7-Ifngrltm1Agt/] (Ifngtl—/—), B6.129P2(C)-
Cd19tm1(Cre)Cgn/]  (Cd19Cre/+), Cd19Cre/+.Prdmlfl/fl  (intercrossed — B6.129-
Prdm1tm1Clme/] and Cd19Cre/+ mice), hCD20-TAM-cre, Tbx21fl/f.hLCD20-TAM-cte
(intercrossed hCD20-TAM-cte and B6.129-Tbx21tm2Stnr/] mice), B6.Blimp-1-YFP
reporters and B6.T-bet-ZsGreen reporters. Blimp-1 (Rutishauser et al., 2009) and T-bet (Zhu
et al., 2012) reporter mice were obtained from Dr. Meffre (Yale University) and Dr. Zhu
(NIH), respectively. hCD20-TAM-cre mice (Khalil et al., 2012) were obtained from Mark
Shlomchik (University of Pittsburgh) and all other strains were obtained from Jackson
Laboratory. Bone marrow (BM) chimeric mice were generated by irradiating B cell deficient
uMT (B6.129S2-Ighmtm1Cgn/J) recipient animals with 950 Rads from a high-energy X-ray
source, delivered in a split dose 4 hrs apart, and then reconstituting the recipients with 107
BM cells by retro-orbital injection. BM cell mixtures were as follows: 80% pMT BM + 20%
Tbx21—/— BM (B-Tbx21—/— chimeras) or with 80% uMT BM + 20% B6 (C57BL/6J) BM
(B-WT). BM chimeras were used in experiments 8-12 weeks post-reconstitution. Both male
and female mice were used in this study. Within each experiment, animals were matched for
age, 8-12 weeks at time zero, and sex. No differences were observed between cohorts of male

versus female mice.

Infections and tamoxifen exposure.
BM chimeric mice were infected (i.n.) with a sublethal dose (1.5 X 104 VFU) of the HINI1
influenza virus, A/PR/8/34 (PR8) or by gavage with 200 H. polygyrus (Hp) L3 latvae. To
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terminate Hp infection, 10 mg pyrantel pamoate (Pin-X, Quartz) was administered by gavage
28 days post infection. In some experiments, mice were given a primary infection with PRS,
allowed to recover for 290 days, injected i.p. 5 times over 8 days with tamoxifen (Sigma, 200
ul of 10 mg/ml drug dissolved in 10% ethanol and 90% cotn oil) and then analyzed or
challenged i.n. (1.25X106 VFU) with the heterosubtypic H3N2 influenza virus, A/Aichi/68
(X31) before analysis.

T and B cell effector generation and stimulation.

Th1 and Th2 cells were generated 7z vitro as previously described (Harris et al., 2005a). Briefly,
splenic CD4+ CD45.1+ OT-1I TCR Tg T cells were purified by positive selection (Miltenyi
Biotec) and cultured in complete medium in the presence of platebound ant-CD3 (2 pg/ml)
and anti-CD28 (5 pg/ml) and either IL-12 (2 ng/ml) and anti-IL-4 (11B11, 20 pg/ml) (Thl
cell conditions) ot IL-4 (50 units/ml) and anti-IFNy (XMG1.2, 10 pg/ml) (Th2 cell promoting
conditions). T cells were transferred into new plates after 48-72 hrs and cultured for an
additional 48 hours in media supplemented with IL-2 (20 units/ml). Polarized Th1 and Th2
cells were treated with mitomycin C, washed and then co-cultured at a 1:1 ratio with positively
selected (Miltenyi Biotec) CD19+ splenic B cells in complete B cell media supplemented with
OT-II peptide (5 pM), anti-IgM F(ab”)2 (10 pg/ml), and IL-2 (20 Unit/ml). “Bel” refers to B
cells from cultures containing Th1 cells, “Be2” refers to B cells from cultures containing Th2
cells, and “BeA” refers to cells cultured under the same conditions but without T cells. In
some experiments IKKa & IKBa activator, betulinic acid at 10 pg/ml; TLR7 agonist, R848 at
12.5pg/ml, (InvivoGen); TLR9 agonist, CpG ODN1826 at 12.5 pg/ml, (InvivoGen); or
vehicle, DMSO (Sigma) were added to cultures at day 2, prior to analysis on day 4. For analysis
of the cytokines made by effector B cell subsets, B cells were collected, purified by positive
selection using B220 microbeads and MACS, assessed for purity by FACS and then
restimulated at 1X106 cells/ml with TLR ligands (CpG + LPS) or with a restimulation cocktail
(LPS + CpG + anti-IgM + anti-CD40 (10 pg/ml) for 24h. Supernatants were collected and
tested for IFNy and IL-6 using Luminex array beads.
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METHOD DETAILS
ELISPOT and Ab secretory rate assay.
Day 4 B effector cells were harvested, washed and recultured in fresh media for 5-6 hr at 1 X

106 live cells/ml. Secreted Ab was quantified using an anti-Kappa ELISA (Southern
Biotechnology) and a Kappa standard (Sigma). Secretory rates were reported as ng Kappa
chain secreted/hour/106 cells. For ELISPOT, Day 4 B effector cells were harvested, washed
and in some experiments sort-purified before being recultured in duplicate in fresh media for
5 hrs on multiscreen cellulose filter ELISPOT plates (Millipore) coated with goat anti-mouse
kappa light chain (Southern Biotech). Bound Ab was detected with AP-conjugated goat anti-
mouse Ig(H+L) Ab (Southern Biotech) and the AP substrate 5-bromo-4-chloro-3'-
indolyphosphate p-toluidine salt and nitro-blue tetrazolium chloride (BCIP/NBT, Moss
Substrates). ELISPOTS were counted using a dissecting microscope and imaged using S6
Ultra-V Analyzer (Cellular Technology Limited).

Hp and flu Ab titers.

Immune serum samples were serially diluted in ELISA plates coated with purified PR8 virus
proteins (Lee et al., 2005) or Hp extract (Harris et al., 2000). Bound Ab was detected using
HRP-conjugated goat anti-mouse heavy chain IgG, IgG 1, IgG2c or IgG2b-specific Abs
(Southern Biotechnology) and ABTS substrate followed by oxalic acid stop. Absorbance
values at 405nm (OD) were read and endpoint titers were determined using the average OD

from naive samples as baseline.

Ex vivo ELISPOT.

BM cells were isolated from flu-infected mice (2 tibia + 2 femur/mouse), run over lymphocyte
separation media gradient (Corning, 1.077-1.080g/ml) to remove dead cells, setially diluted in
duplicate in complete media and incubated for 5 hr at 37°C on multiscreen cellulose filter
ELISPOT plates (Millipore) coated with purified PR8 virus protein. Bound Ab was detected
with AP-conjugated goat anti-mouse heavy chain-specific pan-IgG Ab (Jackson
ImmunoResearch) and the AP substrate BCIP/NBT (Moss Substrates). ELISPOTS were
counted using a dissecting microscope and imaged using S6 Ultra-V Analyzer (Cellular

Technology Limited).
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Cell isolation, flow cytometry analysis and cell sorting.

Spleen and BM single cell suspensions were prepared by gently disrupting tissue on fine wire
mesh then red blood cells were lysed. LN single cell suspensions prepared by gently disrupting
tissue between glass slides. Cell suspensions were filtered through 70pm nylon mesh then
incubated in FcR blocking mAb 2.4G2 (10 pg/ml). Cells were stained with fluorochrome-
conjugated Abs, PNA or recombinant flu nucleoprotein (NP) B cell tetramers, prepared as
previously described (Allie et al., 2019), and 7-aminoactinomycin D (7TAAD, Sigma). For IgG
isotype staining, immunoglobulin antibodies were stained in a separate step prior to other cell
surface markers and all incubations were performed in staining media supplemented with 5%
goat serum (Invitrogen) and 5% rat serum (Invitrogen). For IgG isotype staining cells were
stained with the LIVE/DEAD fixable stain (ThermoFisher) before fixation with 10% neutral
buffered formalin (Sigma). For intracellular T-bet staining, stained cells were incubated with
LIVE/DEAD fixable stain, then fixed and permeabilized with the TF staining buffer set
(eBioscience) before intracellular staining. Stained cells were analyzed using a FACSCanto 11
(BD Bioscience) and Attune NxT (Invitrogen, ThermoFisher) or were sort-purified with a
FACSAria (BD Biosciences) located in the UAB Comprehensive Flow Cytometry Core.
Antibodies used in this study include: anti-mouse CD19 (6D5), B220 (RA3-6B2), CD93
(AA4.1), CD138 (281-2), CD38 (90), CXCR3 (CXCR3-173), IgM (1I-41), IgD (AMS 9.1 and
11-26c¢.2a), 1gG1 RMGI1-1), IgG2b (RMG2b-1 and polyclonal goat anti-mouse), 1gG2c
(polyclonal goat antimouse), CD45.1 (A20), CD45.2 (104), CD8 (53-6.7), CD3 (17A2), CD4
(GK1.5 and RM4-5) and T-bet (4B10). Monoclonal Abs were obtained from BioLegend, E-

Bioscience and Southern Biotech.
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Qunantitative KT-PCR.

TRIzol (ThermoFisher) or RNeasy (Qiagen) was used to isolate total RNA from sort-purified
B effector cells (CD19+CD4negCD45.2+CD45.1neg). RNA quantity and quality were
assessed using the Nanodrop 6000 and the Agilent 2100 Bioanalyzer. cDNA was generated
from total RNA using SuperScript II double stranded cDNA synthesis kit (Invitrogen) with
random hexamers according to manufacturer’s protocols. Real-time PCR was performed using
TagMan Gene Expression Master Mix, with the following parameters on a Roche LightCycler
480: 50°C for 2 min, 95 °C for 10 min, followed by 45 two-step cycles at 95°C for 15 sec and
at 60° C for 1 min. Applied Biosystems pre-designed TagMan Gene Expression Assays were
used for real-time PCR (Batf Mm00479410_m1, Bcl6 MmO00477633_ml, Cxcll0
Mm00445235_m1, Ets1  MmO01175819_m1, Gapdh  Mm99999915_¢1,  Hifla
MmO00468869_m1,  Ifihl  Mm00459183_m1l, Ifng  MmO01168134_m1,  Ifngr2
Mm01210592_m1, 116 Mm00446190_m1, Irf4 MmO00516431_m1, Irf5 Mm00496447_m1,
Irf7  Mm00516788_m1, Jun Mm00495062_s1, Pax5 Mm00435501_m1, Pou2afl
Mm004488326_m1, Prdml  Mm00476128_m1, Relb Mm00485664_m1, Rorc
Mm01261022_m1, Runx3  Mm00490666_m1,  Spib  Mm03048233_m1  Stat2
MmO00490880_m1, Stat4 Mm00448881_m1, Tbkbpl Mm00446590_ml1, Tbx21
MmO00450960_m1, TIt7 MmO00446590_m1, Tnfsf4 Mm00437214_m1, Tnfsfl0
Mm01283606_m1, Xbpl Mm00457359_m1). B effector gene expression analyses included
three expetimental replicates/group. At least three independent experiments were performed
for each analysis. For quantification of gene expression, each sample was normalized to
expression of an endogenous control gene, Gapdh for Bel. The fold change in expression of
each gene compared to a control sample, set at 1.0 was calculated as 2— ddCT. Samples with

CT values above 32 were considered negative.
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Affymetrixc array sample preparation.

Total RNA was purified (TRIzol) from day 1-4 Bel and Be2 cells (n= 7 independent
experimental samples/timepoint/group) and converted to biotin-labeled cRNA using the
Affymetrix one-cycle cDNA synthesis and IVT kit. Labeled cRNA was fragmented to an
average size of 35 to 200 bases by incubation at 94°C for 35 min. Hybridization (16 hr),
washing, and staining of the Affymetrix GeneChip® Mouse Genome U430 Plus 2.0 Array was

conducted according to manufacturer specifications.

RNA-seq sample preparation

500 ng of total RNA (TRIzol) from three biological replicates of day B6 and Tbhx21—/— Bel
cells, and one replicate of CXCR3+CCR6+ B6 Bel and CXCR3+CCR6neg B6 Bel cells, was
used as input for the Illumina TruSeq RNA-seq library kit. Following quality assessment on a
bioanalyzer, RNA-seq libraries were pooled and sequenced on one lane of a HiSeq2500 using

50 bp paired-end chemistry as previously described (Barwick et al., 2016).

ATAC=seq sample preparation.

ATAC-seq was performed on Bel and Be2 cells as previously described (Buenrostro et al.,
2015) and Th1 and Th2 cells as previously described (Chisolm et al., 2017). Nuclei from 50,000
cells were extracted and incubated with Tn5 transposase (Illumina) for 30 minutes at 37°C.
DNA samples were purified with the MinElut Kit (Qiagen). Library amplification was
performed using Nextara primers with Next High-Fidelity 2X PCR Master Mix (New England
BioLabs), followed by purification with the PCR Purification Kit (Qiagen). The libraries were
sequenced using a 1X50bp paired end run at the UAB Heflin Genomics Center.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical details of all experiments including tests used, n, and number of experimental repeats
are provided in figure legends. FlowJo (Tree Star) used for flow cytometric analyses. Prism
graphpad used for statistical analyses and graphing except where indicated. Details of

transcriptomics library generation and statistical analysis are provided below.
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Affymetrixc array analysis.

The signal value of each probe set (gene) was calculated using the Microarray Suite 5 (MAS5)
algorithm and normalized using global scaling which set the average signal intensity of an array
to 750. MAS5 values were log2-transformed and a p value for each probe set was calculated
using an unpaired t-test. Positive FDR and q values were computed using Matlab (The
Mathworks Inc., Natick MA) based on the method of Storey (Storey, 2002). FC data reported

as log2 expression ratio of indicated groups.

RNA-seq analysis.

Sequencing reads were quality checked using the FASTX-Toolkit and mapped to the mm9
genome using TopHat2 (Kim et al., 2013) with the default settings and the mm9 UCSC Known
Gene table as a reference transcriptome. HOMER software (Heinz et al., 2010) was used to
summarize reads in transcripts using the analyzeRepeats.pl script with the following options *
strand both —count exons —condenseGenes —noad;j’. Genes that contained 2 or more reads in
at least 3 samples were deemed expressed (13,924 of 24,016) and used as input for edgeR
(Robinson et al., 2010) to identify differentially expressed genes using the HOMER script
‘getDiffExpression.pl —trepeats’. Following edgeR analysis, p-values for genes with 2-fold
change or greater were false-discovery rate (FDR) corrected using the Benjamini-Hochberg
method.

Genes with a FDR of <0.05 and fold change = 2 were considered significant between B6 and
Tbx21—/— Bel cells. Expression data was normalized to reads per kilobase per million
mapped reads (FPKM) using the analyzeRepeats.pl script with the following options “-strand
both — count exons — condenseGenes — rpkm’. Data visualization was performed using custom
sctipts and the R/Bioconductor package, which are available upon request. FC data reported

as log2 expression ratio of indicated groups.
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GSEA.

Gene set enrichment analysis (GSEA) was performed using the GSEA program
(http:/ /software.broadinstitute.org/gsea/index.jsp). For analysis of Bel and Be2 Affymetrix
microarray data, non-log transformed expression data from Bel (n=7) and Be2 (n=7) samples
were submitted to GSEA. Analysis metrics (Subramanian et al., 2005) are summarized briefly
as follows: Probe sets were collapsed to genes, which were then ranked by the signal-to-noise
metric based on the Bel vs. Be2 phenotype comparison. Nominal p-values were calculated
empirically using 1000 random phenotype label permutations to produce a null distribution of
enrichment score. When comparing against a database of large numbers of gene sets,
enrichment scores were normalized to account for differences in set sizes, and false discovery
rates were computed to control for multiple comparisons.

For GSEA analysis of RNA-seq data, all detected genes were ordered by their score (—log10
of the p-value from edgeR multiplied by the sign of the fold change) from most upregulated
in Tbx21—/— Bel cells to most downregulated in Tbx21—/— Bel cells and used as input for

the GSEA Preranked analysis, where nominal p-values are based on gene set permutations.

Bioinformatic identification of predicted upstream regulatory TFs.

To define the TFs that participate in the Bel transcriptional network we integrated four
datasets including HOMER motif analysis, Ingenuity Pathway Analysis (IPA) upstream
regulator analysis (Kramer et al., 2014), PageRank analysis (Yu et al., 2017), and differential
expression of each factor. Putative Bel network TFs were selected based on being predicted
as a Bel TF in all four or three of the four different analyses. For the HOMER motif analysis,
TF motifs specifically enriched in either Bel or Be2 cells were first defined. Next, where
specific motifs matched multiple factors, the motif was assigned to a TF family (i.e., IRF3 =
IRF/ISRE or cJun = AP-1). TFs ovetlapping the Bel list were annotated. For PageRank
analysis the log2 fold change (logFC) of the Bel versus the Be2 PageRank statistic was
computed. TFs with positive logFC values were assigned to the Bel network and negative

logFC values the Be2 network.

59



Significant expression changes at day 2 by MA analysis was determined based on FDR < 0.05
and absolute value log2 ratio of > 1. For IPA upstream regulator analysis TFs were grouped
into Bel or Be2 and annotated accordingly. Activation Z-scores were used to characterize
regulators as activated or inhibited based on the obsetved pattern of up-/down-regulation of
the target molecules compared with expected directions of changes documented in Ingenuity’s
curated database.

The Z-score captures the degree to which the directions of changes of the individual DEGs
in the regulator’s target set is consistent with a its activated or inhibited state based on the IPA
curated, expected influences of the regulator on each target. Statistical analysis of the IPA
upstream regulator analysis was measured using overlap p-value as previously described
(Kramer et al, 2014). Briefly, the overlap p-value (bar height after —loglO transform)
characterizes the enrichment of a regulator’s target set within a DEG set based on Fisher’s
exact test, which can suggest involvement of a regulator even if that regulator is not a DEG.
Genes with an overlap p value <0.05 by IPA were predicted to be upstream regulators. Unless
otherwise indicated, all IPA upstream regulator analyses were performed using only direct

interactions.
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ATAC-seq analysis

Data processing was performed as previously described (Scharer et al., 2016). Specifically, raw
sequencing data was mapped to the mm9 version of the mouse genome using Bowtie
(Langmead et al., 2009). with the default settings. Duplicate reads were marked using the
Picard Tools MarkDuplicates function (http://broadinstitute.github.io/picard/) and
eliminated from downstream analyses. Enriched accessible peaks were identified using the
HOMER findPeaks.pl script with setting “-style dnase”. Genomic annotations were computed
for ATAC-seq peaks using the HOMER annotatePeaks.pl script and gene expression data
annotated using the Entrez ID as a reference. Significantly differential accessible loci (IDAR)
were identified by the following steps. First, a composite list of all peaks occurring in any
sample were obtained using the HOMER mergePeaks.pl script resulting in 62,925 unique
regions. Next, the unnormalized read counts for all peaks were annotated for each sample
from the bam file using the Genomic Ranges (Lawrence et al., 2013) R/Bioconductor package.
This matrix was used as input for edgeR (Robinson et al., 2010) and a pairwise differential
analysis was performed between all groups. p-values were FDR corrected for multiple testing
using the Benjamini-Hochberg method. Peaks with an FDR < 0.05 were called significant.
De novo motif enrichment was determined for peaks that mapped to DAR for the indicated
comparison using the HOMER findMotifsGenome.pl script with the default settings.
Locations of individual specific motifs (Blimp-1, T-bet, ISRE, AICE, EICE, PAX5, SpiB,
Bcl6, XBP1, IRF4, OCT?2) were identified in peaks using the findMotifs.pl script with the ““-
m <factor> —mbed” and ATAC-seq reads in the 100 bp surrounding each motif were
annotated for each sample. All other analyses and data display was performed using

R/Bioconductor with custom scripts that are available upon request.

DATA AND SOFTWARE AVAILABILITY
The Microarray data have been deposited in the Gene Expression Omnibus (GEO) database
under ID code GSE84948. The RINA-seq data have been deposited in the GEO database
under ID code GSE83697. The ATAC-seq data have been deposited in the GEO database
under ID code GSE118984. Software used in transcriptomics analysis is detailed in
METHODS DETAILS and KEY RESOURCES TABLE. Custom scripts for RNA-seq and
ATAC-seq data display in R/Bioconductor are available by request.
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Figure 1 ASC Development Is Preferentially Initiated in Th1 Cell-Primed B
Cells

(A—C) Identification of ASCs in sort-purified day 4 Be1 cell subsets (A) divided
using CD138 and CD93. Ab secretory rates (B) and ELISPOT (C) analyses of each
subset are shown.

(D-F) Identification (D) and enumeration (E) of CD138"CD93" ASCs in day 4 Be1
and Be2 cultures. Ab secretory rates (F) of Be1 and Be2 cells are shown as
percentage of Be1 Ab secretion.

(G and H) Gene set expression analysis (GSEA) for differentially expressed TF
genes in BM ASCs versus FOB cells (Shi et al., 2015) in day 1-4 Be1 and Be2
microarray (MA) data (G). Day 2 Be1 and Be2 volcano plot (H) highlighting TF
genes significantly (false discover rate [FDR] < 0.05, 21.75 fold change [FC])
upregulated in BM ASCs or FOBs (Shi et al., 2015).

(I-N) Analysis of Blimp-1 in Be1 and Be2 cells.

(1) Enumeration of Blimp-1 reporter (YFP") expressing Be1, Be2, and control BeA
cells generated from Blimp-1 reporter mice by flow. Be1 versus Be2 p values are
shown.

(J) Volcano plot of day 2 B6 Be1 and Be2 cell ATAC-seq data showing 611 DARs
(FDR < 0.05).
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(K) Chromatin accessibility within 100 bp surrounding Blimp-1 binding motifs in day
2 Be1 and Be2 cells by ATAC-seq. n = number of motif-containing DARs analyzed.
p=38x10"%,

(L—-N) Identification (L) and quantification (M) of CD138"CD93" ASCs in day 4 Be1
cultures containing control (Cd79°®™*) or Blimp-1-deficient (Cd19°®"* . Prdm1™) B
cells. Day 4 Ab secretory rates (N) are shown.

Data are representative of 22 independent experiments (A-E, |, and L-N),
representative pooled data from 4 independent experiments (F), 7 independent
experimental samples/time point/group (MA), or 3 independent experimental
samples per group (ATAC-seq). Data are presented as mean + SD of =3
experimental replicates (B, C, E, I, M, and N); mean + SEM of 4 independent
experiments (F); bar plot of nominal p values (G) or box and whisker plots (showing
interquartile range and upper and lower limit) are shown (K). p values were
determined using one-way ANOVA (B and C) or Student’s t test (E, F, |, K, M, and
N). See STAR Methods for description of Be1 and Be2 cultures, DAR identification,
and statistical analyses of GSEA and MA datasets. *p < 0.05, “p <0.01 *p < 0.001,

“*p £0.0001, ns, not significant,
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Figure 2 IFN-yR Signals Control Be1 Differentiation into ASCs

(A) TF regulators of the day 2 Be1 gene network as predicted by HOMER motif,
ingenuity pathway (IPA) upstream regulator, PageRank (PR), and DEG analyses
using day 2 Be1 and Be2 MA and ATAC-seq data. TFs predicted by all 4 analyses
or 3 of 4 analyses are shown as MA Log, FC versus PR Log; FC.

(B and C) MA expression of Irf1 (B) and Thx21 (C) by day O (splenic B) and day
1-4 Be1 and Be2 cells. Be1 versus Be2 p values shown.

(D—G) Chromatin accessibility within 100 bp surrounding T-bet (D) and IRF (E-G)
binding motifs in day 2 Be1 and Be2 cells by ATAC-seq. n = number of motif-
containing DARs anal7yzed p=16x10"° (D), p=3.1x10*(E), p=59x 107"
(F),andp=5x 107" (

(H-J) gPCR analysis (see STAR Methods) of day 2 (H and |) or day 4 (H and J)
B6 Be1, Ifngr1™”~ Be1, or B6 Be2 cells.

(K-M) Identlflcatlon (K) and quantification (L) of CD138"CD93" ASCs in day 4 B6
and Ifngr1™™ Be1 cultures. Day 4 Ab secretory rates (M) are shown.
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Data in (H)—-(M) are representative of 2 (H and I) or 23 (J-M) independent
experiments. Shown as the mean + SD of 23 PCR (H-J) or experimental (L and
M) replicates. MA data are shown as mean + SEM of 7 experiments (B and C).
ATAC-seq data are shown as box and whisker plots of 3 independent experimental
samples per group (D-G). p values were determined by Student’s t test (D-G, J,
L, and M), one-way ANOVA (H and I), or two-way ANOVA (B and C). “p < 0.01

“*p < 0.001, ™p < 0.0001, ns, not significant.
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Figure 3 T-bet Controls Be1 Differentiation but Does Not Regulate Early
ASC Programming

(A—C) Identification (A) and enumeration (B) of CD138"CD93" ASCs in day 4 B6
and Tbx21”" Be1 cultures. Day 4 Ab secretory rates (C) are shown.

(D and E) GSEA enrichment plots for differentially expressed TF genes in BM ASC
(D) versus FOB (E) cells (Shi et al., 2015) in day 4 B6 and Thx21”~ Be1 RNA-seq
data. Enrichment score (ES) are shown

(F) Day 2 ATAC-seq volcano plots showing DARs (FDR < 0.05) between B6 Be1
and Tbx217" Be1 (561 DARs, left) and B6 Be2 and Tbx21"~ Be2 (30 DARs, right).
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(G) Chromatin accessibility within 100 bp surrounding the indicated TF binding
motifs in 2 B6 Be1, B6 Be2, and Thx21~~ Be1 cells by ATAC-seq. n = number of
motif-containing DARs analyzed. p values are provided in Figure S3B.

(H) gPCR analysis (see STAR Methods) of days 2 or 4 Tbx21”~ Be1, B6 Be1, and
B6 Be2 cells.

RNA-seq and ATAC-seq data are from 3 independent experiments. Data are
representative of 2 (H) or 23 (A-C) independent experiments. Shown as the
mean + SD of =3 experimental replicates. Statistical significance determined by
Student’s t test (B, C, and G), one way-ANOVA (H), or FDR q analysis (D-F). "p <
0.05, *p < 0.01, *p < 0.001, or **p < 0.0001, ns, not significant.
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Figure 4 T-bet Represses Inflammatory Gene Expression in Be1 Cells

(A) Activation Z-score heatmap for IPA-predicted upstream regulator TFs in B6
Be1 over B6 Be2 (MA) or Tbx27"~ Be1 over B6 Be1 (RNA-seq). Circle size is
proportional to -logo overlap p value.

(B) Predicted upstream regulators (center; Irf3, Irf7, Stat1, colored by Z-score) and
target genes (outer circle, colored by FC) in day 2 B6 Be1 over day 2 B6 Be2 (left),
day 4 B6 Be1 over day 2 B6 Be1 (middle), and day 4 Tbx21"~ Be1 over day 4 B6
Be1 (right).

(C) IPA-predicted upstream regulators from day 4 Thx21~"~ Be1 over day 4 B6 Be1,
showing activation Z-score (bars) and FC (asterisk indicates FDR < 0.05).

(D—H) mRNA expression heatmaps (squares with black borders = FDR < 0.05) of
Irf (D), Stat (E), Nfkb (F), TIr (G), Tnfsf and Tnfsfr (H) family members in B6 Be1
over B6 Be2 (MA), or Thx21”~ Be1 over B6 Be1 (RNA-seq). Purple circles show —
log1o overlap p values from IPA upstream regulator analysis described in (A) with
darker shades increasing in significance. Protein names are provided in
parentheses.

(I) Intersection of T-bet-regulated genes in day 3 Th1 cells (lwata et al., 2017) with
genes expressed by day 4 Tbx21”~ Be1 or B6 Be1 cells (RNA-seq data, n = 497)
shown as FC expression in day 3 Tbx21”~ Th1 over B6 Th1 cells (y axis) versus
FCinday 4 Tbx21™~ Be1 over B6 Be1 cells (x axis). Activated (orange), repressed
(blue), and direct targets of T-bet (“+”) in Th1 cells (lwata et al., 2017) are indicated.

(J-L) GSEA enrichment plots for T-bet-repressed or T-bet-repressed+bound gene
targets in day 4 Th1 cells (lwata et al., 2017) in day 4 B6 and Tbx217" Be1 cells
by RNA-seq (J) or in B6 Be1 and B6 Be2 cells by MA (K). Enrichment score (ES).
Bar plot (L) shows GSEA nominal p values.

Analysis includes 3 (RNA-seq) or 7 (MA) samples/group/time point. Statistical
significance was assessed using overlap p value (A-H) or GSEA FDR value
analysis (J-L). Genes with an overlap p < 0.05 by IPA (see STAR Methods for
description) were predicted to be upstream regulators.
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Figure 5 T-bet Supports Be1 ASC Formation by Repressing the IFN-yR-
Regulated Inflammatory Gene Program

(A-D) NF-kB activator (Betulinic acid, A and B), R848 (C and D), CpG (C and D),
or vehicle (A—D) was added to day 2 B6 Be1 cultures. ASCs enumerated by flow
(Aand C) or ELISPOT (B and D) on day 4.

(E) Venn diagram showing T-bet-repressed genes in Th1 cells (lwata et al., 2017,
n = 275) and in Be1 cells (n = 1,375). Indicated are genes unique to Be1 cells
(1,220, blue), unique to Th1 cells (120, yellow), or shared (155, green).

(F and G) IPA predicted regulators of T-bet-repressed genes identified in (E) that
are unique to Be1 cells (F) or shared between Be1 and Th1 cells (G), showing
overlap p value (see STAR Methods) and activation Z-score (bars) and FC
expression in day 4 Tbx21™~ Be1 over B6 Be1 (asterisk indicates FDR < 0.05).

(H) IPA analysis of the 155 T-bet-repressed genes shared between Be1 and Th1
cells to identify genes that are induced (activated) by IFN-a (or IFN-B) + IFN-y +
TLR signals. Data are shown as percentage of targets that are activated by
individual or multiple upstream regulators.

(I) mRNA expression heatmap of 40 T-bet-repressed genes, based on FC >2, p <
0.05in day 4 Tbx21”" Be1 over B6 Be1 cells by RNA-seq that also map to T-bet
binding motif containing DARs (FDR < 0.05 by ATAC-seq in in day 2 B6 and
Tbx21”" Be1 cells). FC B6 Be1 over B6 Be2 (MA) or Tbx21”~ Be1 over B6 Bef
(RNA-seq) is shown. Bold borders indicate FDR <0.05. Genes with DARs
containing AICE or EICE binding motifs are noted in pink. Genes (rows) are
clustered based on Euclidean distance of FC and complete linkage. Rorc not
detected in Be1 or Be2 MA samples.

(J and K) RNA-seq expression (FPKM) for Ifngr2 (J) and Ifng (K) in day 4 Thx217~
Be1 and B6 Be1 cells.

(L and M) Chromatin accessibility (rpm, reads per million) by ATAC-seq, within
Ifngr2 (L) and Ifng (M) loci in day 2 B6 Be1 (gold) and Tbx27™"~ Be1 (green) cells
and day 4 B6 and Tbx27™~ Th1 cells (black). Shaded boxes indicate DARs (FDR
< 0.05) in Be1 only (gray) or Be1 and Th1 cells (pink; Zhu et al., 2012). Binding
motifs for T-bet, AICE, EICE, and IRF4 are indicated.

(N and O) IFN-y (N) and IL-6 (O) production by day 4 Tbx21”~ Be1 and B6 Bef1
cells before or after stimulation with anti-lg F(ab’),+anti-CD40+LPS+CpG (cocktail)
or LPS+CpG.

(P and Q) gPCR analysis (described in STAR Methods) of day 2 Tbx217"", Ifngr1™",
and B6 Be1 cells.
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Data shown are representative of 2 (B, N, O, P, and Q) or 3 (A, C, and D)
independent experiments and reported as mean + SD of 3—-4 experimental
replicates (A and C), duplicate dilutions (B, D, N, and O), or PCR triplicates (P and
Q). Analysis includes 3 (RNA-seq) or 7 (MA) samples per group per time point.
Statistical analysis was performed using Student’s t test (A, B, J, and K), one-way
ANOVA (C, D, P, and Q), or two-way ANOVA (N and O). Genes with an overlap
p <0.05 by IPA (see STAR Methods for description) were predicted to be upstream
regulators. "p < 0.05, “p < 0.01, *p < 0.001, **p < 0.0001, ns, not significant.

77



A Gated on CD3™9 cells B 2., Cc 15dpi
105 +;: % kkkk kkkk . PRS8 12dp| 100 N [:.‘a NP+GCB
0 100 s % O Hp 12dpi g%l K% |UNPiASC
3] @ 60 ool | 3 FOB
S 10 & 40 Saofl | f
0 = 20 = o0]
-10% (>\l< o o ALY
0 10°10410° -10%0 103 109 10° Q FOB GCB ASC 0 10%10% 10°
CD138 PNA Tbx21-ZsGreen
D Spleen g Bone Marrow
60dpi 60dpi
B 32.5£19.4 0.87+0.8| O ASC
Q8o 9.642.5 1.11:0.7| 1 B cells
<60
3 40 A
0 103 10 105 0 10% 10 105 =2
NP NP 0 =
0102 10° 10* 105 010? 10% 10* 10°
60dpi Tbx21-ZsGreen
F Gated on CD38" B cells G 60dpi 90dpi
108} FOB 108 NP*Buem 100167 5 CINP*BMEM 1001 CINP*GCB
; ; Qoo FOB cells ¥ INP*BMEM
o o o Sy | FOB
2 10° 8 10% = 40 g 401 ‘,'
102 — 10 20 200 Ji
- S Mmooty L
0102 10° 10* 10° 0 10° 10 108 0102 103 104 105 0 10° 10% 10°
IgD NP Tbx21-ZsGreen T-bet
| J K o M 2 N W B-WT
_5 ns _ = 4 ns . 5 *kkk 2 w25 *% 0 3250 *% .5 ns D B-Tbx21"'
Q 2 o 2 o2 20 < £ 200 s &, s s 5
DE > E 3 > = 4 08 0] = =4 [ Naive
Q. = 2 2,15 2 E150 2 o
ST T o © © o o 3
o = S = o> o —10 QB =100 Sa
= &2 S L3 e X o 23
-4 Z a g aE L gs 0 S 50 S g2
< = o == S
2 - - 2 c 0 - £Q o0 1
60dpi 60dpi 60dpi < 60dpi < 60dpi 60dpi
NP* BMEM 90dpi
Gated on NP*Bumem (NP*CD38" IgD"®9 B cells ) *kk k% N
o - P 108 108 Q g NS NS S W B-WT
L 2 gk kkes NS o B4 g 8o O B-Tbx217-
. EWT T 510 % o
O 4 OB-Thx217- -
Q E - 2408 ‘s 40
D L3 oi L 20
3.
c? %2 10 105 106 e 0 s o o £
104 10510 <
S 8 10° 528 § 3
= O - QO 5 > o
S & » § 10
9 5 O 104 = 104 S o 51NS Ns **x* ns ns
2= 5 B-Tbx217- 37 Li: Q Lz
60dpi 1081 o) = 1081 m 'g 4
108 108 w2
"0 10% 10108 0 1010100 =3 % B
19G2¢ 19G2b a8,
s -~ O o £
%80 3
= ® o

Figure 6 T-bet-Expressing B Cells Regulate Humoral Immunity to Influenza
Tbx21 reporter (A—G), B6 (H), and BM chimeric mice, generated with 80% pMT
BM + 20% B6 BM (B-WT) or 80% puMT BM + 20% Tbx21""BM (B-Tbx21™") (I-R),
were infected with PR8 influenza virus (A—H and K-R) or Hp (B, I, and J).

(A—H) Gating strategy (A) for ASC, FOB, and GCB cells (top) and for flu
nucleoprotein (NP)-specific ASC and GCB cells (bottom) in mdLN 15 days post-
PRS8 infection. Frequencies (B) of T-bet reporter (ZsG") ASC, GCB, and FOB B
cells from draining LN (gated as in A) day 12 post-PR8 or Hp infection. T-bet
reporter expression (C) by mdLN NP* ASC and NP* GCB cells (gated as in A) day
15 day post-PRS8 infection. T-bet reporter expression day 60 post-PR8 infection in
splenic (D) and BM (E) ASCs and mdLN NP-specific switched memory B cells (F
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and G). Intracellular staining day 90 post-PR8 infection for T-bet (H) in mdLN NP*
GCB, NP" switched memory B cells and FOB cells.

(I-O). Titers of Hp-specific 1IgG (1) Hp-specific IgG1 (J) and PR8-specific IgG (K,
all subclasses) in B-WT and B-Tbx271~~ mice 60 days post-Hp (I and J) or PR8 (K)
infection. Frequency (L) and number (M) of PR8-specific BM IgG" ASCs
(ELISPOT) and titers of PR8-specific IgM (N), 1IgG2c, 1gG1, and 1gG2b (O) Abs in
B-WT and B-Tbx21"~ mice 60 days after infection.

(P-R) Gating strategy (P) to identify Ig isotype of NP" memory B cells, gated on
NP* CD38*IgD"™ B cells. Frequency (Q) and number (R) of NP* mdLN memory
B cells from B-WT and B-Tbx21”~ chimeras day 90 post-infection.

Data are representative of 2 (C-G, I-J, and P-R) or 23 (A, B, H, and L-N)
independent experiments with 3-5 (A-J, L, M, and P-R) or 7-10 (N) mice per
group and reported as mean + SD. Data were pooled from 5 independent
experiments and shown as mean + SEM of 26—-29 mice/group (K and O). p values
were determined using Student’s t test, “p < 0.05, *p < 0.01, ™p < 0.001, ™p <
0.0001, ns, not significant.
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Figure 7 ASC Development after Flu Challenge Infection Requires T-bet"
Memory B Cells

(A—M) Experimental design (A) showing tamoxifen (TAM) treatment of day 90 PR8
flu memory Tbx21"" hCD20-TAM-cre (B-M), hCD20-TAM-cre (J-M), and B6 (B
) mice in order to inducibly delete T-bet from B cells in Tbx21"" hCD20-TAM-cre
mice. Mice analyzed (resting memory, B—F and J-L) 8 days following last TAM
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treatment or challenged with X31 influenza and analyzed 5 days later (memory
recall, G-I and M).

(B—E) Enumeration of CXCR3" mdLN cells following TAM treatment, showing flow
plots (B and E) and frequency of CXCR3" T cells (C), B cells (D), and
NP*CD38%IgD"*® memory B cells (Bmem; E).

(F) Enumeration of NP-specific Bmem cells following TAM treatment.

(G-1) Enumeration of mdLN CXCR3" NP* GCB cells and ASCs (G) and NP* GCB
cells (H)and ASCs (1) in da¥ 5 primary X31-infected B6 mice and X31-challenged,
TAM-treated B6 and Tbx21 " hCD20-TAM-cre flu memory mice.

(J-L) Enumeration of mdLN NP* memory (NP*CD38"IgD") B cells (J) 8 days
post-TAM treatment of Tbx21"". hCD20-TAM-cre and hCD20-TAM-cre mice.
Identification (K) and enumeration (L) of IgM, IgG1, 1I9G2c, and IgG2b-expressing
NP* Bmem cells.

(M) Enumeration of total and 1gG2¢c* NP" mdLN ASCs in TAM-treated memory
Tbx21"™ hCD20-TAM-cre and hCD20-TAM-cre mice 5 days after X31 challenge.

Representative data from one of 2 (K—M) or 3 (B—J) independent experiments are
shown as the mean = SD of 3—6 mice/group. p values were determined using one-
way ANOVA (G [for NP" ASCs] and I) or Student’s t test (all others). *p < 0.05, *p
<0.01, *™p < 0.001, *“p < 0.0001, ns, not significant. TFTC, too few to count (<10
cells per sample).
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Figure S1. Be1 cells upregulate Blimp-1 by day 2 and commit to the ASC
lineage between days 2- 3 (related to Fig. 1).

(A) Expression on days 1-4 of 760 genes (1022 probe sets) that exhibited a >2-
fold change and FDR<0.05 between day 4 Be1 and Be2 from Affymetrix
microarray (MA) data sets. Heat map showing clustered gene expression
patterns over time (see also Table S1). Color corresponds to Z-score (per gene)
of log2 expression. Euclidean distance and average linkage were used for
clustering.
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B) GSEA plots of days 1-4 Be1 and Be2 cell MA data sets compared to TF genes
reported (Shi et al., 2015) to be significantly upregulated in BM ASC or FOB.
Enrichment score (ES) is plotted against the ranked gene list (n = 17186) for TF
genes upregulated in BM ASC (left) or FOB (right). Dashed vertical lines indicates
the cutoff for leading edge genes. See also Fig. 1G.

C) Volcano plots of Be1 and Be2 MA data showing DEGs on days 1-4 based on
g<0.05 and 21.75-fold change cutoff. TFs differentially expressed in BM ASCs
(blue) and FOB (red) (Shi et al., 2015) are indicated. See also Fig. 1H. MA analysis
was performed with seven independent experimental samples/group/timepoint.
FDR q values (B) computed based on 1000 random phenotype permutations.
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Figure S2. PageRank analysis predicts TF activity in day 2 Be1 and Be2
cells (related to Fig. 2).

Assignment of TFs to Be1 (gold) or Be2 (purple) network by PageRank analysis
(Yuetal., 2017). Log2 fold change in expression of genes by MA (X axis) is plotted
against the log2 fold change in the Be1 versus the Be2 PageRank statistic (Y axis).
In quadrant I, genes shown in gold were assigned to the Be1 PageRank network,
based on having both a positive log2FC by PageRank statistic and log2FC of > 1
and FDR < 0.05 by MA. In quadrant lll, genes shown in purple were assigned to
the Be2 PageRank network based on both a negative log2FC by PageRank
statistic and log2FC of < -1 and FDR < 0.05 by MA (See also Fig. 2A and Table
S3).
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Figure S3. T-bet regulates ASC development in Be1 cells (related to Fig. 3).
A) Heat map showing expression levels of 96 TF genes that were previously
defined as differentially expressed in BM ASC and FOB (Shi et al., 2015) and were
also present in the Day 4 B6 and Tbx21-/- Be1 cell RNA-seq data sets. Heat map
color corresponds to Z-score of log2 expression of day 4 B6 and Tbx21-/- Be1
samples from the RNA-seq data set (n= 3 independent biological samples/group).

84



Solid circles on dendrogram indicate genes that exhibited a 22 FC in expression
and g<0.05 between day 4 B6 and Tbx21-/- Be1 cells. (n=3/group). Genes labeled
in blue font (41 genes) are those reported to be more highly expressed in BM ASC
relative to FOB and genes labeled in red font (55 genes) are those reported to be
more highly expressed in FOB relative to BM ASCs (Shi et al., 2015). Asterisks
indicate leading edge genes based on GSEA. See also Fig. 3D-E and Table S4.
(B) p values for Fig. 3G, chromatin accessibility at transcription factor consensus
DNA binding motifs in ATAC-seq data (See also Table S4). RNA-seq and ATAC-
seq analysis was performed with 3 independent samples/group.
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Figure S4. T-bet represses the IRF and STAT induced inflammatory
signature in Be1 cells (related to Fig. 4).

(A-D) Identification of a non-ASC enriched effector cell population
(CXCR3+CCR6+) in day 4 Be1 cultures. Expression of CXCR3 and CCRG6 (A, left
side) in B6 Be1 cells on day 4 of co-culture and expression of ASC markers CD93
and CD138 within the CXCR3 and CCRG6 subsets (A, right side). Frequency of cells
within gated regions are noted. GSEA plots (B-D) comparing day 4 total Bef1,
CXCR3+CCRG6+ effector Be1, CXCR3+CCR6neg Be1 and Tbx21-/- Be1 to TF
genes that are reported (Shi et al., 2015) to be significantly upregulated in BM ASC
or FOB. Enrichment score (ES) is plotted against the ranked gene list for TF genes
upregulated in BM ASC (left) or FOB (right). Dashed vertical lines indicates the
cutoff for leading edge genes. GSEA reveals that day 4 CXCR3+CCRG6neg cells
are enriched in BM ASC TFs relative to the CXCR3+CCRG6+ effector cells,
suggesting that the CXCR3+CCR6+ population contains fewer ASCs than the
CXCR3+CCR6neg population. Consistent with this conclusion, Day 4
CXCR3+CCRG6+ effector Be1 cells are enriched in FOB TF genes when compared
to the CXCR3+CCRG6neg subset or the total Be1 cells. Moreover, CXCR3+CCRG6+
effector Be1 cells and the Tbx21-/- Be1 cells show similar low expression of BM
ASC TFs and GSEA reveals no significant enrichment in expression of the ASC
(or FOB) defined TFs between the CXCR3+CCRG6+ effector Be1 cells and Tbx21-
/- Be1 cells. See Table S4 for detailed transcriptional profiling showing that the
CXCR3+CCRG6+ “effector” subset of Be1 cells is predominantly composed of non-
ASC effector populations.

(E-G) IPA upstream regulator analysis of RNA-seq data from day 4 Tbx21-/- and
B6 CXCR3+CCRG6+ effector Be1 cells and MA data from days 1-4 Be1 and Be2
cells. Heatmap (E) of activation Z-scores (activated (Act), orange; inhibited (Inh),
blue; or undetermined, grey) for TFs predicted by IPA to be upstream regulators
of B6 Be1 over B6 Be2 (days 1-4) or day 4 Tbx21-/- Be1 over day 4 B6
CXCR3+CCRG6+ effector Be1 cells. Circle size is proportional to -log10 overlap p
value. Top IPA predicted upstream regulators (F) from the day 4 Tbx21-/- over day
4 B6 CXCR3+CCRG6+ effector Be1 cells comparison ranked by overlap p value,
colored by activation Z-score. Squares below bars indicate log2 FC in expression
for each predicted regulator with * indicating FDR <0.05. Regulator-target circular
graphs (G) based on IPA upstream regulator analysis of Day 4 Tbx21-/- Be1 over
Day 4 B6 CXCR3+CCRG6+ effector Be1 cells. Shown are 3 selected predicted
upstream regulators (center; Irf3, Irf7, Stat1) and their target genes (outer circle)
with lines connecting regulators to target genes. Predicted regulators are colored
by Z-score and target genes by log2 FC in expression determined from RNA-seq
datasets. (see also Table S5 and Fig. 4A-C).
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(H) Expression of genes, which are reported to be direct targets of T-bet repression
in Th1 cells, in Be1 cells. Heat map display of leading edge genes identified in the
GSEA comparison (see Fig. 4J-L) of day 1 Be1 vs Be2, day 2 Be1 vs Be2 and day
4 Tbx21-/- Be1 vs B6 Be1 to genes that were reported to be repressed and bound
by T-bet in day 4 Th1 cells (lwata et al., 2017). Data shown as FC (log2 expression
ratio of MA data Be1 over Be2 days 1-4 and RNA-seq data Tbx21-/- Be1 over B6
Be1 day 4) with black borders indicating q < .05 for the corresponding differential
expression comparison, and black dots indicating membership in the leading-edge
subset for the corresponding GSEA analysis. Genes were clustered based on
Euclidean distance of the fold-change data and complete linkage.

Data shown are representative of 3 independent experiments (A). RNA-seq
analysis was performed with 3 Tbx21-/- Be1, 1 CXCR3+CCR6+ B6 Be1, 1
CXCR3+CCR6neg B6 Be1, and 3 day 4 B6 Be1 samples. MA analysis was
performed with 7 samples/group/timepoint. Statistical significance between
samples was determined using FDR p analyses (E-G) or FDR g analyses (B-D).
Genes which had on overlap p value <0.05 by IPA were predicted to be upstream
regulators (E-G).
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10 262 14 109 26.7 5.3 2.8
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Figure S5. Sustained TLR and NF-kB signaling prevents ASC development
in Be1 cultures (related to Fig. 5).

(A) Vehicle or IKK/NF-kB, Betulinic acid, was added to day 2 B6 Be1 cultures
generated as in Fig. 1. On day 4 ASCs were quantified as CD138+CD93+ cells by
flow cytometry. (See also Fig. 5A).

(B) Venhicle, TLR7 ligand R848, or TLR9 ligand CpG, was added to day 2 B6 Be1
cultures. On day 4 ASCs were identified as CD138+CD93+ cells by flow cytometry.
(See also Fig. 5C). Data shown are representative of 3 independent experiments.
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Figure S6. Identification of T-bet expressing B cells in flu-infected T-bet
reporter mice and B cell bone marrow chimeras (related to Fig. 6).
(A) T-bet intracellular staining in B6 Be1, B6 Be2, and Tbx21-/- Be1 cells on day 4

of co-culture.

(B-D) Gating strategies to identify B cell subsets in T-bet-ZsGreen reporter mice
60 days post-PRS8 infection. Gating to identify splenic plasma cells ((B), see also
Fig. 6D), bone marrow plasma cells ((C) see also Fig. 6E) and LN CD38+CD19+
cells ((D), see also Fig. 6F-G). Dump channel includes CD3, CD4, CD43, NK1.1,
Ly6G, and Ter119.

(E) Cartoon showing generation of bone marrow chimeric mice harboring Tbx21-
/- B cells (B-Tbx21-/- mice), and control chimeras with WT B cells (B-WT mice).
Top, recipient (host) uMT mice were lethally irradiated (950 rad) prior to adoptive
transfer of a mixture of bone marrow cells, as depicted. Bottom, genotype of
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hematopoietic cells after allowing 12 weeks for engraftment of transferred bone
marrow.

(F) Gating strategy to identify NP+CD38+IgDneg memory B cells (BMEM) in LN of
B-WT mice 90 days post-infection (See also Fig. 6P). Shown in the far-right panel
are 9700 cells.

Representative data from one of 3 independent experiments with 3-4 experimental
replicates (A) or 3-5 mice (B-D, F) per group.
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Figure S7. Identification of B cell subsets following induced deletion of
Tbx21 in memory B cells (related to Fig. 7)

(A) Table depicting experimental design and rationale for controls in experiments
designed to assess the effect of induced Tbx21 deletion in memory B cells (BMEM)
after establishment of the memory B cell compartment (see also Fig. 7A).
Following Tbx21 deletion in BMEM cells of flu memory mice, analyses were
performed on the resting flu-specific BMEM compartment (see Fig. 7B-F and J-L).
Alternatively, following Tbx21 deletion in BMEM cells of flu memory mice, mice
were challenged with a heterosubtypic influenza virus and the BMEM-derived flu-
specific GCB and ASC responses were measured (see Fig. 7G-l and M).

(B) Gating strategy to identify NP+CD38+IgDneg memory B cells (BMEM)
following inducible deletion of Tbx21 in LN BMEM cells (See also Fig. 7E).

(C-E) CXCR3 expression by T and B lineage LN cells on day 5 post-challenge flu
infection in tamoxifen-treated memory recall B6 and Tbx21fl/fl.hCd20-TAM-cre
mice and primary infected B6 mice. Example flow plots(C) and the frequency of
CXCR3+ B lineage cells (sum of CD19+ CD138neg B cells and CD19loCD138hi
ASCs) (D) and CXCR3+ CD3+ T lineage cells (E).

(F-G) Gating strategy to identify NP+CXCR3+ GCB (F) and ASC (G) 5 days after
X31 challenge infection, pregated on total ASC and GCB (see Fig. 6A for pre-
gates). See also Fig. 7G-l for quantitation. (H) Gating strategy to identify
NP+CD38+IgDneg BMEM cells. See also Fig. 7J-L for quantitation of flu- specific
BMEM subsets.

(I) Gating strategy to identify NP+IgG2c+ ASC 5 days after X31 challenge infection.
The frequency of each gated population within the total live lymphocyte population
is indicated. See also Fig. 7M for quantitation. Representative data from one of 2
(I) 3 (B-H) independent experiments, shown as the mean + SD of 3- 6 mice/group.
p values were determined using one-way ANOVA  *p<0.05,
***p<0.001,****p<0.0001 or “ns” not significant.
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SUMMARY
IRF1, an interferon (IFN)-inducible transcription factor, regulates T cell and macrophage fate
specification and function, however a role for IRF1 in controlling B lineage fate decisions has
not been established. We show that IRF1 expression specifically in B cells is necessary for
optimal T cell independent antibody responses and is required for marginal zone (MZ) B cell
development. While IFNs can induce IRF1 expression in MZB precursors, IFN signaling is
not required for MZB cell development. Instead, BCR and TLR signals, which influence MZB
commitment, cooperate to promote IRF1 expression and nuclear translocation in MZB
precursors. In turn, IRF1 facilitates the development of the MZB cell compartment but also
prevents selection of autoreactive B cells into the follicular B cell repertoire. Thus, IRF1
integrates BCR and TLR signals to ensure appropriate selection of B cells into the mature,

non-autoreactive follicular and MZB cell compartments.

KEYWORDS
IRF1, Marginal Zone B cells, BCR, TLR, interferon, transitional B cells
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INTRODUCTION

The mature B cell compartment is composed of B1 cells, follicular B cells (FoB) and
marginal zone (MZB) B cells (Kantor et al., 1992; Martin et al., 2002). These mature B cell
subsets, which develop from different progenitor populations (Hayakawa et al, 1983;
Hayakawa et al. 1985), exhibit distinct B cell receptor (BCR) repertoires and specificities (Yang
et al., 2015) that influence the functional attributes of each subset. For example, the BCR
repertoire of the fetal liver-derived, innate-like B1 B cells is skewed toward polyreactive
specificities (Martin et al., 2002; Baumgarth et al., 2005). These cells, which reside in the serosal
cavities (Kantor et al., 1992), can be activated in a T cell independent (T-I) manner to produce
“natural” antibodies that mediate rapid protection from infection across a broad range of
pathogens (Baumgarth et al., 2005; Bos et al., 1989; Haury et al., 1997; Hayakawa et al., 1983;
Hayakawa et al., 1985; Hooijkaas et al., 1984). The BCR repertoire of the MZB cells, which
are derived from bone marrow progenitor cells, is also restricted (Yang et al., 2015) and
enriched for reactivity to pathogen-associated carbohydrate and lipid antigens (Durbin et al.,
2018; Huflejt et al.,, 2009). The MZB cells, like the B1 cells, can be activated to produce
antibodies in the absence of T cell help (Martin et al., 2000; Martin et al., 2002). Thus, the
MZB cell subset, which is predominately sessile (shuttling?) and found within the marginal
zone of the spleen (Martin et al., 2000; Martin et al., 2002), is geographically poised to rapidly
respond to antigens derived from systemic pathogens (Martin et al., 2001; Martin et al., 2002;
Oliver et al,, 1997). By contrast, the BCR repertoire of the adult bone marrow-derived
conventional FoB cells is very diverse (Yang et al., 2015) and encompasses specificities across
a wide range of protein epitopes (Maclennan et al., 1997). FoB cells, which recirculate through
secondary lymphoid tissues (Bajénoff et al., 2000; Cyster et al., 2010), typically participate in T
cell-dependent (TD) immune responses (MaclLennan et al, 1997) that are initiated in
interfollicular regions of secondary lymphoid tissues (De Silva et al., 2015) and within days
highly specialized germinal center (GC) structures are formed (De Silva et al., 2015).

Despite differences in ontogeny, localization, BCR specificity and functional
properties, the development of all three mature B cell subsets from their hematopoietic
progenitors is a highly-regulated process (Hardy et al., 1991) that integrates signals provided
by (self)-antigens, the cellular microenvironment and endogenous or pathogen associated

ligands of Toll-Like Receptors (TLRs) (Martin et al., 2002). These signals also play key roles
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in the commitment of all three mature B cell subsets to the antibody secreting cell (ASC)
lineage. For example, although the B cell receptor (BCR) signaling thresholds required to
support development and differentiation differ between the B cell subsets (Cyster et al., 1995;
Cyster et al., 19906; Cyster et al., 1997), BCR signaling regulates positive and negative selection
of all B progenitors and the activation and proliferation of all mature B cells (Pillai et al., 1999,
Martin et al., 2002; Nutt et al., 2015). Similatly, while TLR expression levels differ between
the different developing and mature B cell subsets (Hua et al., 2013), TLR ligands broadly
influence B cell selection, activation, proliferation and differentiation (Gavin et al., 2007,
Rawlings et al., 2012; New et al., 2020). Finally, while the different mature B cell subsets reside
in distinct locations, each subset receives microenvironment-derived cellular cues that support
subset specification and differentiation. These niche-specific cells, which can include stromal
cells, T cells, dendritic cells and macrophages (You et al., 2011; Pirgova et al., 2020; Fasnacht
et al., 2014), provide direct contact-dependent co-stimulatory signals to B cells (Chen et al.,
2013), capture antigen for sampling by B cells (Hannum et al., 2000) and produce cytokines
that regulate B cell survival, proliferation, class switch recombination (CSR) and differentiation
(Jandl et al., 2016).

Key microenvironment-derived developmental programs mediated by resident
neighboring cells must coordinate with a continuum of BCR signaling thresholds to ensure
the selection of newly formed B cells into the appropriate mature B cell compartment (Pillai
et al., 2009; Hammad et al., 2017; Wen et al., 2005). For example, deleterious mutations in
activating factors of BCR signaling, thereby attenuating BCR signaling strength, results in the
relative preservation of the MZB cell compartment and a loss of the FoB cells (Hardy et al.,
1983; Hikida et al., 2003; Wen et al., 2003; Pillai et al., 2009). Similarly, in the absence of
inhibitory regulators of BCR signaling, thereby enhancing BCR signaling strength, MZB cells
are markedly decreased (Samardzic et al., 2002; Pillai et al., 2009). Therefore, MZB cells appear
to require relatively “weak” BCR signals whereas FoB cells depend on “strong” BCR signals
for their development.

How the cues provided by antigen, the cellular microenvironment and TLR ligands
are integrated to specify different B cell fate decisions remains unclear, however transcription
factors that are expressed or activated in response to these signals are clearly important.
Indeed, we know that signaling through cytokine receptors, TLRs and the BCR induces

expression and/or activation of multiple transcription factors including members of the
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STAT, T-box, NF-KB and IRF families (LLuu et al., 2014; Xu et al., 2015; Stone et al., 2019).
Many of these transcription factors are intimately involved in B cell fate decisions. For
example, IRF8 supports maintenance of the B cell identity program (Xu et al., 2015) while the
T-box family member T-bet prevents B cells from adopting an alternate inflammatory effector
cell fate (Stone et al., 2019). By contrast, IRF4 promotes commitment of the mature B cells to
the ASC transcriptional program (Xu et al., 2015). Thus, it is the balance of transcription
factors that control cell fate specification and initiate the new transcriptional and epigenetic
programs that endow the B cells and ASCs with unique functional attributes.

We previously showed that mature B cells activated in the presence of the
inflammatory cytokine IFNg upregulate expression of the transcription factors, T-bet and
IRF1 (Stone et al., 2019). We further demonstrated that T-bet is required for IFNg-dependent
ASC development (Stone et al., 2019). Notably, our transcriptome and epigenome analyses
of the mature B cells induced to differentiate to ASCs in an IFNg-dependent fashion, also
identified IRF1 as a key transcriptional regulator of this process (Stone et al., 2019). This was
intriguing as IRF1 was previously shown to regulate Thl cell differentiation by initiating
expression of lineage specifying genes and repressing alternative effector cell fates (T'aki et al.,
1997; Kano et al., 2008). Although less is known about the role for IRF1 in B cells, early
studies revealed that IRF1 can block cell cycle in B cells (Yadama et al., 1991). Consistent
with this finding, global deletion of I#f7 resulted in increased numbers of GC B cells and ASCs
in the MHV-68 viral infection model (Mboko et al., 2016). By contrast, B cell-selective
deletion of I7f7 resulted in fewer GC B cells and ASCs in the setting of chronic MHV-68
infection (Jondle et al., 2020).

The published results, while suggesting an intrinsic role for Irf/ in B cell responses,
were complicated to interpret as MHV-68 is a chronic pathogen that infects and establishes
latency in B cells (Flano et al., 2002) and it is known that EBV-family viruses can alter the
transcriptional programming of B cells (Hatton et al., 2014). Therefore, we set out to test the
hypothesis that IFNg-induced IRF1, like other IRF family members, can influence B cell
lineage specification and/or lineage commitment. We show that Irf/ expression by mature B
cells is required for ASC differentiation in response to IFNg and TLR signals. We demonstrate
that B cell intrinsic expression of I#fl is required for T-I antibody responses and for the
development of the innate-like MZB cell compartment. Surprisingly, I7/7-dependent MZB
cell development does not require IFNg signaling. Instead, BCR and TLR signals cooperate
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to induce IRF1 expression and IRF1 nuclear translocation in immature transitional B cell
precursors. In turn, I7f7 supports the selection of self-reactive developing B cells into the
MZB cell pool. Importantly, Irf1”" self-reactive B cells undergo altered selection into the FoB
cell compartment thereby predisposing autoreactive B cells to T cell help. Consistent with
this, we observe that I7/7 deletion in B cells results in the spontaneous emergence of GCB cells
and the production of autoantibodies. Collectively, these data indicate that IRF1, induced in
response to BCR and TLR signals, regulates B cell fate decisions and the development of a

normal non-autoreactive mature B cell compartment.

RESULTS

IRF1-excpressing B cells regulate early LM responses to influenza infection.

We previously identified the IFNg-inducible transcription factor, IRF1 as a potential upstream
regulator of ASC commitment in B cells activated with antigen in the presence of IFNg-
producing Th1 cells (Stone et al 2019). To test whether IRF1 was required for the formation
of ASCs we co-cultured Th1 cells with C57BL/6] (wildtype, WT) B cells or Irf1”" B cells in
the presence of anti-IgM Fab’2 + IL-2 for 4 days and enumerated ASCs and secreted antibody
(Ab). We observed a significant reduction in the frequency of CD93"CD138" ASCs in the
Irf1”"Bel co-cultures compared to WT Bel co-cultures (Fig. 1A-B). Consistent with this, Ab
secretory rates were also significantly decreased in the Irf/”" Bel cultures (Fig. 1C). Therefore,

B cell intrinsic expression of IRF1 is important for Th1l-induced ASC development 7z vitro.

While our data demonstrated a B cell intrinsic role for IRF1 during Bel cell differentiation,
the requirement for IRF1-expressing B cells 7z vivo is less clear with a prior report revealing
that antibody responses in mice selectively deficient in I7f7 expression in B cells were
unaffected following LCMV infection but significantly decreased after MHVG68 infection
(Jondle et al., 2020). Since our prior data indicated that influenza infection induces expansion
of Bel-like cells (Stone et al., 2019), we hypothesized that IRF1-expressing B cells would be
required for development of flu-specific ASCs and serum Ab. To test this, we generated bone
marrow (BM) chimeric mice (Fig. STA), which were either I#f7 sufficient in all lineages (B-WT
mice) or lacked Irf7 in B cell lineage cells (B-Irf/”" mice), and infected the reconstituted
chimeras with influenza A/Puerto Rico/8/1934 HIN1 (PR8) virus. On day 15 (D15) post-

infection, we enumerated the T cell-dependent influenza nucleoprotein (NP)-specific (Allie et
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al., 2019) GC B cells and ASCs (Fig. S1B) in the draining mediastinal LN (medLN). In
opposition to the MHV-68 infection studies that showed a decrease in the number of total
GC B cells in B-Irff”" mice (Jondle et al., 2020), we observed a significant expansion in the
frequency and number of flu NP-specific GC B cells in B-Irf/”" chimeric mice (Fig. 1D-F).
However, unlike what was observed after MHV-68 infection where ASC numbers were
reduced in the B-Iyf/”" mice (Jondle et al., 2020), the frequency and number of NP-specific
ASCs in the B-Irf1”" mice were unchanged on D15 post-influenza infection (Fig. 1G-I).
Furthermore, and consistent with this result, flu-specific Ab titers were equivalent between B-
WT and B-IrfI”" mice on D60 post-infection (Fig. 1]). This outcome, which was similar to
what was reported for LCMV infected B-Irf7” mice (Jondle et al., 2020), suggested that IRF1
expression by B cells is not required for T cell-dependent (T-D) long-lived Ab responses to

influenza.

Although we did not identify a role for I7f7 expression by B cells in the T-D Ab response to
influenza, flu infection also induces a T cell-independent (T-I) IgM Ab response (Lee et al.,
2011). To assess a potential role for IRF1 in B cells during the T-I response to flu infection,
we evaluated the D10 flu-specific IgM antibody response in B-WT and B-Irf/”" chimeras.
Interestingly, PR8-specific IgM on D10 post-flu infection was significantly decreased in serum
from B-If1"" chimeric mice compared to B-WT animals (Fig. 1K). Thus, while I7f7 expression
by B cells is not required for the development of the T-D and GC-dependent flu-specific ASC
and IgG Ab responses, IRF1 does appear to play a role in the development of the early flu-
specific IgM Ab response.

Infl-expressing B cells are required for T cell independent antibody responses

Since IrfT-expressing B cells regulated the early IgM response but not the GC-dependent IgG
response to PR8 infection, we hypothesized that I7f1 expression by B cells might be important
for ASC differentiation in response to signals delivered in the absence of cognate interactions
between B cells and T cells. To test this hypothesis, we evaluated the ASC differentiation
potential of splenic WT or Irf/”” CD19" B cells activated with anti-IgM, cytokines (IFNg, .-
21, and 1L-2) and either LPS (Toll-Like Receptor 4 (TLR4) ligand) or R848 (TLR7 ligand). We
found that the D3 TLR-stimulated I7f/”" B cell cultures contained significantly fewer
CD93"CD138" ASCs relative to the WT B cell cultures (Fig. 2A-B). We also observed that Ab
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secretion by the stimulated I7f/”" B lineage cells was impaired relative to WT B cells (Fig. 2C).
These data therefore show that IRF1 can promote ASC differentiation in response to signals

delivered by cytokines, TLR ligands and antigen, at least 7 vitro.

Given that IRF1 appears to regulate ASC development independently of T:B cognate signals,
we next asked whether IRF1-expressing B cells are required for T-I Ab responses 7 vivo. We
immunized WT and Irf/”" mice with a model T-I antigen, Ficoll haptenated with tri-
nitrophenyl (TNP-Ficoll), and measured the anti-hapten IgM response on D7 post-
vaccination. In agreement with the z» vitro data, we observed a significant decrease in anti-
nitrophenyl specific IgM titers in the Irf/”" mice (Fig. 2D). To confirm these results, we
intravenously vaccinated WT and If/”" mice with heat-killed Streptococcus pnenmonia, a well-
characterized, physiologic activator of T-I Ab responses directed against the outer membrane
constituent phosphorylcholine (PC). We observed a significant reduction in PC-specific IgM
responses in I7f1”" mice (Fig. 2E). Thus, Irf! is required for the development of multiple T-I

antigen driven Ab responses.

Splenic marginal zone B cells and macrophages are decreased in Infl”" mice

T-D and T-I responses are directed by distinct mature B cell populations with follicular B cells
(FoB) playing a key role in T-D humoral immunity and splenic marginal zone B cells (MZ B)
and serous cavity B1 cells contributing to T-I responses (Martin et al., 2002). To assess whether
the MZ B and B1 compartments were intact in the I7f/” mice, we enumerated the B1 cells in
the peritoneal cavity (PerC) and MZ B cells in the spleen of WT and Irf/”’" mice. The B1
compartment, which contains the CD5" Bla and CD5™* Blb cells (Fig. 3A), was not
appreciably different between the Irf1”~ and W'T mice (Fig. 3B-C). Likewise, no differences
were seen (data not shown) in the number of PerC CD11b"" B1 B cell subsets (Ghosn et al.,
2011). Similarly, when we examined the spleen of WT and Irf/”" mice (Fig. 3D) we observed
no differences in the number of CD23"CD21" FoB cells (Fig. 3E). However, the number of
splenic CD23™#CD21" MZ B cells was significantly reduced in the Irf/”" mice (Fig. 3F). This
finding remained true even when we used alternate markers such as CD1d, CD9 and CD36
(Won et al., 2002; Won et al., 2008; Amano et al., 1998), to identify MZ B cells (Fig. S2A-F).

Thus, Irf1 appears to regulate the size of the splenic MZ B cell compartment.
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The splenic MZ is unique microenvironment at the interface of the white and red pulp, which
is occupied by specialized subsets of MZ B cells and SIGNR1" marginal zone macrophages
(MZM) that are poised to sample and respond to blood-borne antigens (Pillai et al. 2005) and
to clear cell debris and apoptotic bodies (New et al., 2016). Prior studies revealed that close
association of the MZM and MZ B cells is required for the development and maintenance of
both populations and is necessary for optimal T-I Ab responses (You et al., 2011). Given the
reduction in the phenotypically defined MZ B subset in the I7f/”" mice, we hypothesized that
Infl would be critical for the establishment of the anatomically-defined MZ. To test this, we
used fluorescence microscopy to visualize the MZ in the spleens of WT and Irf/”" mice.
Consistent with our flow cytometric analyses, the characteristic ring of CD1d"B220" MZ B
cells outlining the white pulp areas appeared to be missing in the spleens of Irf/”" mice (Fig.
3G). To quantify this observation, we identified the MZ B cells in the section by examining
the fluorescence intensities of CD1d and B220 in all nucleated cells (Fig. 3H). Consistent with
our flow cytometric analysis, the frequency of CD1d"B220" cells was significantly reduced in
the spleens of the Irf”" mice (Fig. 31). Next, we used an x and y grid to assign the location of
the CD1d"B220" cells within the spleen section (Fig. 3]) and then calculated the area occupied
by these cells (Fig. 3K). In agreement with the reduced numbers of MZ B cells in the Irf1”"
mice, the splenic area occupied by the CD1d"B220" Irf7”" B cells was reduced relative to the
area occupied by the WT CD1d"B220" B cells (Fig. 3K). However, the localization of the
CD1d"B220" B cells within the spleen was similar between the Dﬂ’/ “and WT mice. Indeed,
the few remaining CD1d"B220" B cells in the spleens of I7f/” mice were found adjacent to B
cell follicles in close proximity to the MZ and were not present in the white or red pulp (Fig.
3)). Thus, Irfl is required for the establishment or maintenance of the anatomically defined

MZ. B cell subset.

Given that the differentiation, maintenance and functional properties of MZ B cells and MZM
are intertwined (You et al., 2011), we next asked whether the loss of Irf7 impacted the
architecture and cellular composition of the MZ. In accordance with previous publications
demonstrating the loss of the SIGNR1" MZM population in mice lacking MZ B cells (You et
al., 2011), quantitative image analysis (Fig. 3L) revealed a significant reduction in the area
occupied by the SIGNR1*MZM (Fig. 3G) within the spleens of I7f/”" mice. To confirm this

result, we used flow cytometry to assess whether the CD11b"Tim4" MZM population, which
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is reported to be dependent on MZ B cells (Fujiyama et al., 2019), was affected by the loss of
Irfl (Fig. 3M). In support of the histologic analysis, significantly fewer Tim4™ MZM were
identified in the I7f7”" mice (Fig. 3N-O). Taken together, these data suggest that IRF1 regulates
T-I responses by controlling the development or maintenance of the splenic MZ B cells and

macrophages that respond to blood-borne particulate antigens.

B cell intrinsic excpression of Irf1 is required for MZ B cell responses.

Our data showed that the splenic MZ B cell and MZM compartments were significantly
decreased in 717" mice. Given that the survival or maintenance of these two subsets is linked
(You et al.,, 2011; Fujiyama et al., 2019) and that IRF1 can be expressed by myeloid (LLanglais
et al,, 2016) and lymphoid lineage (Penninger et al., 1997) cells, it was important to assess
whether IRF1 directly influences the development or maintenance of MZ B cells. To address
this question, we first examined whether MZ B cell development was intact in the If/” mice.
We therefore used the well-characterized (Van Epps et al., 2006) Hardy B cell development
scheme (Fig. S3A) to enumerate early pre-pro B (Fr. A), pro-B (Fr. B-C), pre-B (Fr. D) and
immature (Fr. E) cells in the bone marrow (BM) of WT and Irf/”" mice. Interestingly, the Irf1
" mice exhibited a small but signification reduction in the frequency and number (Fig. 4-B) of
Fraction C cells, which include late pro-B cells that are undergoing selection for expression of
the IgH pro-B cell receptor (Hardy et al., 2001). However, no differences were seen in any of
the other BM subsets, including Fraction D that is undergoing pre-B cell receptor selection
(Fig. 4A-B). These data suggest that IRF1 expression is not obligate for B cell development in
the BM.

Although we didn’t identify any major role for IRF1 in B cell development in the BM, B cell
maturation continues in the spleen where the BM-derived mature B cells undergo additional
negative and positive selection steps as transitional (T'1 and T2) cells that then commit to the
mature MZ B or FoB lineages (Metzler et al 2015). To assess the role of IRF1 in the final
stages of B cell development we analyzed the splenic T'1 and T2 subsets (Fig. S3B) in WT and
Irft”” mice. Again, we found that the frequency and numbers of these cells were unchanged

between WT and Irf7”" mice (Fig. 4C-D).
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The data showed that IRF1 is not required for the development of the direct splenic precursors
of the FoB and MZ B cell subsets. Therefore, we hypothesized that IRF1 may play a B cell
intrinsic role during the commitment of transitional cells to the MZ B lineage. To assess this
possibility we examined the transitional, MZ B and FoB compartments in B-WT and B-Irf1""
mice (Fig. STA). Similar to what we observed in animals with a global deletion of I7f7, deletion
of Irf1 in the B lineage alone did not affect the number of T1 and T2 cells present in the spleen
of these mice (Fig. 4E-G). However, we observed a significant reduction in the number of
splenic MZ B cells in the B-I7f/”" mice compared to B-WT mice (Fig. 4H-I). Moreover, we
found that the number of FoB cells was significantly increased in the B-Irf/”"animals (Fig. 4H,
J). Since the splenic transitional compartment is intact in these animals, the data suggested that
Irfl may play a role at the bifurcation step where transitional cells are selected into either the

FoB or MZ B cell lineage.

Although the phenotypically defined MZ B subset was clearly reliant on I7f7 expression by B
cells, we could not exclude the possibility that other IRF1-expressing cells, like the MZM,
might influence the development, placement or maintenance of these cells within the
anatomically defined MZ. To address whether B cell intrinsic I7f7 was critical for appropriate
placement of B cells within the MZ, we generated 50:50 BM chimeric mice that were
reconstituted with equivalent numbers of BM cells from CD45.1" WT mice and CD45.2" If1"
" mice. Following reconstitution, we examined the proportion of FoB and MZ B cells derived
from each genotype (Fig. 4K). As expected, the percentages of CD45.1" WT and CD45.2"
Irf1”" cells present the spleens of the 50:50 chimeras were largely equivalent (Fig. 41.). Likewise,
the fractions of CD45.1" WT FoB and CD45.2" Irf1”" FoB were similar (Fig. 4M). By contrast,
the percentage of WT MZ B cells was approximately 3.5-fold increased relative to the Irf1”"
MZ B cells in the same animals (Fig. 4N). These data again support the conclusion that B cell

intrinsic expression of IRF1 is necessary for the establishment or maintenance of the MZ B

cell subset.

Next, we examined the architecture of the spleen in the WT and IifT/ " 50:50 BM chimeras
(Fig. 40). We first identified the CD45.1" and CD45.2"B220" B cells (Fig. 4P) and mapped
the location of these cells relative to the CD169" metallophilic marginal zone macrophages

(MMMs) that line the border between the white pulp and MZ (Fig. 4Q)). We then enumerated
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the CD45.1" WT and CD45.2" Irf1”" B cells that were located outside of the B cell follicle and
within the MZ (Fig. 4R-S). Similar to the flow cytometric analysis of MZ B cells in the mixed
BM chimeras, significantly fewer Irf1”" B cells were localized within the MZ of the spleen (Fig.
4S). However, the relative proportions of WT and Irf1”" B cells localized in the MZ of the
spleen (Fig. 4S) were very similar to the proportions of MZ B cells identified by flow cytometry
in the mixed BM chimeras (Fig. 4N). Moreover, expression of integrins and chemokine
receptors, like CD11a, CD18, CD49d, CD29 and CXCR7, which are known to regulate
localization of B cells within the MZ (Lu et al., 2002; Wang et al., 2012), was very similar
between the WT and Irf1”" B cells (Fig. S4). These data therefore argue that B cell intrinsic
expression of Irf7 is not required for placement of B cells within the MZ region and may play

a more important role during the development of these cells.

Finally, given the B cell intrinsic role for IRF1 in the establishment of the MZ B cell
compartment, we predicted that B cell intrinsic expression of I7f7 is necessary for optimal T-I
immune responses. To test this prediction, we generated B-WT and B-Irf/”" chimeras (Fig.
S1A), immunized the mice with either TNP-Ficoll or heat-killed . preumoniae and measured
nitrophenyl-specific (Fig. 4T) or PC-specific (Fig. 4U) IgM responses. Consistent with our
prediction, we observed a significant decrease in the Ag-specific IgM response to both T-I
antigens (Fig. 4T-U). Taken together, we conclude that IRF1 expression in B lineage cells is
necessaty for the development and/or survival of MZ B cells that can rapidly respond to T-I

antigens.

BCR and TLR signals cooperate to induce IRFT excpression in transitional B cells

Since our data showed B cell-intrinsic expression of Irf7 was not required for seeding of
transitional/MZ B cell precursors in the spleen, but appeared to be required for MZ B cell
development from these precursors, we predicted that IRF1 would be expressed by the
transitional and MZ B cells. Consistent with this prediction, we observed low but detectable
levels of IRF1 in the T1 and T2 precursors (Fig. 5A-B, Fig. S5A) and significantly higher
expression of IRF1 in the mature MZ B cells (Fig. 5A-B). Interestingly, IRF1 levels were the
lowest in mature splenic FoB cells (Fig. 5B), suggesting that IRF1 is downregulated when B

cells commit to the FoB lineage.
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Next, we set out to identify the signals that promote IRF1 expression in the transitional and
MZ B cell compartments. We first used Ingenuity Pathway Analysis IPA) to identify predicted
regulators of the published transcriptome profiles (Table S1) of murine FoB and MZ B cells.
As expected, known negative regulators of MZ B cell development, like TRAF2, which
activates the canonical NF-KB pathway (Grech et al., 2004), and FOXO1, which is activated
by BCR and CD19 signaling (Chen et al., 2010), were predicted as upstream activators of the
FoB transcriptional program (Fig. 5C, Table S2). Conversely, transcriptional regulators that
promote MZ B cell commitment and function like Notch (Zhang et al., 2012) and TLR (Oliver
et al., 1997) family members were predicted by IPA to be upstream activators of the MZ B
cell transcriptome (Fig. 5C, Table S2). Interestingly, IFN receptors and members of the Type
I IFNa/b) and Type II (IFNg) IFN cytokine family were predicted by IPA (Fig. 5C, Table
S2) to activate the MZ B transcriptional program. Since IFNs induce expression of IRF1 in
many cell types (Elser et al., 2002; Negishi et al. 20006; Stone et al. 2019), we predicted that
these inflammatory cytokines might induce IRF1 expression in the MZ B precursors and
support commitment of these cells to the MZ B lineage. To test this, we cultured WT
transitional B cells for 24 hrs in the presence of the survival factor BAFF or with BAFF in
combination with IFNa or IFNg and then measured expression of IRF1. As expected, IRF1
expression increased >4-fold in the IFNg-exposed transitional B cells (Fig. 5D-E). Moreover,
we observed a very modest (25%), but significant increase in IRF1 expression in the

transitional B cells exposed to IFNa (Fig. 5D-E).

Since IFNg exposure dramatically increased IRF1 expression by the transitional B cells, we
hypothesized that IFNgR signaling might be necessary for establishment or maintenance of
the MZ B cell compartment. To test this possibility, we reconstituted lethally irradiated
recipient animals with a 50:50 mixture of CD45.1" WT BM plus CD45.2" WT BM or with a
50:50 mixture of CD45.1" WT BM plus CD452" Ifugr?”” BM. 8 weeks following
reconstitution we determined the ratio of CD45.17 B cells to CD45.2" B cells in each recipient.
Despite the fact that IFNg was a potent inducer of IRF1 expression in transitional B cells,
IFNgR expression by B cells was not required for the establishment of mature splenic B cells
(Fig. 5F) nor for the development of the FoB and MZB compartments (Fig. 5G-H). Moreover,
we observed similar results when we enumerated the splenic B cell subsets in WT:Ifnar?”’- BM

chimeras (Fig. S5B-D). Thus, while IRF1 is necessary for the development or maintenance of
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a normal MZ B cell compartment, signaling through Type I and Type II IFN receptors appears
to be dispensable for MZ development.

Although IRF family members are prototypic IFN inducible transcription factors (Tamura et
al., 2008), it is appreciated that some IRF members, including IRF8 and IRF4, can be
upregulated in response to other types of stimuli, including BCR and TLR ligands (Xu et al.,
2015; Negishi et al., 2005). Furthermore, previous reports indicate that IRF1 is induced upon
TLR signaling in dendritic cells (DCs) (Negishi et al., 20006; Schmitz et al., 2007) and following
T cell receptor engagement in T cells (Penninger et al., 1997). Given that both BCR and TLR
signaling pathways are implicated in MZ B cell development and function (Wen et al., 2005;
Oliver et al., 1997), we considered the possibility that IRF1 expression levels might be
regulated by these stimuli in B cells. We therefore cultured transitional B cells for 24 hrs in the
presence of BAFF alone or BAFF in combination with LPS and/or anti-IgM and then
measured the expression of IRF1. We observed a significant increase in IRF1 expression
within the transitional B cells following either TLR or BCR stimulation (Fig. 5I-]). Moreover,
the combination of BCR and TLR signaling induced the highest levels of IRF1 by the
transitional B cells (Fig. 5I-]). Since both BCR and TLR ligands can induce IFNg production
by B cells (Bao et al., 2014), we assessed whether upregulation of IRF1 in the BCR and TLR
stimulated transitional B cells was due to autocrine IFNg signaling. We therefore measured
IRF1 levels in WT and Ifig’ transitional B cells following stimulation with BAFF or BAFF in
combination with LPS and/or anti-IgM. We observed no differences in IRF1 induction levels
between the stimulated WT and Ifig’ transitional B cells (Fig. S5E-F), indicating that IRF1
upregulation of BCR and TLR stimulated transitional cells is controlled by an IFNg-

independent mechanism.

Prior reports showed that IRF1-dependent transcription requires cooperation between IFN
signals, which induce expression of IRF1 mRNA and protein, and TLR-derived signals, which
direct IRF1 to the nucleus (Negishi et al., 2006). To assess whether cooperative BCR and
TLR signals are required to initiate expression and nuclear translocation of IRF1 in transitional
B cells we stimulated transitional B cells with BAFF alone or BAFF in combination with anti-
IgM and/or LPS and used ImageStream to analyze IRF1 expression and localization within

the cells. Similar to the flow cytometry data, IRF1 expression was significantly increased in the
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cells cultured in the presence of anti-IgM or TLR4 ligand relative to B cells cultured in BAFF
alone (Fig. 5K-L). IRF1 expression was even higher when transitional B cells were cultured
in the presence of both anti-IgM and LPS (Fig. 5K-L). Next, we quantified nuclear
translocation of IRF1 under the different stimulation conditions by determining the overlap
(measured as the similarity index) between IRF1 staining and the nuclear stain Hoescht in
individual cells. We observed a positive similarity index value for the vast majority of single
cells analyzed from the LPS, anti-IgM and LPS+anti-IgM stimulated cultures (Fig. 5M).
Moreover, there was no difference in the mean similarity index score between the groups (Fig.
5M). These data indicate that although the combination of BCR and TLR4 stimulation induces
the highest expression of IRF1, ligands for either the BCR or TLR4 are sufficient to induce

expression and nuclear translocation of IRF1 in transitional B cells.

IRFT regulates Notch signaling in transitional B cells.

Our data showed that IRF1 is required for the development or survival of the splenic MZ B
cell compartment and that IRF1 expression can be induced in response to TLR and BCR
ligand signals, which are known to regulate MZ B cells (Oliver et al., 1997; Wen et al., 2005).
In particular, BCR and TLR signals have both been implicated in regulating the expression or
activity of members of the Notch transcription factor family (Wen et al., 2005; Gamrekelashvili
et al., 2020) and Notch2 expression by B cells is critical for commitment to the MZ B cell
lineage (Saito et al., 2003; Tanigaki et al., 2002). To assess whether IRF1, induced in response
to TLR and/or BCR signals, is required for Notch2 controlled commitment of transitional
cells to the MZ B lineage, we co-cultured WT or IifT/ " transitional B cells with parental OP9
stromal cells or OP9 stromal cells expressing Notch2 ligand, Delta-like 1 (DLL1), in the
presence of BAFF or BAFF plus anti-IgM and/or LPS. After 3 days, we assessed the ability
of these activated transitional B cells to adopt a mature MZ B cell phenotype by determining
the frequencies of CD23**CD21"IgM "~ MZ-like B cells present in the cultures (Fig. S6). Not
surprisingly, co-culturing either WT (Fig. 6A) or IrfI”" (Fig. 6B) transitional B cells with the
control DLL1™* stromal cells induced few if any MZ-like B cells, even in the presence of
BAFF. Moreovet, addition of LPS and/or anti-IgM to these cultutes did not initiate MZ B
cell development (Fig. 6A-B). By contrast, culturing WT transitional B cells in the presence of
DLL1-expressing stromal cells and BAFF significantly increased the frequency of
CD23"*CD21"IgM" MZ-like B cells in the cultures (Fig. 6C). Although the addition of anti-
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IgM alone did not increase the frequency of CD23**CD21 IgM " B cells in these cultures, we
observed a significant boost in the frequency of the MZ-like B cells in the cultures that
contained LPS and these cells were further amplified when LPS plus anti-IgM were included
in the co-cultures (Fig. 6C). Strikingly, Irf/”" transitional B cells did not adopt a mature MZ B
cell phenotype following co-culture with BAFF and DLL1-expressing stromal cells, regardless
of whether anti-IgM and/or LPS were included in the cultures (Fig. 6D-E). Thus, the
combination of TLR and anti-IgM signals potently cooperate with Notch2 and BAFF to

promote the development or survival of MZ B cells from IRF1-expressing MZ B precursors.

Our data showed that I7f7 expression by transitional B cells is required for Notch2-dependent
development of B cells with the phenotypic properties of mature MZ-like B cells. To assess
whether Notch2 was activated in an [rf/-controlled fashion in the transitional B cells, we
isolated RNA from WT and Irf/”" transitional B cells that were co-cultured for 5 hrs with
parental OP9 stromal cells or with DLL1-expressing OP9 stromal cells. We then analyzed
mRNA expression levels of several Notch target genes, including Dzx, Hes1, Hes5 and HeyT,
in the transitional B cells. As expected, expression of all 4 Notch target genes increased in the
WT transitional B cells that were co-cultured with DLL1-expressing stromal cells compared
to WT transitional B cells co-cultures with parental OP9 cells (Fig. 6F-I). By contrast, and
consistent with our prediction, Notch2-dependent induction of these target genes was
significantly impaired in the I7f/”" transitional B cells (Fig. 6F-I). Taken together, these data
show that Notch2-dependent gene expression and commitment of transitional B cells to the
MZ B cell lineage is dependent on IRF1 expression by the transitional B cells and can be

further enhanced by TLR signals delivered alone or in combination with BCR ligation.

IRF1 regulates the polyreactive and antoreactive B cell repertoire.

Our data showed that Irf1”" transitional B cells are unable to respond to Notch?2 signaling even
when stimulated with LPS or LPS + anti-IgM. Given that these signals both upregulate IRF1
expression in the transitional B cells and promote maturation to the MZ B lineage, the data
suggested that IRF1 acts downstream of TLR and BCR signals to regulate the final maturation
and selection steps of B cell development. Since BCR signals are one of the key regulators of
selection into the MZ B or FoB lineage (Cyster et al., 1995; Cyster et al., 1996; Cyster et al.,

1997), we hypothesized that IRF1 regulates this BCR-dependent step. To test this hypothesis,
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we took advantage of the VH81X IgH transgenic mouse model (Chen et al., 1997; Martin et
al., 1997). These animals express a functional, fetal-liver-derived VH81X IgH transgene (Chen
et al., 1997; Martin et al., 1997). This IgH chain, which pairs with a variety endogenous Ig
light chains (IgL), the most predominant Vk1C IgL,, gives rise to mature B cells that express a
BCR that is reactive to intracellular antigens (Chen et al., 1997; Martin et al., 1997). B cells
expressing the IgMa VH81X transgene and Vk1C light chain are preferentially and positively
selected into the MZ B cell compartment (Chen et al., 1997; Martin et al., 1997) and can be

detected by flow cytometry using allotype and IgL chain idiotype specific antibodies.

To assess whether IRF1 contributes to selection of B cells expressing the VH81X transgene
into the MZ B cell compartment, we generated control WT.VH81X and I/ .VH81X
animals. We analyzed the splenic B cells by flow cytometry to identify CD21"'CD23"* MZ B
and CD21°CD23" FoB cells. As expected (Chen et al., 1997; Martin et al., 1997), the frequency
(Fig. 7A-C) and number (Fig. 7D) of total MZ B cells present in the VH81X transgenics was

higher than that normally seen in non-transgenic B6 mice (~25% vs ~3-5%, respectively).

However, and consistent with our prior results, the frequency (Fig. 7A-C) and number (Fig.
7D) of total MZ B cells was significantly less in the Irf/”"."VH81X animals relative to the WT
transgenics. Next, we analyzed the splenic B cells expressing the VH81X transgene (IgMa) and
the Igl. VK1C (Fo27") in both groups of mice (Fig. 7E-F). Importantly, there was no
difference (Fig. 7G) between the frequencies of splenic B cells expressing the stereotypic
transgenic BCR in WT.VH81X and Irf/”". VH81X mice (14-16% of CD19" splenic B cells in
both groups). As expected, the vast majority (>70%) of the transgenic WT B cells were
selected into the MZ B cell compartment (Fig. 7H) with <20% being selected into the FoB
compartment (Fig. 71). In striking contrast, only ~50% of the transgene-expressing Irf/”" B
cells were selected into the MZ B cell compartment (Fig. 7H) with significantly more of the
transgenic B cells directed to the FoB cell compartment (Fig. 7I). Together, these data show
that I7f7 plays a key role in supporting selection of B cells expressing polyreactive BCRs into
the MZ B cell compartment. Importantly, Irf1”" polyreactive B cells do not appear to be lost

to negative selection and apoptosis but rather are selected into the FoB compartment.

Our data argue that I7f7 plays an important role in ensuring that polyreactive BCR expressing

B cells, which can rapidly respond to conserved pathogen-derived molecules and TLR ligands,

109



are restricted to the MZ B cell compartment where T-D interactions are geographically limited.
However, if these polyreactive B cells are selected into the FoB compartment, the polyreactive
B cells will have the opportunity to interact with Th cells in the B cell follicles and GCs. Prior
publications indicated that MZ B cells that are unable to recycle back to the MZ and remain
within the B cell follicle can be diverted with T cell help into the autoreactive B cell repertoire
(Zhou et al., 2011). Our data examining the T-D influenza response showed that the number
of GC B cells was significantly increased in the Irf/”" mice (Fig. 1F), suggesting that loss of
Infl may lead to dysregulated T-D GC responses. Based on these data, we hypothesized that
the I7f1”” FoB repertoire is enriched in polyreactive B cells that have the potential to respond
to endogenous antigens in a T-D manner. To test this, we generated 50:50 BM chimeric mice
that were reconstituted with CD45.1" WT and CD45.2" Irf/”- BM. We aged the mice for 6
months and enumerated activated GC B cells, memory B cells and ASCs in the spleens (Fig.
7]). The WT and Irf1”" total live cells were equivalently represented in the 50:50 chimeras (Fig.
7K). Within the CD19" B cell compartment, >25% of the cells exhibited a GC phenotype
(Fig. 7K), suggesting that these aged but non-experimentally manipulated animals were actively
responding to endogenous or environmental antigens. Interestingly, the “spontaneous” GC B
cell response was dominated by the Irf/”" B cells which represented ~90% of the total GC B
cell compartment (Fig. 71). The memory B cell compartment was modestly enriched in Irf/”"
B cells (Fig. 7M). Despite the apparent expansion of the GC, the splenic ASC compartment
did not appear to be greatly expanded in these aged chimeras (Fig. 7]). Finally, and consistent
with our 7 vitro studies (Fig. 1-2), a significantly higher proportion of the ASCs in the aged
chimeras were derived from the WT B cells compared to I/~ B cells (Fig. 7N). These studies
therefore suggest that Irf1”" B cells are intrinsically biased toward entering a GC response even

in the absence of exogenous antigen administration.

The bias toward spontaneous GC formation by the I7f/”" B cells in the 50:50 chimeras strongly
suggested that these B cells likely expressed BCRs that could react with endogenous or
environmental antigens. To test whether Irf/”" B cells were intrinsically prone to generate
autoreactive Abs, we examined serum antibodies in aged B-WT and B—Ig”f/ " mice using a
standard autoAb Hep2 anti-nuclear Ab (ANA) assay. Indicative of the presence of anti-nuclear
and anti-cytoplasmic autoAbs in the serum from aged B-Irf/”" mice, we observed easily

detectable cytoplasmic IgG (Fig. 70-P). These data therefore demonstrate that B cell intrinsic
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expression of I7f] is required to prevent the spontaneous development of autoAb production.
Taken altogether, the data show that Irf7 expression by B cells plays a critical role in driving B
cell fate decisions and ensures that polyreactive and TLR responsive B cells with the potential
to contribute to the autoimmune repertoire are selected into the MZ B cell compartment,

which can provide rapid but short-lived responses to systemic pathogens.

DISCUSSION
In the presence of IFNg T cells require IRF1 to commit to Th1 cell fate through the direct
regulation of lineage specifying genes and repressing alternative fates (Kano et al. 2008).
Furthermore, IRF1 supports Thl differentiation through the production of polarizing
cytokine in TLR-activated antigen presenting cells (APCs) (Taki et al. 1997). While IRF1 has
been characterized in T and myeloid derived lineages, the role of IRF1 in B cell differentiation
is not well known. Although it has been shown that IRF1 regulates the expansion of an ASC
precursor, germinal center (GC) B cells, the B cell intrinsic role for IRF1 in ASC differentiation
has not been fully addressed. We previously reported that cognate encounters between IFNg
producing Th1 effectors and B cells (Bel cells) resulted in robust production of antibody
(Harris et all 20052). Additionally, Ifngr]l was required for the upregulation of ASC lineage
specifying genes such as Prdm1 in Bel cells, suggesting that IFNg-inducible transcription
factors may be required for ASC fate commitment (Stone et al 2019). We predicted IFNg-
inducible IRF1 may be required for ASC differentiation in Bel cells. Consistent with this
prediction, our data shows that IRF1 is indeed required for ASC differentiation in the presence
of IFNg-producing Th1 cells suggesting a role for IRF1 in the development of T-dependent

B cell responses in viral infection.

Although we fully expected to find that IRF1 was required for the generation of long-lived
antibody following influenza we realized that IRF1 was dispensable for the development of a
durable humoral immunity. Instead, we found that IRF1 is required for an early flu-specific
IgM response. We recognize not all T-dependent responses were unchanged in the absence
of IRF1. Similar to previous reports, we found an expansion of GC B cells, suggesting that
IRF1, in some capacity, restricts this B cell subset (Mboko et al 2016). Given the reduction of
flu-specific IgM, we speculate that there is diminished viral clearance in the absence of IRF1,

resulting in more abundant antigen, thus enhancing the GC B cell response. Alternatively,
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IRF1 has been proposed to terminate cell cycle in proliferative B cell precursors in the bone
marrow (Yamada et al 1991), thus B cell-intrinsic IRF1 may regulate proliferation in other B
cell subsets. In fact, we have observed in flu-infected chimeric models where environmental
stimuli are normalized between WT and Irfl-/- cells that there is a profound expansion of flu
NP specific GC B cells (data not shown). This suggests there is indeed a B cell intrinsic role

for IRF1 in the regulation of proliferation, cell cycle arrest, or other mechanisms for seeding

the GC.

We previously showed that Ifngrl-derived signals were responsible for driving inflammatory
programs necessary to initiate ASC differentiation in the presence of Th1 effectors (Stone et
al 2019). While we may have expected that IRF1 could be required for cognate, IFNg-induced
ASC differentiation, our data also showed that IRF1 is essential for mounting T-independent
antibody unaccompanied by IFNg including those in response to bacterial antigens. Thus,
IRF1 is a global regulator of T-independent humoral immunity. Furthermore, in the absence
of IRF1 we found a profound loss of a predominant T-independent ASC precursor, the MZ
B cell. Although we found this result wholly unexpected, some key transcription factors
important for MZ B cell development are enhanced in the presence of IFNg.  We
previously showed B cells in the presence of IFNg had enriched chromatin accessible regions
containing interferon-sensitive response element (ISRE) and composite ETS-IRF (EICE)
motifs (Stone et al 2019). Furthermore, it has been reported that ETS and IRF are critical
transcription factors in specifying mature B cell fates. It has been shown Ets1 is required for
the development of MZ B cells (Eyquem et al 2004). Conversely, Irf4 and Irf8 have been
shown to restrict the MZ B cell pool (Simonetti et al 2013; Feng et al 2011). The role of IRF1
cooperating with these transcription factors is completely unknown in the B cell lineage,
though well characterized in other cell lineages (Langlais et al 2016). Further study will be
needed to understand this complex transcription factor network, though we predict that IRF1

could redirect these transcription factors to specify MZ B cell fate decisions.

Both marginal zone and follicular B cells arise from the bone marrow, and they are continually
replenished throughout adult life (Pillai et al 2009). Our data showed B cell intrinsic IRF1 had
little effect on B cell development in the bone marrow. This result appears inconsistent with

a previous study reporting introduction of a B cell specific IRF1 transgene resulted in

112



profound B cell depletion in the bone marrow, suggesting that IRF1 does indeed influence B
cell development (Yamada et al 1990). This study also proposed a mechanism by which IRF1
regulated IL7R, thus ceasing B cell maturation. However, it has also been reported that IRF4
attenuates 1L7 signaling (Johnson et al 2008), therefore suggesting redundancies amongst IRF
family members in the regulation of B cell development. Taken together, our result is
consistent with established molecular mechanisms for B cell lymphopoiesis. Our data also
showed little role for B cell intrinsic IRF1 in regulating splenic, immature, transitional B cells.
Given that IRF1 is thought to be an IFN-inducible transcription factor, this result was initially
unexpected in that it has been reported that type I IFN can promote the survival of transitional
cells (Liu et al 2019; Hamilton et al 2017). However, we also found that IFNa does not induce
IRF1 expression in transitional B cells, which suggests that IFNa promotes survival of
transitional B cells in an IRF1 independent mechanism. Thus, IRF1 is mostly dispensable for

early B cell development.

Our data showed that the IFN-inducible transcription factor IRF1 was dispensable for proper
positioning and retention of B cells within the marginal zone. Very little is known about the
precise regulation of oufl, (LFA-1) and asfl (VLA-4), though a high avidity conformational
change of LFA-1 through antigen receptor signaling has been reported (Dustin et al 1989).
Additionally, ligation of LFA-1 has been shown to promote IFNg production in CD4+ T

cells, though the influence of IFNg on LFA-1 is relatively unknown (Sherma et al 2018; Verma
et al 2016). The respective ligands ICAM-1 and VCAM-1, however, have been shown to be
markedly increased in the presence of IFNg (Chung et al 2002; Parr et al 2008). Therefore, we
may have expected a contribution of environmental cues for the retention of B cells within
the marginal zone. Indeed, we found a more appreciable IRF1 deficient MZ B cell population
in mixed bone marrow chimeras when compared to global IRF1 deficient mice, suggesting a
role for B cell extrinsic IRF1 regulating B cell positioning. While it was reported that the
stroma of IRF1 deficient mice were developmentally intact (Matsuyama et al.1993), we predict
there are some functional losses in this compartment which could influence lymphoid
organization. Regardless, our data show B cell intrinsic IRF1 is dispensable for the expression
of critical integrins for marginal zone retention which correlates with proper positioning of

IRF1 deficient B cells within marginal zone.
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Our data showed that IRF1 was expressed by transitional and mature MZ B cells, which
suggested that MZ B cells and their precursors experienced signals to induce IRF1 expression.
While our data showed that IFNg could induce IRF1 expression in transitional B cells in vitro,
unexpectedly, Ifngr2 was dispensable for the generation of MZ B cells in vivo. We found this
result puzzling in that it is well appreciated that IRF1 is an IFNg-inducible transcription factor
and yet it appears IFNg is not required for the generation of MZ B cells. To our knowledge
there are no studies that report IFNg is required for the development of MZ B cells, although,
it is well appreciated that IFNo/ is important for the survival transitional B cells especially in
autoimmune settings (Hamilton et al 2017; Liu et al 2019). While we report no significant role
for IFNa in the development of MZ B cells, we also found that IFNa induced little IRF1
expression in transitional B cells in vitro. This suggests that the reported influence of

IFNo/p in transitional B cells has no profound effect in the development of MZ B cells.

Furthermore, the IFNo—derived pro-survival signals experienced by the transitional cells is

likely IRF1-independent.

Given that neither IFNa or IFNg were solely required for the development of MZ B cells we
considered whether IRF1 could be induced through alternative pathways. It has been
previously reported that IRF1 can be induced after peptide-specific TCR activation in
developing thymocytes and that in the absence of IRF1 positive selection of CD8+ T cells is
severely impaired (Penninger et al 1997). Additionally, it has been reported that TLR9 induced
IRF1 expression triggered IFN production in myeloid derived lineages (Schmitz et al 2007).
Therefore, it was conceivable that IRF1 could be induced through BCR or TLR derived signals
in transitional B cells. Indeed, we found that IRF1 could be expressed through BCR and TLR
signaling, and interestingly, we observed a synergistic effect of BCR and TLR. Given the
modest expression of IRF1 in transitional B cells and the augmented expression of IRF1 in
MZ B cells, we speculate that transitional B cells experience brief signals derived from
endogenous self- or microbiome-derived antigens whereas the sessile MZ B cells may

experience more sustained BCR and TLR signaling.
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Furthermore, we found that B cell-intrinsic Myd88 was required for sufficient MZ B cell
development in our competitive bone marrow chimeric model. Initially, we found this result
inconsistent with previous reports proposing that B cell specific Myd88 is dispensable for the
generation of autoreactive mature B cells (Silver et al 2006). However, while this study
addresses Myd88 in B cell development this study cannot preclude the role of Myd88 in
survival or competitive fitness of mature B cell compartments. Given Myd88 is required for
MZ B cells in our competitive repopulation model, it is tempting to speculate that signals
emanating from TLR are critical for homeostatic proliferation in response to endogenous

antigens.

Our data showed in the absence of IRF1, transitional B cells were intolerant or inefficient to
BCR/TLR- mediated enhancement of Notch2 pathway, respectively. There is a well
appreciated relationship between BCR and Notch2 pathway in developing B cells. Previous
studies have demonstrated in the presence of Notch2 ligands, BCR signaling is required to
generate efficient frequencies of CD21+IgMhi cells in vitro (Wen et al 2005). Following these
studies, it has been shown that BCR-induced kinase, TAOKS3, is required for enzymatic
activation of Notch2 pathway, and thus, the development of MZ B cells (Hammad et al 2017).
Therefore, our data is very consistent with the previous reports of BCR-derived signals
supporting Notch2 pathway, thus promoting the development of MZ B cells. Furthermore,
TLR-mediated enhancement of Notchl and Notch2 expression in macrophages has been
reported (Palaga et al 2007). Therefore, it is conceivable that TLR stimulated transitional B
cells become permissive to Notch ligands, though further study will be necessary to dissect

the mechanism for TLR-mediated enhancement of Notch pathway in developing B cells.

Our data showed that IRF1 is required for the robust enrichment of VH transgene-bearing B
cells within the MZ B cell compartment. We found this data consistent with studies of lineage-
specifying genes bearing restricted Ig rearrangements resulting in fewer MZ B cells (Zhang et
al 2012). While our data is suggestive of altered selection mechanisms in the absence of IRF1,
aging studies would be required to determine whether IRF1 participates in long-term survival
of MZ B cells or mediates initial selection. Given BCR/TLR inducible -IRF1 is required for
efficient activation of pro-survival pathways such as Notch (Tan-Pertel et al 2000), it is

tempting to speculate that VH-transgene restricted B cells would bear a more severe altered

115



phenotype over time suggesting IRF1 participates in survival rather than the establishment of

nascent B cell repertoire or selection.

Our data showed BCR signaling was predicted to be significantly activated by IPA in the set
HOMER-predicted IRF1 target differentially expressed genes comparing MZ B to FoB cells
(Haines et al 2019). Furthermore, our data shows IRF1 has a predicted consensus binding
motif immediately upstream of the TSS of the Ptpn22 locus. It has been shown that BCR
signaling results in a cascade of activating as well as inhibitory molecules which fine tune B
cell development, activation, and differentiation (Negro et al 2012; Liu et al 2020). Therefore,
our data is very consistent with the established mechanisms of BCR activation. Additionally,
we showed the development of autoantibody in aged chimeric mice that selectively lacked
IRF1 in all B cells, which correlates to altered Ptpn22 expression in the absence of IRF1 in
developing B cells. This data is somewhat inconsistent in that B6 Ptpn22 deficient mice do
not develop autoantibody nor any other autoimmune manifestations (Hasegawa et al 2004) in
a B cell intrinsic manner. However, like other murine models of autoimmunity, alterations of
multiple genes result in overt spontaneous disease (Rawlings et al 2015). Therefore, our data
cannot preclude that IRF1 could regulate multiple genes in addition to Ptpn22 resulting in the
development of autoantibody. In summary, developing B cells must integrate signals from the
microenvironment in the form of cytokine, antigen, TLR ligands, and other specialized cell
subsets to develop into MZ B cells. We propose BCR/TLR-inducible IRF1 finely tunes BCR
signaling in transitional B cells to promote the generation of the homeostatic MZ B cell

compartment, thus preventing the development of autoimmune manifestations.

MATERIALS AND METHODS

Mice and generation of bone marrow chimeras.

All experimental animals were bred and maintained in the UAB animal facilities. All
procedures involving animals were approved by the UAB Institutional Animal Care and Use
Committee and were conducted in accordance with the principles outlined by the National
Research Council. Mouse strains used in these expetiments include the following: C57BL/6]
(B6), B6.129S2-Ighm™'®*/] (uMT), B6.129S7-Ifugr1™ /] (Ifugr1™”), B6(CQ)-Ifirar1™ /]
(fnart™), B6.129S2-Irf1™™* /T (Irf1"), B6.SJL.PiprPepd /Boy] (CD45.1°B6), and 181X
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transgenic mice. 17A87X mice were intercrossed with CD45.1" B6 mice to generate
CD45.1".17h81X mice or with Irf1”" mice to generate CD45.2 Iyf1”".17h81X animals. The
I7h81X transgenic strain (Chen et al., 1996) is maintained at UAB and all other strains were
obtained from Jackson Laboratory and then bred in the UAB animal facilities. Bone marrow
(BM) chimeric mice were generated by irradiating B cell deficient uMT recipient animals with
950 Rads from a high-energy X-ray source, delivered in a split dose at least 4 hrs apart, and
then reconstituting the recipients with 10" BM cells by retro-orbital injection. BM cell mixtures
were as follows: 80% uMT BM + 20% Irf1”- BM (B-Iyf1”" chimeras) or with 80% uMT BM +
20% B6 BM (B-WT chimeras). Competitive 50:50 BM chimeras were generated by
reconstituting irradiated uMT recipients with a mixture of: (i) 50% CD45.1"B6 BM and 50%
B6 BM (control WT:WT competitive chimeras); (i) 50% CD45.1"B6 BM and 50% Irf/”" BM
(WT:IfI”" chimeras); (iii) 50% CD45.1"B6 BM and 50% Ifizar’" BM (WT:Ifizar1”" chimeras);
ot (iv) 50% CD45.1"B6 BM and 50% Ifingr1”” BM (WT:Ifugr1”" chimeras). BM chimeras were
used in experiments 6-12 weeks post-reconstitution. Both male and female mice were used in
this study. Within each experiment, animals were matched for age (between 6-12 weeks at time

zero) and gender. No differences were observed between cohorts of male versus female mice.

Immunizations and Infections

B6, Irf1”~ and BM chimeras were immunized (i.v.) with TNP-Ficoll (50 ug per animal in 100
ul of PBS) or with 1x10° heat-killed, pepsin-treated S. pmenmoniae, strain R36A (Briles et al.
1981). IgM Ab responses to the hapten (nitrophenyl, (NP)) or to the bacterial cell wall
component phosphorylcholine (PC) were measured 7 days post immunization. BM chimeric
mice were infected (i.n.) with a sublethal dose (1.5 x 10" VFU) of the HIN1 influenza virus,
A/PR/8/34 (PRS).

Aging and detection of antoantibodies

Competitive 50:50 BM chimeras and B-WT and B-I7f/”" chimeras were aged 6 months
following reconstitution. Spleens from six month-old competitive BM chimeras were analyzed
by flow cytometry (see below) for activated B cell populations. Peripheral blood (500-1000 ul)
from the renal artery was collected from B-WT and B-If/”" chimeras. Serum was isolated
using a microtainer serum separator tube (BD365967, 4AMDMEDICAL), diluted at 1:200 in
PBS and then used to stain (25 ul of diluted serum ) Kallestad HEp-2 slides (26100, Biorad).
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Positive controls include diluted (1:200) serum from aged systemic lupus erythematosus (SLE),
Yaa. Fegr2b”™ (Takai et al. 1996) mice and young naive C57BL/6] (B6) mice. Bound antibody
was detected using FITC-conjugated Goat anti-mouse IgG (F-2761, ThermoFisher Scientific)
at 1:200. Slides were mounted using ProLong Diamond anti-fade plus DAPI mountant
(P36962; ThermoFisher Scientific). Slides were imaged and analyzed as described in

Immunoflnorescence methods below.

Th1 and B cell co-cultures

Th1 cells were generated 7z vitro as previously described (Harris et al., 2005a). Briefly, splenic
CD4" CD45.1"OT-11 TCR Tg T cells were purified by positive selection (130-117-043,
Miltenyi Biotec) and cultured in complete medium in the presence of platebound anti-CD3
(2 pg/mL, Invitrogen) and anti-CD28 (5 pg/mL, Invitrogen) plus IL-12 (2 ng/mlL, R&D
Systems) and anti-IL-4 (11B11, 20 pg/mL, R&D Systems). T cells were transferred into new
plates after 48-72 hr and cultured for an additional 48 hours in media supplemented with IL-
2 (20 Units/mL, R&D Systems) for expansion. Polarized Thl cells were treated
with mitomycin C (50-05-7, Sigma Alderich) washed and then co-cultured for 4 days at a 1:1
ratio with positively selected (130-121-301, Miltenyi Biotec) CD19" splenic B cells in complete
B cell media (RPMI 1640, 10% heat inactivated FBS, 0.05 mM 2-ME, 1% nonessential amino
acids, 1% pencillin/streptomycin, 10mM HEPES, and 1 mM sodium pyruvate) that was
supplemented with OT-II peptide (5 uM), anti-IgM F(ab’)2 (10 ug/mlL, Southern Biotech),
and IL-2 (20 Unit/mlL, R&D Systems).

Transitional and B cell cultures

For B cell cultures positively selected CD19" splenic B cells were cultured in complete B cell
media and stimulated with anti-IgM F(ab’)2 (10 ug/mL, Southern Biotech), IFNg(10 ng/mL,
R&D Systems), IL-21 (100 ng/mL, R&D Systems), IL-2 (20 Unit/mL, R&D Systems) plus:
(i) R848 (1 ug/mL, tlrl-r848, InvivoGen ) or (ii) LPS (10 ug/mL, 1.2630-10MG; Sigma-Aldrich
) for 3 days. For transitional B cell cultures, transitional B cells were enriched by FITC positive

selection using an anti-CD93-FITC antibody (AA4.1, BioLegend) with the anti-FITC

magnetic microbeads (130-048-701, Miltenyi Biotec) according to manufacturer’s instructions.
The transitional B cells (2x10° cells in 200 ul) were cultured in B cell media with BAFF alone
(10 ng/mL, 8876-BF-010; R&D Systems) or with BAFF plus: (i) LPS (10 ug/mL, 1.2630-
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10MG; Sigma-Aldrich); (i) anti-IgM F(ab’)2 (1 ug/mL, Southern Biotechnology); or (iii) anti-
IgM F(ab)’2 + LPS for 24 hrs.

Ab secretory rate assay

After 3-4 days of activation, B cells were harvested, washed and re-cultured in fresh media for
5-6 hr at 1 X 10%-1 x 10° live cells/mI.. Conditioned media was collected 5-6 hrs later and
secreted Ab was quantified by serially diluting conditioned media in ELISA plates coated with
anti-Kappa capture antibody (1:2000, Southern Biotech). Bound Ab was detected by using
HRP-conjugated total Ig(H+L) (1:2000, Southern Biotech). Absorbance values at 405 nm
(OD) were read. Total Ig was quantified by using a IgK standard (1 ug/mL, Sigma) whete a
dilution from the linear range of the serially diluted sample was used to determine Ab

concentration. Sectetory rates are reported as IgK (ng)/hout/# cells.

Transitional and OP9 stromal cell co-cultures

OP9-DLL1 or control OP9-GFP cells, obtained from Dr. Robert Welner (UAB), were grown
to 80% confluence in T25 flasks in OP9 stromal cell media (500 mL a-MEM, 4% FBS, 10,000
U/mL penicillin, and 10,000 U/mL of streptomycin) as desctibed (Holmes et al., 2009). For
co-cultures, 80% confluent OP9-DLL1 or control OP9-GEP cells were seeded in a 24 well
plate at a 1:3 dilution overnight. OP9 media was removed from the plate-bound stromal cells
and splenic transitional B cells, isolated as described above, were added (5x10° cells in 500 ul
complete B cell media) to the stromal cell containing wells. To measure Notch2-induced gene
expression, transitional B cells were co-cultured with OP9 cells for 5 hrs. To measure MZ B
cell development zz vitro, transitional B cells were co-cultured 1-3 days (refer to figure legends
for respective culture time) with BAFF (10 ng/mlL; 8876-BF-010; R&D Systems) or with
BAFF plus: (i) LPS (10 ug/mL, L.2630-10MG; Sigma-Aldrich); (i) anti-IgM F(ab’)2 (1 ug/mL,
Southern Biotechnology); or (iif) anti-IgM F(ab)’2 + LPS.

Influenza (PRS8), Phosphorlycholine PC, and hapten NP Ab titers.

Serum samples from vaccinated or infected mice were serially diluted in ELISA plates coated
with phosphotlycholine (PC) antigen (5 mg/mlL, Briles et al., 1981) or hapten NP,BSA (10
ug/mL) or PR8 viral proteins (1:1000 dilution, Lee et al., 2005). Bound Ab was detected using
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HRP-conjugated goat anti-mouse heavy chain IgM- or IgG-specific Abs (Southern
Biotechnology) and ABTS substrate followed by oxalic acid stop. Absorbance values at 405nm
(OD) were read and endpoint titers were defined as the reciprocal of the highest dilution above

background where background is determined by using the average OD from naive samples.

Cell isolation, flow cytometry analysis and cell sorting.

Single cell suspensions from spleen, LN or BM were prepared by gently disrupting tissue on
fine wire mesh. Red blood cells were lysed with red blood cell lysing buffer hybrid-max (R7757,
Sigma Aldrich). Cell suspensions were filtered through 70um nylon mesh then incubated in
FcR blocking antibody 2.4G2 (10 ug/mL). Cells were stained with fluorochrome-conjugated
Ab (see Table S4 for Ab staining panels) and LIVE/DEAD fixable dyes (1.34957;
ThermoVFisher Scientific). For the detection of influenza nucleoprotein (NP)-specific B cells,
cell suspensions were stained with NP B cell tetramer (Allie et al. 2019) for 45 min at 4°C. For
intracellular IRF1 staining, stained cells were incubated with LIVE/DEAD fixable stain, then
fixed and permeabilized with the eBioscience Foxp3 transcription factor (TF) staining buffer
set (00-5523-00, ThermoVFisher) before intracellular staining for 1 hr at room temperature
(RT). Stained cells were analyzed using a FACSCanto II (BD Bioscience), Attune NxT
(Invitrogen, ThermoFisher) or sort-purified with a FACSAria (BD Biosciences) located in the

UAB Comprehensive Flow Cytometry Core.

ImageStream

Cultured transitional B cells were filtered with 70um nylon mesh, incubated in FcR blocking
antibody 2.4G2 (10 ug/mL) and stained with LIVE/DEAD fixable dyes (1:500, 1.34957;
ThermoFisher Scientific). Stained cells were resuspended at 1x 10° cells/50 ul in PBS and were
analyzed using ImageStream (Luminex Corp). Data were imported into Image Data
Exploration and Analysis Software IDEAS v06.2) and fluorescence intensities and similarity
index were determined using Analysis Wizard software. Collected data were imported as .csv
and statistical significance was determined using Prism Graphpad. Representative images of
single cells were generated in the IDEAS v06.2 software in the Image Gallery. Images were

exported as JPEGs at 600 dpi and cropped in Canvas v12.
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Immunoflnorescence.

Spleens from naive mice were embedded in Optimal Cutting Temperature (OCT) medium,
flash frozen on dry ice and stored at -80°C. Serial 7 um sections from frozen spleen were
deposited onto Superfrost plus microscope slides (22-037-246; Thermo Fisher Scientific),
fixed in acetone and stored overnight at 4°C. Tissue sections were treated with blocking buffer
(10% FBS and 10 ug/mL FcR blocking antibody 2.4G2) and then stained with fluorochrome-
conjugated antibodies diluted in blocking buffer. Primary and secondary antibodies used in
this study are described in Supplemental Table 3. Tissue sections were washed in PBS after
primary and secondary antibody stains. Stained sections were dried and slides were mounted
with ProLong Diamond anti-fade mountant (P36961; ThermoFisher Scientific). Sections were
imaged with Nikon Eclipse Ti at RT with NIS-Elements AR 4.20.02 software using stitching
for the acquisition of large images. Images were taken with a 20X plan-apochromat 20X /0.8
objective (420650-9901; Zeiss) and an Andor Technology camera. Images were generated by
defining a ‘region of interest’ (ROI) from the acquired large image. ROIs were added to a
montage and exported from AR4.20.02 software as a 600 dpi JPEG. JPEGs were imported
into Canvas v.12 to generate figures. For histocytometry analysis, objects with a ‘positive’ mean
fluorescence intensity for one channel were defined by using the masking histogram feature in
NIS-Elements AR 4.20.02 software. Fluorescence intensities for all channels, position, and
area of ‘positive’ objects were exported into a .csv format. Exported data was imported into
R studio (RStudio) to analyze cell localization (position) and phenotype (fluorescence

intensities) using ggplot packages.

Qunantitative KT-PCR.

RNeasy (Qiagen) was used to isolate total RNA from OP9 co-cultured transitional B cells (2
or more independent experiments with 3 experimental replicates/group per expetriment).
RNA quantity and quality were assessed using the Nanodrop 6000 and the Agilent 2100
Bioanalyzer. cDNA was generated from total RNA using SuperScript II double stranded
cDNA synthesis kit (Invitrogen) with random hexamers according to manufacturer’s
protocols. Real-time PCR was performed using TagMan Gene Expression Master Mix, with
the following parameters on a Roche LightCycler 480: 50°C for 2 min, 95°C for 10 min,
followed by 45 two-step cycles at 95°C for 15 seconds and at 60°C for 1 minute. Applied

Biosystems pre-designed TagMan Gene Expression Assays were used for real-time PCR
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(Gapdh  Mm99999915_g1, Hes7  Mm01342805_m1, Hes5 MmO00439311_g1, Heyl
Mm00468865_m1, Dz’ Mm00492297_m1). Gapdh expression in a control WT transitional B
cell sample was used to normalize gene expression across all samples. The fold change in
expression of each gene was compared to a control WT sample, which was set at 1.0, and was

expressed as 2°““". Samples with CT values above 32 were considered negative.

Bioinformatic identification of predicted upstream regulatory TFs.

Published raw sequencing reads (GSE132227, Haines et al., 2019) of MZ B cells and FoB cells
were mapped to the mm10 genome using Tophat2 (Kim et al., 2013). A gene was considered
detected if all samples from a sample group had at least 0.1 mRNA/cell (the minimum
External RNA Controls Consortium transcript/cell concentration to detect at least 90% of
that particular transcript across all samples) or one RPM. DESeq2 (Love et al., 2014) was used
to identify differentially expressed genes (DEGs) based on a fold change of > 2 and a FDR q
value < 0.05. All DEGs are listed in Table S1. DEGs were imported into Ingenuity Pathway
Analysis IPA, QIAGEN Digital Insights) and upstream regulator analysis (Krimer et al.,
2014) was used to identify upstream transcriptional regulators that are predicted to contribute
to defining the MZ B cell program. Activation Z-scores were used to characterize regulators
as activated or inhibited based on the observed pattern of up-/downregulation of the target
molecules compared with expected directions of changes documented in Ingenuity’s curated
database. The Z-score captures the degree to which the directions of changes of the individual
DEGs in the regulator’s target set is consistent with a its activated or inhibited state based on
the IPA curated, expected influences of the regulator on each target. To determine statistical
significance of the predicted IPA upstream regulators we used the log transformed Benjamini-
Hochberg (B-H) corrected overlap p value as previously described (Krimer et al., 2014).
Genes with an B-H corrected overlap p value < 0.05 by IPA were predicted to be upstream

regulators. A Supplemental Table 2 is provided for all IPA-predicted upstream regulators.

Quantification and Statistical Analysis

Statistical details of all experiments including tests used, n, and number of experimental repeats
are provided in figure legends. FlowJo (v10.5.3) used for flow cytometric analyses. Prism
graphpad (v7.0) used for statistical analyses and graphing except where indicated. R studio

(v3.6.1) was used for histometry and IPA analysis where indicated.
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Figure 1. IRF1-expressing B cells are required for IFNy-dependent IgM
antibody responses and early IgM responses to influenza infection.

(A-C) Irf1 expression by B cells regulates IFNy-dependent development of IgM-
secreting ASCs. B6 or Irf1”" splenic CD19" B cells were co-cultured with Th1 cells
in the presence of IL-2 and anti-IgM (Fab’2). The frequency (A-B) of CD138"CD93"
ASCs in the cultures were determined by flow cytometry on Day 4. (C) Cells from
Day 4 cultures were washed and incubated for 5 hrs at 10° cells/ml in fresh media.
Ab secretory rates, measured as the amount of total Ig (antibody, Ab) secreted/hr
by the cells, were determined by ELISA.

(D-K) Irf1 expression by B cells regulates early IgM responses to influenza
infection. BM chimeric mice that are competent to express Irf1 in all lineages (B-
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WT) or unable to express Irf1 selectively in B lineage cells (B-Irf1"", see Fig. S1A
for description) were infected with PR8 influenza virus 8 weeks post-reconstitution.
(D-1) Cells from medLN were analyzed by flow cytometry on Day 15. Flu
nucleoprotein (NP)-specific PNA"CD38"° GCB cells (D) and CD138"CD19"° ASCs
(G) were identified and the frequencies (E, H) and numbers (F, 1) of NP" GCB and
NP* ASCs were determined. (J-K) Serum was collected from infected mice. Day
10 flu-specific IgM (J) and Day 60 flu-specific IgG (K) were measured by ELISA.
Date shown as endpoint titers.

Data shown are representative 3(A-C), 2(D-K) independent experiments with 3
experimental replicates per group (A-C) or with 3-5 mice/group (D-K) and are
reported as mean + SEM. p values determined using Student’s t test, *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001 or not significant (ns).
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Figure 2. IRF1 regulates IgM Ab responses to TLR ligands and T-
independent antigens.

(A-C) Irf1 expression by B cells regulates TLR-driven IgM* ASC development. WT
or Irf1" splenic CD19* B cells were activated for 3 days with anti-lgM (Fab’2), IL-
2, IFNy, IL-21 plus either R848 or LPS. The frequency (A-B) and number (C)
CD138"CD93" ASCs in the cultures were determined by flow. (D) Cells from Day
3 cultures were washed and incubated for 6 hrs at 10* cells/ml in fresh media. Ab
secretory rates, measured as the amount of total Ig (antibody, Ab) secreted/hr by
the cells, were determined by ELISA.

(D-E) T cell independent IgM Ab responses are regulated by IRF1. WT and Irf17-
mice (8 wk old) were immunized i.v. with TNP-Ficoll (D) or heat-killed
Streptococcus pneumonia (E). Day 7 serum hapten-specific (D) or
phosphorylcholine (PC)-specific (E) IgM was measured by ELISA. Data shown as
endpoint titers.

Data shown are representative 2(A-B), 2(D-E) independent experiments with 3
experimental replicates per group (A-B) or 3-5 mice/group (D-E). 2C is
representative of 2 combined experiments with 2-3 experimental replicates per
group per experiment and are reported as mean £ SEM. p values determined using
Student’s t test, *p=<0.05, **p<0.01, ***p=<0.001, ****p=<0.0001 or not significant (ns).
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Figure 3. The marginal zone B cell and macrophage compartments rely on
IRF1.

(A-F) The splenic MZ B cell compartment is ablated in Irf1"~ mice. Flow cytometric
analysis of peritoneal cavity (PerC, A-C) and spleen (D-F) of 8 wk old naive WT
and Irff” mice. Data are shown as the frequency (A) and number of PerC
CD19'CD43"CD5" B1a (B) and CD19°CD43'CD5™Y B1b (C) cells and the
frequency (D) and number of splenic CD19°CD23°CD21™ FoB (E) and
CD19*CD23"CD21" MZ B (F) cells. Enumeration of MZ B cells using additional
markers is shown in Fig. S2A-F.

(G-L). The splenic marginal zone is compromised in Irf17"- mlce Immunohistology
analysis of spleen sections from 8 wk naive WT or /rf1”" mice stained for B220
(green), CD1d (red), SIGNR1 (blue) and DAPI (shown in Fig. S2G, cyan).
Representative sections (G) displaying B cell follicles and the MZ are shown.
Histocytometry density plots (H) were generated from the WT and Irf17 splenic
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follicles shown in panel G. The frequency of B220*CD1d" B cells within the DAPI”
cells is shown. Frequencies of B220"CD1d" B cells (1) in individual splenic follicles
(WT n=11, Irf1" n=9) present in one splenic cross-section. Mapped position plots
(J) were generated from the WT and /rf1”" splenic follicles shown in panel G.
Localization of B220"CD1d" B cells (orange) and SIGNR1" MZM (blue) is shown.
Total area occupied by B220"CD1d" B cells (K) and SIGNR1* macrophages (L) in
individual splenic follicles (WT n=11, Irf1"~ n=9) present in one splenic cross-
section.

(M-O). MZ macrophages (MZM) compartment is reduced in Irf1" mice. Flow
cytometric analysis to identify MZM cells in spleens of 8 wk naive WT and Irf17-
mice. Gating strategy (M) to identify CD64*Mertk*CD11b"F480™Tim4* MZM (M).
The frequencies (N) and numbers (O) of MZM are shown.

Data are representative of 5(A-F), 2(G-O) independent experiments with 3-5
mice/group (A-F),(M-O) or 2 mice/group (G-L) and reported as mean + SEM. p
values determined using Student’s t test (A-O) *p<0.05, **p<0.01, ***p=<0.001,
****p<0.0001 or not significant (ns).
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Figure 4. MZ B cells and T cell independent responses require IRF1
expression by B cells.

(A-D) B cell development is not affected in Irf1"~ mice. Flow cytometric analysis of
BM (A-B) and spleen (C-D) of 8 wk old naive WT and /rf1” mice. The frequency
(A, C) and number (B, D) of BM B cell subsets (Fraction A-F, gated as in Fig. S3A)
and immature splenic B cells (T1 and T2 subsets, gated as in Fig. S3B) are shown.

(E-J) The MZ B cell compartment is dependent on B cell specific expression of /rf1.
Flow cytometric analysis of spleens from B-WT and B-Irf1"" chimeras (see Fig. S1A
for description of chimeras) 8 weeks post-reconstitution. Representative flow plots
showing T1 and T2 B cells (E) or FoB and MZ B (H) are shown. Data are displayed
as the frequencies (F) and numbers (G) of T1 and T2 transitional B cells and the
numbers of FoB (I) and MZ B (J) cells.

(K-S) B cell intrinsic expression of Irf1 is required for the formation or maintenance
of the MZ B cell compartment but not positioning of B cells within the MZ. Flow
cytometric (K-N) and immuno-histologic (O-S) analysis of spleens from lethally
irradiated recipients reconstituted 8 wks earlier with a mixture of 50% WT
(CD45.1*) and 50% Irf1" (CD45.2") BM cells. Representative flow plots (K)
identifying CD45.1" WT and CD45.2" Irf1"~ FoB and MZ B cells are shown. The
frequencies of CD45.1* B6 cells and CD45.2" Irf1" cells present in total live
splenocytes (L), the FoB (M) or MZ B (N) compartments. Immunohistology analysis
(O-S) of spleen sections from 50%WT:50%I/rf1”~ chimeras stained for B220 (cyan),
CD169 (green), CD45.1 (red, to identify WT cells) and CD45.2 (blue, to identify
Irf1" cells). Representative section (O) displaying a B cell follicle and the MZ with
the boundary between the follicle and MZ delineated by CD169" metallophilic
macrophages (MMM). Histocytometry density plots (P, R) and mapped localization
plots (Q, S) were generated from the WT and /rf1" splenic follicle shown in panel
O. The frequencies (P) of CD45.1* WT and CD45.2" Irf1”" cells within the B220*
compartment is shown. B cells positioned within the MZ were identified by
assessing the localization (Q) of the WT and Irf1” B cells relative to the MMM. The
frequencies (R) of MZ-localized WT CD45.1* and Irf1"~ CD45.2* B cells were
determined in the B cell follicle shown in (O) and in individual splenic follicles (WT
n=7, Irf1”" n=7) present in one splenic cross-section.

(T-U) IRF1-expressing B cells are required for T cell-independent IgM Ab
responses. B-WT and B-/rf1”~ mice were immunized i.v. with TNP-Ficoll (T) or heat-
killed Streptococcus pneumonia (U) 8 wks post-recontitution. Day 7 serum hapten
(NP)-specific (T) or phosphorylcholine (PC)-specific (U) IgM was measured by
ELISA. Data shown as endpoint titers.s

Data shown are representative of 3(A-D),2(E-J),4(K-N),2(O-S) with 3-5 (A-N),(T,U)

or 2(O-S) mice/group. Data reported as mean + SEM. p values determined using
Student’s t test, *p<0.05, **p<0.01, ***p=<0.001, ****p<0.0001 or not significant (ns).
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Figure 5. TLR and BCR signals cooperate to induce IRF1 expression in
transitional B cells.

(A-B) IRF1 is expressed in transitional and MZ B cells. Flow cytometric analysis
of spleens from 8 wk old naive WT and /rf1” mice. Data in (A) compare IRF1
levels, shown as geometric mean fluorescence intensities (gMFI), in T1, T2, FoB
and MZ B cells from WT and /rf1”" animals. Panel B compares gMF| between WT
T1, T2, FoB, and MZ B cells.

(C) IPA-predicted upstream regulators of the published (Haines et al., 2019)
differentially expressed genes (DEGs) between Cd719°®* MZ B cells (pink, up in
MZ B cells) and Cd19°®" FoB cells (green, up in FoB cells). DEGs (n=1453, Table
S1) defined as fold-change > 1(log2) or <-1 (log2) and FDR q<0.05. IPA-predicted
upstream regulators provided in Table S2.

(D-E) IFNs induces IRF1 expression in transitional B cells. IRF1 expression by WT
CD93" transitional B cells stimulated for 24 hrs with BAFF (grey filled histogram,
grey symbols) alone or BAFF in combination with IFNa (orange line histogram,
orange symbol) or IFNy (black line histogram, black symbol). Data are shown from
a representative experiment as histograms (D) or as the gMFI of IRF1 (E) in the
stimulated cells.
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(F-H) B cell intrinsic expression of IFN receptors is not required for MZ B cell
development. Assessment of total spleen cells (F), FoB cells (G) and MZ B cells
(H) in 50:50 radiation BM chimeras reconstituted with 50% CD45.1"WT BM plus
50% CD45.2"WT BM (grey) or with 50% CD45.1"WT BM plus 50% CD45.2"Ifngr1”
" BM (green). Data shown as the ratio of CD45.1" cells to CD45.2" cells in each
WT:WT and WT:lfngr1™ chimeric animal. Analysis of WT:WT and WT:/fnar”
chimeras is shown in Fig. S4B-S4D.

(I-J) IRF1 expression by WT CD93" transitional B cells stimulated for 24 hrs with
BAFF (grey filled histogram, grey symbols) alone or BAFF in combination with anti-
IgM (red line and symbol), LPS (blue line and symbol) or anti-IgM+LPS (purple line
and symbol). Data are shown from a representative experiment as histograms (l)
or as the gMFI of IRF1 (J) in the stimulated cells.

(K-M) IRF1 translocates to the nucleus in BCR or TLR stimulated transitional B
cells. Analysis of WT CD93" transitional B cells stimulated for 24 hrs with BAFF
alone (grey) or BAFF in combination with anti-IgM (red), LPS (blue) or anti-
IgM+LPS (purple), and then stained with Hoescht, anti-IRF1 and anti-B220. Cells
were visualized by ImageStream. Representative images of cells from each
stimulation condition show co-localization of IRF1 (yellow) with Hoescht (purple) in
the nucleus of B220™ (pink) transitional B cells. IRF1 expression levels (L) in each
cell (BAFF n= 2698, BAFF+anti-IgM n= 860, BAFF+LPS n=2142, or BAFF+anti-
IgM+LPS n=1782 cells) from the different stimulation conditions were measured
as fluorescence intensity using IDEAS ImageStream analysis software. IRF1
nuclear localization in each cell (BAFF n= 2698, BAFF+anti-igM n= 860,
BAFF+LPS n=2142, or BAFF+anti-IgM+LPS n=1782 cells) from the different
stimulation conditions was assessed using IDEAS ImageStream analysis software
to determine the similarity index (M), which is defined as pixel intensity overlap
between the nucleus (Hoescht, purple) and the IRF1 probe (yellow). Similarity
index not shown for BAFF alone stimulation as IRF1 levels were too low to make
a determination.

Data shown are representative of 2(A-B),2(D-E),3(F-H),2(l-J) independent
experiments with experimental replicates/condition or 2(K-M) independent
experiments with individual cells/condition. Data reported as mean + SEM. p
values determined using unpaired Student’s t test (A), paired Student’s t test (F-H)
or one-way ANOVA (B, E, J, L) *p=<0.05, **p<0.01, ***p<0.001, ****p<0.0001 or not
significant (ns).
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Figure 6. IRF1 Regulates Notch signaling in Transitional B Cells.

(A-E) BCR and TLR signals cooperate to promote the development of MZ B cells
from IRF1-expressing MZ B cell precursors. Development of CD23"9CD21"IgM*
MZ B-like cells from purified WT (black) or Irf17"- (white) CD93" transitional B cells
that were co-cultured with OP9-gfp (circles, (A-B)) or OP9-DLL1 (squares, (C-E))
stromal cells for 3 days in the presence of BAFF alone or BAFF in combination
with anti-lgM, LPS or anti-lgM+LPS. Data are shown as the frequency of
CD23"°CD21"IgM" cells in the cultures.

(F-1) Upregulation of Notch-dependent target genes requires IRF1 expression by
transitional B cells. gPCR analysis of CD93™ WT (black) or CD93" Irf17" (white) co-
cultured for 5 hrs with either OP9-gfp (circle) or OP9-DLL1 (square) stromal cells.
Data are shown as the fold change in expression of Dix71 (F), Hes1 (G), Hes5 (H)
and Hey1 (1) calculated as the 2*°T normalized to a co-culture control sample
containing WT CD93" transitional B cells and OP9-gfp cells. Samples with CT
values above 32 were considered negative.

Data shown are representative of 2(A-1) independent experiments with 3
experimental replicates/group and reported as mean + SEM. p values determined
using one-way ANOVA (A-D) or Student's t test (E-l) *p<0.05, **p<0.01,
***p<0.001, ****p=<0.0001 or not significant (ns).
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Figure 7. IRF1 regulates selection of B cells into the polyreactive and
autoreactive repertoire.

(A-1) IRF1 supports selection of polyreactive BCRs into the MZ B cell comﬁartment.
Flow cytometric analysis of splenic CD19* CD21°CD23* FoB and CD21"CD23"9
MZ B cells from 8 wk old naive WT VH81x (WT VH81x Tg, black symbols) and Irf1°
" VH81x (In‘1"' VH81x Tg, white symbols) transgenic mice. Representative flow
plots are shown in (A-B). Data are reported as the frequency (C) and number (D)
of total MZ B cells and FoB cells in each animal. Identification of splenic B cells
expressing the VH81x transgene in WT VH81x (E) and /rf1"~ VH81x (F) mice by
flow cytometry using the RS3.1 Ab to identify the IgMa®™ VH81X transgene and
Fo27 Ab to identify the predominant VK1C light chain that pairs with VH81x
transgene. Data are shown as the absolute number of VH81X" (G), VH81X" FoB
cells (H), and VH81X"MZ B cells (l) in each mouse.

(J-N) Irf1”" B cells form spontaneous GC B cells in aged mice. Flow cytometric
analysis of B cells in the spleens of aged (6 months) irradiated uMT recipients
reconstituted with 50% CD45.1"WT BM plus 50% CD45.2*Irf1" BM. CD45.1*"WT
and CD45.2*Irf1"~ ASCs, memory B cells (Bmem) and GC B cells were identified
(J) and enumerated as the frequencies of CD45.1*"WT (black) or CD45.2*Irf1™"
(white) lymphocytes (K), GC B cells (L), Bmem (M) or ASCs (N) in each recipient.

(O-P) B cell intrinsic expression of Irf1 prevents autoAb development. Detection of
lgG autoAbs in serum of aged (6 month) B-WT or B-/rf1”- BM chimeras (see Fig.
S1A for description). HEp-2 cells were stained with serum from aged B-WT (top)
or B-Irf1”" (bottom) chimeric mice and developed with a pan anti-IlgG (green) to
identify autoAbs and DAPI (cyan) to identify the nucleus. Representative images
of autoAb staining are shown in (O) and Fig. S7. Data are reported as mean
fluorescent intensities (MFI) of serum IgG autoantibody binding (P) to individual
cells (B-WT n = 1119, B-Irf1"" n= 962).

Data shown are representative of 2(A-1),2(J-N), 2(O-P) independent experiments
with 3-5 mice/group and reported as mean + SEM. p values determined using
Student’s t test (C, D, G-I, P) or Paired Student’s t test (K-N). *p<0.05, **p<0.01,
***p<0.001, ****p=<0.0001 or not significant (ns).
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Figure S1. Generation of bone marrow chimeric mice and identification of
influenza, nucleoprotein (NP)-specific GC B cells and ASCs (related to Figure
1).

(A) Generation of bone marrow (BM) B chimeric mice. B cell deficient uMT
recipients were lethally irradiated and reconstituted with a mixtures of 80% uMT
BM plus 20% B6 BM (B-WT) or 80% uMT BM plus 20% Irf1” BM (B-Irf1"). 100%
of all cell types, including B cells, other hematopoietic cells and radiation resistant
cells, are competent to express Irf1in B-WT mice. By contrast, in B-Irf17" chimeras,
all B cells are Irf1" while 100% of radiation resistant cells and 80% of other
hematopoietic cells types remain competent to express Irf1.

(B) Flow cytometry gating strategy to identify influenza nucleoprotein (NP)-specific
B cells. medLN cells from 15 days post PR8 influenza infected B chimeric mice.
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NP-specific PNA"CD38"° GCB cells and CD138"CD19"°ASCs are shown. Data
shown are representative of 3 independent experiments.
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Figure S2. Characterization of splenic MZ B cells in naive WT and Irf1” mice
(related to Figure 3).

(A-F) Flow cytometric analysis of spleens from 8 wk old naive WT and /rf1"" mice.
Data are shown as the frequency (A,C,E) and number of CD1d*CD23"° MZ B cells
(B), CD9*CD23" MZ B cells (D), or CD36"CD23"° MZ B cells (F).

(G) Immunohistology analysis of spleen sections from 8 wk naive WT or Irf1"" mice
stained for B220 (green), CD1d (red), SIGNR1 (blue) and DAPI (cyan).
Representative sections (G) displaying B cell follicles and the MZ are shown.

Data shown are representative of 3(A-F),2(G) independent experiments with 4-

5(A-F),2(G) mice/group and reported as mean + SEM. p values are determined
using Student’s t test *p<0.05, **p=<0.01, ***p=<0.001, ****p<0.0001.
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Figure S3. Irf1is mostly dispensable for BM and splenic B cell development
and intact integrin and chemokine receptor expression in the absence of Irf1
(related to Figure 4).

(A-B) Irf1 is mostly dispensable for BM and splenic B cell development. Flow
cytometry gating strategy to identify B cell subsets in the BM (A) and spleen (B) of
8 wk naive WT and /rf1” mice. Representative flow plots showing BM pre-pro B
(Fraction A (Fr. A)), BM pro-B (Fr. B-C), BM pre-B (Fr. D), BM immature B (Fr. E)
BM mature B (Fr. F) (A) and splenic T1 plus T2 transitional B cells (B).

(C) Irf1 expression by B cell is not required for the expression of integrins and
chemokine receptors that mediate retention of B cells in the MZ. Flow cytometric
analysis of spleens from lethally irradiated recipients reconstituted 8 wks earlier
with a mixture of 50% CD45.1*WT and 50%Irf1~ BM cells. Representative
histograms (n=3 independent experiments) showing the expression of CD11a,
CD18, CD49d, CD29, and CXCR7 by CD19"CD21"°CD23" FoB (grey filled),
CD45.1" CD19+CD21h'CD23'° WT MZ B cells (solid black line) or CD45.2"
CD19*CD21"CD23" Irf1 MZ B cells (dashed black line).
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Figure S4. IRF1 expression in transitional and MZ B cells does not require
IFN signals (related to Figure 5).

(A) IRF1 expression by transitional and MZ B cells. Flow cytometric analysis of
spleens of 8 wk old naive WT (black line) and /rf1" (grey filled) mice showing IRF1
expression in CD19°CD93" T1, CD19°CD93" T2, CD19"CD21"°CD23" FoB and
CD19°CD21"CD23"° MZ B cells.

(B-D) Ifnar1 expression is not required for MZ B cell development. Flow cytometry
analysis of competitive mixed BM chimeras that were generated by reconstituting
lethally irradiated pMT recipients with a mixture of (i) 50% CD45.1*"WT BM plus
50% CD45.2"WT BM (grey symbols) or (i) 50% CD45.1"WT BM plus 50%
CD45.2"Ifnar1” (blue symbols). Total spleen cells (B), CD19*CD21"*9CD23"* FoB
cells (C) and CD19*CD21"CD23"° MZ B cells (D) were identified and the proportion
of CD45.1*"WT and CD45.2°Ifnar1” cells in each subset was determined. Data
shown as ratios of CD45.1"WT to CD45.2"WT cells within each subset and are
compared to the ratios of CD45.1"WT to CD45.2"Ifnar1™ cells in each subset.

(E-F) BCR and TLR stimulated IRF1 expression in transitional B cells does not
require IFNy production by the B cells. IRF1 expression measured by flow
cytometry in magnetically purified WT CD93" or Ifng” CD93" transitional B cells
stimulated 24 hrs with BAFF alone (grey filled) or BAFF in combination with anti-
IgM F(ab)'2 (red), LPS (blue) or anti-IgM+LPS (purple). Quantitation of IRF1
expression (F) by 24 hr stimulated transitional B cells represented as the geometric
mean fluorescence intensities (QMFI) of IRF1 from stimulated WT CD93" (black)
or Ifng”CD93" (red) transitional B cells.

Data shown are representative of 2 (A, E-F) or 3 (B) independent experiments with
3-5 mice/group (A-B) or 3 experimental replicates/group/condition (E) and reported
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as mean = SEM. p values are determined using Student’s t test *p<0.05, **p=<0.01,
***p<0.001, ****p=<0.0001 or not significant (ns).

Gated on live, CD19*, CD23"e9

WT CD93* Irf1-/- CD93*
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Figure S5. Activated Irf1” transitional B cells do not adopt a mature MZ B
cell phenotype in vitro (related to Figure 6).

Purified WT and Irf1”- CD93" transitional B cells were co-cultured with OP9-gfp or
OP9-DLL1 stromal cells for 3 days in the presence of BAFF alone or BAFF in
combination with anti-IgM F(ab)’2, LPS or anti-IgM F(ab)'2 +LPS. Representative
flow cytometric analysis of WT and Irf1”- CD93" transitional B cells on day. B cells
exhibiting a mature MZ B cell phenotype (CD23"°°CD21*IgM™) after 3 days of co-
culture were identified and the frequency of these cells was determined.
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Aged 6mos

Figure S6. IRF1 regulates selection of B cells into the polyreactive and
autoreactive repertoire. (related to Figure 7).

B cell intrinsic expression of Irf1 prevents autoAb development. Detection of IgG
autoAbs in serum of aged (6 month) B-WT or B-/rf1” BM chimeras (see Fig. S1A
for description). HEp-2 cells were stained with serum from aged (5) B-WT (top) or
(5) B-Irf1-/- (bottom) chimeric mice and developed with a pan anti-IgG (green) to
identify autoAbs and DAPI (cyan) to identify the nucleus. 8 wk old or Young (YG,
top left) WT and aged (12 month, bottom left) Yaa Fcgr2b™ mice included at
controls.
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Format adapted for dissertation

SUMMARY
Background. The coronavirus disease 2019 (COVID-19) pandemic has highlighted the urgent
need for effective prophylactic vaccination to reduce burden and spread of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) in humans. Intranasal vaccination is an
attractive strategy to prevent COVID-19 as the nasal mucosa represents the first-line barrier
to SARS-CoV-2 entry before viral spread to the upper and lower respiratory tracts. Although
SARS-CoV-2 vaccine development has been rapidly progressing, the current intramuscular
vaccines are designed to elicit systemic immunity but not necessarily high-level mucosal

Immunity.

Methods: Here, we tested the immunogenicity of a single intranasal dose of our candidate
adenovirus type 5-vectored vaccine encoding the receptor binding domain of the SARS-CoV-

2 spike protein (AdCOVID) in both inbred and outbred strains of mice.

Findings: A single intranasal vaccination with AdCOVID elicited a strong and focused immune
response against RBD through the induction of mucosal IgA, serum neutralizing antibodies,
and CD4+ and CD8+ T cells with a Th1-like cytokine expression profile. A single intranasal
AdCOVID administration also resulted in sustained immunity that is detectable for over six

months.

Conclusions: This study demonstrates that intranasal AACOVID vaccination induces both
cellular and humoral immunity in mice. These data suggest that AACOVID promotes
concomitant systemic and mucosal immunity and represents a promising COVID-19 vaccine

candidate.

Funding: This study was supported by Altimmune, Inc. with additional support from the

Barbara Ingalls Shook Foundation and the National Institutes of Health.
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INTRODUCTION
First reported in late 2019 in China, severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) evolved into a global pandemic within a few months." As of this report, the World
Health Organization estimates over 131 million cases of coronavirus disease 2019 (COVID-
19) worldwide, with 2.8 million associated deaths.>> Morbidity from SARS-CoV-2 infection
can be severe, especially in high-risk groups (e.g., the elderly, individuals with chronic
comorbidities such as hypertension, obesity, and diabetes).* Early evidence from convalescent
COVID-19 patients and survivors of similar d&-coronaviruses such as SARS-CoV-1 and
Middle East respiratory syndrome (MERS), suggests that COVID-19 survivors may suffer
long-term sequelae (e.g., inflammation resulting in damage to the lungs and heart).”* The global
impact on human health and well-being underscores the immediate need for safe and effective

vaccines against SARS-CoV-2 to end this pandemic and prevent its return.

Despite the well-recognized role of mucosal immunity in prevention of disease™, all of the
COVID-19 vaccines that have achieved emergency use authorization or have been advanced
to Phase 3 clinical trials are administered via intramuscular injection.”” Intramuscular injection
elicits systemic immunity but generally does not result in potent mucosal immune responses.
Suboptimal mucosal immunity may limit the utility of intramuscularly administered COVID-
19 vaccines since transmission of SARS-CoV-2 is primarily via respiratory droplets released
by infected individuals in enclosed spaces"’, with the nose and other portions of the respiratory
mucosa being the primary routes of entry.'* The nasal compartment shows particular
susceptibility to SARS-CoV-2 infection due to abundant co-expression of the viral entry
receptor (angiotensin-converting enzyme-2, ACE-2) and a required activating protease
(TMPRSS?2) in nasal goblet and ciliated cells.” These cells are thought to be the primary route
of infection and it is hypothesized that the nasal cavity serves as the initial reservoir for

16

subsequent seeding of the virus to the lungs.” The well-documented association of anosmia

with COVID-19 further supports the nasal cavity as a principle reservoir of infection'’, and

b

the presence of high viral load in the nasal cavity may facilitate transmission of the virus.
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A vaccination route targeting the mucosa presents an attractive alternative to intramuscular
delivery. Intranasal delivery may be more appealing to patients as intranasal administration is
non-invasive and obviates the need for needles.”® In addition, data suggest that intranasal
delivery may increase vaccine uptake'’, and in contrast to intramuscular injection, mucosal
vaccination via the intranasal route has the potential to confer sterilizing immunity in the
respiratory tract thereby reducing virus-induced disease and transmission of COVID-19.*
Entry of SARS-CoV-2 into host cells depends on engagement of the receptor-binding domain
(RBD) of the spike protein to ACE-2, leading to fusion of the virus with the cell membrane.”
In human convalescent serum, the majority of neutralizing antibodies are directed against the
RBD.** While most clinically advanced SARS-CoV-2 vaccine candidates deliver the trimeric
spike ectodomain as the target antigen’, subdomains of the spike protein such as RBD
represent alternative vaccine antigens for stimulation of a more focused immune response
targeting well-conserved domains. Such an approach may also limit the induction of non-

protective antibodies, mitigating the risk of enhanced respiratory diseases (ERD).*

Here, we report results of preclinical immunogenicity testing of AdCOVID, an intranasal
replication-deficient adenovirus serotype 5 (Ad5)-vectored vaccine candidate against COVID-
19 that encodes the RBD from SARS-CoV-2 spike protein. We demonstrate immunogenicity
of AdCOVID following a single administration of the vaccine in two strains of mice, which
resulted in induction of spike-specific IgG and IgA antibody in sera and bronchoalveolar
lavage (BAL) fluids that endured for at least six months. We show functionality of these
vaccine-elicited antibodies in live virus neutralization assays. In addition to the induction of
robust neutralizing antibody responses and mucosal IgA against SARS-CoV-2, the RBD
vaccine candidate stimulated systemic and mucosal cell-mediated immune responses
characterized by the induction of type 1 cytokine-producing CD4+ and CD8+ T cells,
including lung-resident memory T cells. These data support the clinical development of

AdCOVID in response to a serious global health threat.

RESULTS

Intranasal vaccination with AdCOVID elicits systemic and mucosal antibody responses
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Researchers at Altimmune, Inc. generated a candidate COVID-19 vaccine using a replication-
deficient E1- and E3-deleted Ad5 vector platform.” The Ad5 vector was engineered to encode
the human codon-optimized gene for the RBD (residues 302 to 543) from the spike antigen
of the Wuhan-1 strain of SARS-CoV-2 (accession number QHID43416). The immunogenicity
of the RBD vector (hereafter referred to as AdCOVID) was evaluated in both inbred
C57BL/6] and outbred CD-1 mice. Mice received a single intranasal administration of the
control vehicle or AACOVID at 3.35E+08 infectious units (ifu) (high dose), 6E+07 ifu (mid
dose) or 6E+06 ifu (low dose). Following vaccine administration on day 0, sera and BAL
samples were collected between days 7-21 (CD-1) or days 7-28 (C57BL/6]). IgG antibodies
specific for SARS-CoV-2 spike were measured in sera samples using a spike cytometric bead
array (CBA). Systemic spike-specific IgG antibody responses in sera were detected in both
CD-1 (Figure 1A) and C57BL/6] (Figure 1B) mice following a single intranasal administration
of AACOVID. This effect appeared to be dose-dependent as the antibody response in the low
dose group was not significantly increased above that seen in the vehicle control group.
Notably, anti-spike IgG was detectable in sera of vaccinated mice for at least 180 days after a
single intranasal dose of 3.78E+08 ifu (Figure 1C). These data are in agreement with the
sustained presence of IgG-secreting, RBD-specific plasma cell populations in the mediastinal
lymph node (medLN) and bone marrow of AdCOVID vaccinated mice (Supplementary
Figure 1).

The ability of AdCOVID-elicited antibodies to neutralize SARS-CoV-2 were then tested in a
focus reduction neutralization test (FRNT) using the wild-type SARS-CoV-2 isolate USA-
WA1/2020. The analysis included AdCOVID samples from C57BL/6] mice 4-weeks after
vaccination with either the mid (6E+07 ifu) or high dose (3.35E+08 ifu), and AdCOVID
samples from CD-1 mice 3-weeks after vaccination with the high dose (3.35E+08 ifu).
AdCOVID vaccination yielded neutralizing systemic antibodies in both strains of mice (Figure
2A). At the highest intranasal AACOVID dose, neutralizing antibody responses above
background were detected in 10 of 10 C57BL/6] mice and 8 out of 10 CD-1 mice with a
median titer of 563 and 431, respectively. The level of the neutralizing antibody response was
well-correlated with the magnitude of the spike-specific serum IgG response measured in
individual animals (Figure 2B and 2C), indicating that robust antibody responses to RBD were

associated with generation of potentially protective neutralizing antibodies.
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% We therefore

IgA-mediated immunity is crucial for controlling SARS-CoV-2 infection.
quantified the presence of anti-spike IgA in the BAL of CD-1 and C57BL/6] mice following
a single intranasal dose of 6.25E+08 ifu AACOVID. As shown in Figure 3, AdCOVID
induced a lung mucosal spike-specific IgA response in both strains of mice. As was previously
measured in the sera, a single intranasal administration (3.78E+08 ifu) of AACOVID yielded
long-lasting mucosal immunity with anti-spike specific IgA remaining at high levels 180 days
post-vaccination (Figure 3B). These mice also had RBD-specific IgA-secreting plasma cells in
both the BAL and medLN (Supplementary Figure 2). When combined with the presence of
anti-spike IgG in the sera at day 180, these data suggest that AACOVID elicits robust and

long-lived humoral responses in both the mucosa and the periphery.

Intranasal AdCOV'ID administration recruits innate and adaptive inmmune cells to the respiratory tract
Given the potent neutralizing antibody titers measured in AACOVID vaccinated mice, we next
evaluated the ability of AACOVID to elicit cellular immunity. Flow cytometric analysis of
immune cells (Supplementary Table 1) was performed on lung, BAL, medLLN, and spleen
samples following intranasal administration of AACOVID (3.35E+08 ifu) in C57BL/6] mice.
Consistent with the hypothesis that mucosal administration of the vaccine would induce innate
and adaptive pulmonary immune responses, rapid recruitment of immune cells into the lung
was observed following AdCOVID administration. Indicative of early innate immune
activation, significant increases in the number of dendritic cells, macrophages,
polymorphonuclear (PMN) cells, and natural killer (NK) cells were observed compared to
control mice (Figure 4A). These responses peaked at day 7 post-vaccination. Rapid
recruitment of adaptive immune cells to the lung, including T follicular helper-like cells (Tth-
like) and multiple B lineage subsets, was also observed peaking between days 7-28 (Figure 4B).
Similar trends were observed in the BAL (Supplementary Figure 3) and medLN
(Supplementary Figure 4) but were less obvious in the spleen (Supplementary Figure 5).

AdCOVID elicits mucosal and systemic RBD-specific CD4+ and CD8+ T cell responses

Animal models have shown that CD4+ and CD8+ T cells residing in the respiratory tract are
important for local protection immediately after viral infection.””” Moreover, emerging data
suggest a critical role for T cell responses in COVID-19 immunity independent of antibody
responses™, particularly when directed against the SARS-CoV-2 RBD.” To assess vaccine-

induced SARS-CoV-2-specific T cell responses, AdCOVID was administered intranasally to
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outbred CD-1 mice at a single dose of 3.78E+08 ifu. Control animals received vehicle alone
administered intranasally. RBD-specific T cell cytokine responses in lung and spleen samples
were assessed by ELISpot following ex vivo re-stimulation with a pool of 54 peptides (15a.a.
long, 11a.a. overlap) covering the SARS-CoV-2 RBD residues 319-541. A high frequency of
RBD-specific IFN-y+ T cells were detected in the lung at 10- (Fig. 5A) and 14 (Fig. 5B) -days
post-vaccination, reaching a mean response of 915 and 706 spot forming cells (SFC) per
million input cells respectively. IFN-y producing, RBD-specific T cells were also detected by
ELISpot in the spleen (Fig. 5A-B), albeit at lower frequency compared to the lung. These
results prove that mucosally-delivered vaccines can elicit functional effector T cells that are

distributed in secondary lymphoid tissues.

To further characterize the RBD-specific CD4+ and CD8+ T cell responses to mucosal
vaccination, intracellular cytokine staining was performed on lung and spleen cells from
vaccinated CD-1 mice (3.78E+08 ifu). Consistent with ELISpot data, we observed a
significant induction of IFN-y- or TNF-a-producing T cells in the lung and spleen of
vaccinated animals. These included both CD11a+CD8+ (Figure 6A) and CD11a+CD4+
(Figure 6B) T cells, although the response was strongly biased toward the induction of CD8+
T cells, especially in lung samples. Expression of integrin CD11a, which is only upregulated in
recently activated T cells and is required for optimal vascular adhesion in the tissue and
retention within the respiratory tract™, supports the hypothesis that these cells were recently
recruited to the lung. To assess whether these cells are resident memory T cells (Trm), the
expression of the Trm markers CD103 and CDG69 on pulmonary CD4+ and CD8+ cells was
measured.29 Consistent with the intranasal administration route, induction of lung RDB-
specific CD8+ and CD4+ Trm expressing either IFN-y, TNF-o or both cytokines was
observed (Figure 7).

Intranasal AdCOV'ID vaccination yields a type 1 cytokine-biased immune response

Concerns exist that a vaccine-elicited Th2 biased immune response may result in ERD
following SARS-CoV-2 infection. Our data showed that intranasal administration of
AdCOVID induced both monofunctional and polyfunctional T cells capable of producing
type 1-associated cytokines, such as IFN-y and TNF-«. In addition, the vaccine elicited high
frequencies of antigen-specific CD8+ T cells that generally correlate with an interferon-

regulated T cell response necessary for control of viral infection. To further assess the
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cytokine-producing potential of T cells from AdCOVID vaccinated CD-1 mice (3.78E+08
ifu), splenic T cells were stimulated with RBD peptides for 48 hours and then the presence of
secreted cytokines was measured in harvested supernatant by multiplex cytokine bead array
(Figure 8). As expected, induction of IFN-y and TNF-a by T cells was observed. Moreover,
T cells from the vaccinated animals produced moderate levels of IL-10 compared to T cells
from the vehicle control treated mice. Importantly, the levels of the Th2 and Th17-derived
cytokines, including Interleukin (IL)-4, IL-5, IL-13 and I1.-17a, were statistically equivalent in
the supernatants of peptide-stimulated cells isolated from the spleens of vaccinated and
control animals. These data therefore indicated that intranasal administration of AdCOVID
did not potentiate a deleterious Th2 response but rather induced the expected antiviral T cell

responses.

DISCUSSION
To date, the COVID-19 vaccine candidates that have achieved emergency use approval or that
have advanced to Phase 3 clinical trials are delivered by intramuscular injection. In preclinical
and clinical studies, these candidates have demonstrated stimulation of serum neutralizing
antibodies and peripheral T cell responses. However, a fundamental limitation of these
approaches is that they are not designed to target the distinct immune microenvironment of
the respiratory tract mucosa, and there is no widespread expectation that the current
intramuscular vaccine candidates will provide sterilizing immunity in the nasal cavity. In a
SARS-CoV-2 challenge model in rhesus macaques, a single intramuscular administration of an
adenovectored vaccine candidate was shown to significantly reduce viral load in the
bronchoalveolar lavage fluid and lower respiratory tract tissue but the level of viral replication
in the nasal cavity was unaffected.” Conversely, nasal administration of replication-deficient
human Ad5-vectored vaccines, like AdCOVID, mimic natural infection of respiratory viruses
and stimulate strong protective immunity, both systemically and mucosally.”** Intranasal
vaccination stimulates mucosal IgA antibodies, providing a first line of defense at the point of

respiratory pathogen inoculation®, which correlates well with protection from respiratory

>
. . . 40-42 . oy

infections such as influenza.” = Moreover, numerous studies have demonstrated the ability of
intranasally administered vaccines to block transmission of influenza between infected and

nafve cage-mates.””* Consistent with these reports, several studies assessing other COVID-19
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vaccine candidates have shown that the intranasal route, as opposed to the intramuscular
route, stimulated local mucosal immune responses in addition to systemic neutralizing
antibody and T cell responses, resulting in significantly reduced oropharyngeal virus shedding

: . . 20,45
compared to intramuscularly vaccinated animals.”***

In agreement with these reports, we showed here that AACOVID, an intranasal adenovirus-
vectored vaccine encoding the RBD of the SARS-CoV-2 spike protein, is highly immunogenic
in both inbred and outbred mice and elicits robust systemic and local antibody and T cell
responses. Following a single intranasal vaccination, AdCOVID elicited a strong and focused
immune response against SARS-CoV-2 spike antigen through the induction of functional
serum antibodies that neutralized wild-type SARS-CoV-2 virus. Importantly, AdCOVID
vaccination resulted in antigen-specific IgA, IgG, and polyfunctional CD8+ and CD4+ T cell
responses in the respiratory tract. Cell-mediated responses induced by AdCOVID were biased

toward antiviral type 1 cytokine responses as demonstrated by the high rates of antigen-

specific CD8+ T cells and an effector cytokine profile including IFN-y and TNF-a.

Key to these findings, intranasal AdCOVID vaccination appears to yield a significant memory
response, both locally and systemically. AJCOVID promoted persistent spike-specific sera
IgG responses with no evidence of significant decline 6 months after a single vaccination.
Likewise, IgA levels in the respiratory tract remained elevated throughout the course of the
study. When combined with the establishment of a resident memory CD8+ T cell population
in the lungs, our data suggest that AdCOVID has the potential to confer long lasting immunity,
particularly within the bronchoalveolar space and lungs, which represent major sites of
infection and clinical disease.

Moreover, adenoviral vector-based vaccines are an attractive platform for combating the
SARS-CoV-2 pandemic as they have an established safety profile in the clinic.”"* Additionally,
intranasal administration has been demonstrated to bypass preexisting immunity to the

36
vectot.”

By what mechanism was AdCOVID able to elicit such robust memory responses? One
possibility is that the immune response induced by AACOVID vaccination was targeted to the
RBD domain, which contains the major critical neutralizing epitopes in the spike protein. This

is consistent with results obtained during the development of vaccines for SARS-CoV-1." We
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postulate that an Ad5-vector expressing RBD vaccine may offer three advantages over other
forms of the spike antigen that have been used in COVID-19 vaccine candidates currently in
clinical development. First, it is reported that RBD-based vaccines can promote equivalent or
higher titer antibody responses than the full-length or S1/S2 ectodomain of spike from SARS-
CoV-2 and that the antibodies induced by the RBD vaccine were of higher affinity .*”* Second,
recent data suggest that neutralizing antibody responses directed against the RBD are less
impacted by escape mutations present in the currently circulating SARS-CoV-2 variants
compared to neutralizing antibodies that target other regions of the spike protein.” Third,
focusing the immune response on the RBD domain could decrease the production of
potentially pathogenic non-neutralizing antibodies, which can contribute to ERD.” These
factors suggest that RBD-only vaccines, like AdCOVID, have the potential to provide
significant protection from SARS-CoV-2 infection while avoiding the negative side-effects

that may be associated with vaccines targeting respiratory pathogens.

In summary, there is a clear need for a vaccine to prevent SARS-CoV-2 infection, preferably
one that elicits mucosal immunity so as to reduce viral shedding in the upper respiratory tract,
thereby reducing transmission. In these experiments, AdCOVID induced systemic and
mucosal immune responses within days following a single-dose vaccination. In the context of
a pandemic, intranasally administered AdCOVID has two compelling advantages. First, non-
invasive intranasal administration makes it particularly well-suited for wide-spread
vaccinations of large cohorts. Intranasal administration may also provide incentive for the
subset of the population displaying hesitance towards vaccination due to trypanophobia.'®
Second, intranasal AACOVID may control SARS-CoV-2 infection within both the upper and
lower respiratory tract. This has the advantages of potentially preventing infection at the site
of virus entry, reducing the risk of significant respiratory disease, and decreasing the likelihood
of subsequent virus transmission by vaccinated individuals. Collectively, these findings
support further development of AACOVID for the prevention of SARS-CoV-2 infections and
its transmission. These aspects will be investigated as the intranasal AdCOVID vaccine

progresses through ongoing clinical trials.
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MATERIALS AND METHODS

Ethics statement and Mice

Mice used in these studies wete obtained from the Jackson Laboratory (C56BL/6]) or Chatles
River Laboratories (CD-1). Animal procedures performed at University of Alabama at
Birmingham (UAB) or Noble Life Sciences (Noble) were conducted in accordance with Public
Health Service Policy on the Humane Care and Use of Laboratory Animals and Guide for the
Care and Use of Laboratory Animals. Studies performed at UAB were performed under
TACUC Approval Number 21203. Studies performed at Noble were performed under the
TACUC Approval Number NLS-591.

Vaccine candidate

The vaccine candidate evaluated in this study was based on a replication-deficient, E1- and
E3-deleted adenovirus type 5 vector platform™ and expresses a human codon-optimized gene
for the RBD domain (residues 302 to 543) of SARS-CoV-2 spike protein (accession number
QHDA43416.1). The Ad5-vectored RBD transgene includes a human tissue plasminogen
activator leader sequence and is expressed under the control of the cytomegalovirus immediate
carly promotet/enhancer. An initial seed stock was obtained from transfection of recombinant
vector plasmid into El-complementing PER.C6 cells using a scalable transfection system
(MaxCyte STX-100; MaxCyte). Cell transfection was performed by static electroporation using
the CL1.1 Processing Assembly procedure.” Following vector expansion, replication-deficient
vector was obtained from infected cell lysates and was purified over a CsCl gradient, dialyzed
against a formulation buffer containing 10 mM Tris (pH 7.4), 75 mM NaCl, 1 mM MgCl,, 10
mM histidine, 5% (wt/vol) sucrose, 0.02% polysorbate-80 (wt/vol), 0.1 mM EDTA, and 0.5%

(vol/vol) ethanol and then frozen and stored at -65°C.

Adenovirus vaccine titer measurement

293 HEK cells were seeded in a 96-well plate one day before Ad vector infection. After
inoculation of the appropriate dilutions of adenovirus control and test sample(s) onto
duplicate wells, the infected cells were incubated for 3 days. At the end of the infection period,
media were removed, and cells were fixed with cold methanol. Following drying and rinsing

with phosphate-buffered saline, mouse anti-adenovirus-5 hexon antibody was added to each
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well of cells and incubated at 37°C for at least 60 minutes. After removal of the mouse anti-
adenovirus-5 hexon antibody and additional phosphate-buffered saline washes, HRP-
conjugated rat anti-mouse antibody was added to each well and incubated at least 60 minutes
at 37°C. After removal of the detection antibody and additional phosphate-buffered saline
washes, cells were stained with DAB (3, 3-diaminobenzidine) working solution for at least 10
minutes. After removal of DAB working solution and additional washing steps with
phosphate-buffered saline, the stained foci were enumerated using a microscope with a 20X

objective.

Vaccination

Inbred female C57BL/G] (The Jackson Laboratory) and outbred CD-1 (Chartles River
Laboratories) mice of at least 6 weeks of age were randomly allocated into vaccination groups.
Replication-deficient Ad5 vector encoding the RBD (AdCOVID) from the SARS-CoV-2
spike protein was administered intranasally at the described doses in a volume of 50 uL. The

control group received 50 uL. of vehicle alone by intranasal administration.

Serum Collection

Blood samples were collected from the submandibular vein of vaccinated mice into BD
Microtainer blood collection tubes (BD Biosciences). The samples were centrifuged
at 13000 rpm at RT for 8-10 minutes and the serum was collected, aliquoted and frozen at -

80°C until analyzed.

Tissue processing and single cell isolation

Spleen, medLN, and lung tissues were isolated from vaccinated mice at the indicated
timepoints. Lung tissue was minced and then digested in RPMI-1640 medium containing
collagenase (1.25 mg/mL; Millipore-Sigma) and DNase I (150 units/mL; Millipore-Sigma) for
30 minutes at 37°C. To generate single cell suspensions, digested lung, spleen, and draining

lymph nodes were passed through a fine wire mesh. The single cell suspensions were treated

with red blood cell lysis buffer and filtered (100 pm) to remove debris.

BAL collection
BAL samples were collected using ethyl vinyl acetate (EVA) microbore tubing (Cole-Parmer)

with inner and outer diameters of 0.02 in and 0.06 inches, respectively. One end of the tube
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was fitted to a 23G syringe needle attached to a 3-way stopcock. The other end of the tube
was inserted postmortem into an incised trachea. BAL fluid was collected as a single 1 mL
lavage fraction using ice-cold phenol-free Hank’s Buffered Salt Solution (HBSS, without
Ca® and Mg’") containing 2mM EDTA. BAL cells were separated from the supernatant by

centrifugation at 1800 rpm for 5 minutes at 4°C.

Recombinant SARS-Col -2 protein production

To produce recombinant SARS-CoV-2 spike ectodomain protein, two human codon-
optimized constructs were generated with linear sequence order encoding: a human IgG leader
sequence, the SARS-CoV-2 spike ectodomain (amino acids 14-1211), a GGSG linker, T4
fibritin foldon sequence, a GS linker, and finally an AviTag (construct 1) or 6X-HisTag
(construct 2). Each construct was engineered with two sets of mutations to stabilize the protein
in a pre-fusion conformation. These included substitution of RRAR>SGAG (residues 682 to
685)>* at the S1/S2 cleavage site and the introduction of two proline residues; K983P,
V984P.>*> Avi/His-tagged trimers were produced by co-transfecting plasmid constructs 1 and
2 (1:2 ratio) into FreeStyle 293-F cells. Cells were grown for three days and the supernatant
(media) was recovered by centrifugation. Recombinant spike trimers were purified from media
by Fast protein liquid chromatography (FPLC) using a HisTrap HP Column (GE Biosciences)
and elution with 250mM of imidazole. After exchanging into either 10mM Tris-HCI, pH 8.0
or 50mM Bicine, pH 8.3, purified spike ectodomain trimers were biotinylated by addition of
biotin-protein ligase (Avidity). Biotinylated spike ectodomain trimers were buffer exchanged

into PBS, sterile filtered, aliquoted, then stored at -80°C until used.

SARS-Col7-2 spike cytometric bead array

To generate the spike cytometric bead array (CBA), recombinant SARS-CoV-2 ectodomain
trimers were passively absorbed onto streptavidin functionalized fluorescent microparticles
(3.6 um; Spherotech). 500 pg of biotinylated SARS2-CoV-2 was incubated with 2E+07
streptavidin functionalized fluorescent microparticles in 400 pL of 1% BSA in PBS. Following
coupling, the SARS-CoV-2 spike conjugated beads were washed twice in 1 mL of 1% BSA,
PBS, 0.05% NaN3, resuspended at 1E+08 beads/mL and stored at 4°C. The loading of
recombinant SARS2-CoV-2 spike onto the beads was evaluated by staining 1E+05 beads with
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dilutions ranging from 1 pg/mL to 2 ng/mL of the recombinant anti-SARS spike antibody
CR3022 and visualized with an anti-human IgG secondary antibody.

CBA IeG and 1gA standards

IgG and IgA standards were generated by covalent coupling of isotype-specific polyclonal
antibodies to fluorescent particles. Briefly, 0.2 mg of goat polyclonal anti-mouse IgG
(SouthernBiotech), anti-IgM (SouthernBiotech), and anti-IgA (SouthernBiotech) antibodies in
PBS were mixed with 5E+07 fluorescent microparticles each with a unique fluorescent
intensity in the far-red channels (3.6 um; Spherotech) resuspended in 0.1 M MES buffer pH
5.0. An equal volume of EDC (1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide), 10 mg/mL,
in 0.1 M MES (2-(N-morpholino) ethanesulfonic acid) buffer pH 5.0 was added and the
mixture was incubated overnight at RT. The beads were washed twice by pelleting by
centrifugation and resuspension in PBS. Following washing, beads were resuspended in 1%

BSA in PBS with 0.005% NaNj as a preservative.

CBA measurement of spike-specific IgG and IgA responses

The quantification of SARS-CoV-2 spike IgG and IgA was performed in serum or BAL
samples obtained from immunized animals using the spike CBA described above. BAL
samples (diluted 1/4-8) or serum samples (diluted to 1/1000-5000) in 50 pl. of PBS were
arrayed in 96-well u-bottom polystyrene plates along with 50 pL of standards consisting of
either mouse IgG, IgM, or IgA ranging from 1 pg/mL to 2 ng/mL at 0.75 x dilutions
(SouthernBiotech). 5 ulL of a suspension containing 5SE+05 of each SARS-CoV-2 spike, anti-
IgM, anti-IgA, and anti-IgG beads was added to the diluted samples. The suspensions were
mixed by pipetting and incubated for 15 minutes at RT. The beads were washed by the
addition of 200 uL. of PBS and centrifuged at 3000 x g for 5 minutes at RT. The CBA particles
were resuspended in a secondary staining solution consisting of polyclonal anti-IgG 488
(SouthernBiotech), and either a goat polyclonal anti-IgM (SouthernBiotech) or anti-IgA
(SouthernBiotech) conjugated to PE diluted 1/400 in 1% BSA in PBS. The suspension was
incubated for 15 minutes in the dark at RT. The beads were washed by the addition of 200 pl
of PBS and pelleted by centrifugation at 3000 x g for 5 minutes at RT. The particles were
resuspended in 75 pl of PBS and directly analyzed on a BD Cytoflex flow cytometer in plate

mode at sample rate of 100 ul/minute. Sample collection was stopped following the
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acquisition of 75 uL. Following acquisition, the resulting FCS files were analyzed in Flow]o
(Tree Star). Briefly, the beads were identified by gating on singlet 3.6 um particles in log scale
in the forward scatter and side scatter parameters. APC-Cy7 channel fluorescence gates were
used to segregate the particles by bead identity. Geometric mean fluorescent intensity was
calculated in the PE and 488 channels. Best fit power curves were generated from the Ig
capture beads using the known concentration of standards on a plate-by-plate basis. This
formula was applied to the MFI of the SARS-COV-2 spike particles for all samples of the
corresponding assay converting MFI to ng/mL or pg/mL concentrations. These calculated

values were corrected for the dilution factor.

Neutralizing antibody titers

A focus reduction neutralization test (FRNT) was used to quantify the titer of neutralizing
antibodies against SARS-CoV-2 isolate USA-WA1/2020. Vero EG cells were grown to
confluence on 96-well plates. On the day of the infection phase of the assay, serial dilutions
(1:20-1:2560) of antisera were made and combined and incubated with an equal volume of
viral stock, at a specified dilution for 30 minutes at RT, such that the final dilutions of antisera
ranged from 1:40 to 1:5120. The viral stock was diluted from a concentrated working stock to
produce an estimated 30 viral focal units per well. After incubation, the sera:virus mixtures
were added to the wells (100 uL), and infection allowed to proceed for 1 hour on the Vero E6
cells at 35°C. At the completion of the 1-hour incubation, a viscous overlay of Eagle’s MEM
with 4% FBS and antibiotics and 1.2% Avicell were added to sera:virus mixture on the cell
monolayers such that the final volume was 200 pLL per well. The infection was allowed to
proceed for 24 hours. The next day, each plate was fixed by submerging the entire plate and
contents in 10% formalin/PBS for 24 hours. Detection of virus foci reduction was performed
on the fixed 96-well plates. Briefly, plates were rinsed in H,O, and methanol:hydrogen
peroxide added to the wells for 30 minutes with rocking to quench endogenous peroxidase
activity. After quenching, plates were rinsed in H,O to remove methanol and 5% Blotto was
added to the wells as a blocking solution for 1 hour. For primary antibody detection, a SARS-
CoV-2 spike/RBD antibody (Sino Biological) was added to 5% Blotto and incubated on the
monolayers overnight. Plates were washed five times with PBS, and further incubated with a
goat anti-rabbit IgG conjugated to horseradish peroxidase (Boster Bio) in 5% Blotto for 1
hour. Plates were rinsed once with 0.05% Tween in 1X PBS followed by 5 washes in 1X PBS.
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Impact DAB detection kit (Vector Labs) was used to detect peroxidase activity. Brown foci
were counted manually from the scanned image of each well, recorded, and the reduction of
foci as compared to equivalent naive mouse sera controls was determined. FRNT; titers were
calculated using a 4PL curve fit to determine the serum dilution corresponding to a 50%

reduction in the foci present in control wells.

Flow cytometry analysis of innate and adaptive immune cells

Cell numbers per tissue were determined by mixing 20 uL of each single cell suspension into
a 96-well plate with 50 uL. of 8.4E+04 Fluoresbrite Catboxylate YG 10 um microspheres/mL
(Polysciences Inc.) and 180 uL staining media (dPBS + 2% FBS) containing 2 mM EDTA
(SME) and 7-AAD (1:720 dilution). To perform flow cytometric analysis, 200 uL. of each
sample were placed into 3 separate V-bottom 96-well plates for antibody staining for flow
cytometric analysis. Samples were incubated for 10 minutes at 4°C in the dark with Fc-Block
(clone 24G2, 10 ¥ g/mL), washed with 200 uL staining media (SME) and then stained with
myeloid, B cell, or BAL antibody panels. The myeloid panel consisted of B220/CD45R-FITC
(clone RA3-6B2; 1:200 dilution), Ly6G-PE (clone 1A8; 1:200 dilution), CD64-PerCP-Cy5.5
(clone X54-5/7.1; 1:150 dilution), CD11b-APC (clone M1/70; 1:200 dilution), CD11c-PE-
Cy7 (clone N418; 1:300 dilution), Ly6C-APC-Cy7 (clone AL-21; 1:200 dilution), MHCII-PB
(clone M5/114.15.4; 1:600 dilution) and Aqua LIVE/DEAD (1:1000 dilution). Cells stained
with the myeloid panel were incubated with the antibody mix (50 uL total volume) for 20
minutes at 4°C in the datk. The B cell panel consisted of CD95/FAS-FITC (clone Jo2; 1:200
dilution), F4/80-PerCP-Cy5.5 (clone BM8; 1:200 dilution), CD3-PerCP-Cy5.5 (clone 17A2;
1:200 dilution), CD38-PE-Cy7 (clone 90; 1:400 dilution), CD19-APC-Fire750 (clone 6D5;
1:200 dilution), CD138-BV421 (clone 281-2; 1:200 dilution) and IgD-BV510 (clone 11-26¢.2a;
1:500 dilution). Cells stained with the B cell panel were incubated with antibody mix (50 uLL
total volume) for 45 minutes at 4°C in the dark. The BAL panel consisted of Ly6G-PE (clone
1A8; 1:200 dilution), CD64-PerCP-Cy5.5 (clone X54-5/7.1; 1:150 dilution), CD8a-APC (clone
53-6.7; 1:200 dilution), CD11¢-PE-Cy7 (clone N418; 1:200 dilution), CD19-APC/Fire750
(clone 6D5; 1:200 dilution; CD4-eFLUOR450 (clone GK1.5; 1:200 dilution) and Aqua
LIVE/DEAD (1:1000 dilution). Cells stained with the BAL panel were incubated with the
antibody mix (50 uL total volume) for 20 minutes at 4°C in the dark. Following incubation

with the different flow cytometry panels, the cells were washed, resuspended in 100 uL. of
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eBioscience fixation buffer and incubated for 20 minutes at 4 °C. After incubation, the cells
were spun down and resuspended in 200 uLL SME. Stained and fixed cells from all antibody
panels and cell counting panels were analyzed on a BD FACSCanto 1I. Cellular markers are
summarized in Supplementary Table 1. The gating strategies for T cells (Supplementary Figure
6), B cells (Supplementary Figure 7), myeloid cells (Supplementary Figure 8), and Trm cells
(Supplementary Figure 9) are presented.

Intracellular cytokine staining

The analysis of CD4" and CD8" T cell responses in lung tissues and spleens by flow cytometry
was performed as follows. Spleen and lung single cell suspensions were stimulated with the
RBD peptide pool for 5 hours in the presence of 12.5 ng/mL Brefeldin A (BD Biosciences).
Cells were then incubated on ice with a combination of fluorescent dye-labelled antibodies
including anti-CD4-V500 (clone GK1.5; 1:200 dilution), anti-CD8x-APC-Fire750 (clone 53-
6.7; 1:200 dilution), anti-CD11a/CD18-Pacific Blue (H155-78; 1:200 dilution), anti-CD103-
PE (M290; 1:200 dilution), anti-CD69-FITC (H1-2F3; 1:200 dilution), anti-Ly6G-PerCP-
Cy5.5 (clone 1A8; 1:200 dilution), anti-CD64-PerCP-Cy5.5 (clone X54-5/7.1; 1:200 dilution),
anti-B220/CD45R-PerCP (clone RA3-6B2; 1:200 dilution), and Red LIVE/DEAD (1:1000
dilution). Following surface staining, cells were permeabilized using BD Biosciences
Cytofix/Cytoperm kit and stained with anti-IFN-y-PE-Cy7 (XMG1.2; 1:200 dilution) and anti-
TNF-a-APC (MP6-XT22; 1:200 dilution). Following incubation with the antibodies, cells were
washed and resuspended before analysis on a BD FACSCanto II within 12 hours.

IFN-y ELISpot

Spleen and lung cell suspensions (150,000 cells/well) were placed in individual wells of
ELIspot plates (Millipore-Sigma) that were pre-coated with anti-IFN-y (AN18, 5 pg/mL).
Cells were stimulated with the RBD peptide pool described above at 2 pg/peptide/mL.
Following 24-hour stimulation, plates were stained with biotinylated anti-IFN-y (R4-6A2),

followed by washing steps, and incubation with streptavidin-AP. Secreted IFN-y was detected
following incubation with NBT/NCPI substrate for 7-10 minutes. The number of IFN-y
spot-forming cells were manually counted from digital images of each well.

Synthetic RBD peptides
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For analysis of T cell responses, a pool of 53 peptides derived from a peptide scan through
the RBD of spike protein of SARS-CoV-2 (319-541) was designed and synthesized by JPT
(JPT Peptide Technologies). Peptides were designed with a length of 15 a.a. and an overlap of
11 a.a. Before use, each vial containing 15 nmol (appr. 25 pg) of each peptide per vial was

reconstituted in 50 uL. of DMSO before dilution into complete culture media.

B cell ELLSpot

Single cell suspensions from bone marrow, BAL and medLLN cells were prepared from
vaccinated mice. Cells were serially diluted in duplicate in complete media and incubated for
5 hours at 37°C on multiscreen cellulose filter ELISPOT plates (Millipore-Sigma) that were
previously coated with purified recombinant RBD protein (Sino Biological). RBD-specific
antibodies secreted by plasma cells present in these tissues were detected using AP-conjugated
goat anti-mouse IgG (Jackson ImmunoResearch) or AP-conjugated goat anti-mouse IgA
(Jackson ImmunoReserch). ELISpots were imaged and counted using S6 Ultra-V Analyzer

(Cellular Technology Limited).

Measurement of inflammatory cytokines in culture supernatants

Protein levels of IFN-y, IL-2, IL-4, IL-5, IL-10, IL-13, IL-17A and TNF-a were quantified in
culture supernatants using the mouse-specific Milliplex® multi-analyte panel kit MT17MAG-
47K (Millipore-Sigma) and the MagPix® instrument platform with related xPONENT®
software (Luminex Corporation). The readouts were analyzed with the standard version of

EMD Millipore’s Milliplex® Analyst software (Millipore-Sigma and Vigene Tech).

Quantification and statistical analysis
Statistical significance was assigned when P values were < 0.05 using Prism Version 9.0.1

(GraphPad). All tests and values are indicated in the relevant Figure legends.
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Figure 1. Spike-specific IgG responses in sera following a single intranasal
administration of AdCOVID

(A) CD-1 and (B) C57BL/6J mice received a single intranasal administration of
vehicle (Ctrl) or AACOVID at a low, mid, or high dose as described. Sera were
collected from euthanized animals between days (A) 7-21 or (B) 7-28 post-
vaccination (n=10 animals/group/timepoint) and analyzed individually for
quantification of spike-specific 1IgG. (C) A single cohort of C57BL/6J mice (n=20)
received a single intranasal administration of AJCOVID at a dose of 3.78E+08 ifu.
Sera were collected longitudinally between days 0-180 post-vaccination and
analyzed individually for quantification of spike-specific 1gG. All results are
expressed in yg/mL. Data are the geometric mean response +/- 95% confidence
interval. Statistical analysis was performed with a Mann-Whitney test: *, P < 0.05;
** P <0.01; ***, P < 0.0001.
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Figure 2. A single intranasal administration of AdCOVID elicits anti-SARS-
CoV-2 neutralizing antibodies
(A) Neutralizing antibody response in C57BL/6J or CD-1 mice vaccinated 28
days earlier with the mid or high dose of ADCOVID as indicated. Results
are expressed as the reciprocal of the dilution of serum samples required
to achieve 50% neutralization (FRNTs) of wild-type SARS-CoV-2 infection
in permissive Vero E6 cells. Data are the group median value. (B-C)
Correlation between neutralizing antibody response and spike-specific IgG
response in serum of vaccinate animals.
(B) Correlation analysis was performed with a two-tailed Spearman test
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Figure 3. Spike-specific IgA responses in BAL following single intranasal
administration of AdCOVID

(A) CD-1 mice (n=10 animals/timepoint) received a single intranasal administration
of 6.25E+08 ifu AdCOVID. BAL samples were collected at the indicated timepoints
and analyzed individually for the quantification of spike-specific IgA. (B) C57BL/6J
mice received a single intranasal administration of 6.25E+08 ifu AACOVID. BAL
samples were collected on days 0, 14, 21, and 28 (n=10 animals/timepoint). In a
separate study, C57BL/6J mice (n=5) received a single intranasal administration
of 3.78E+08 ifu AACOVID on day 0 and were euthanized on day 180 for BAL
collection. BAL samples were analyzed individually for the quantification of spike-
specific IgA. All results are expressed in ng/mL. Data are the geometric mean
response +/- 95% confidence interval. Statistical analysis was performed with a
Mann-Whitney test: *, P <0.05; i P <0.01.
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Figure 4. Flow cytometry analysis of immune cells in lungs from C57BL/6J
mice following a single intranasal dose of AdCOVID

C57BL/6J mice were given a single intranasal administration of vehicle (Ctrl) or
3.35E+08 ifu AACOVID. Lung cells were isolated from the vaccinated mice at the
timepoints indicated (10 mice/timepoint) and analyzed individually by flow
cytometry using markers of (A) innate immune cells or (B) B and Tfh-like cells as
described in Material and Methods. Results are expressed as cell number.
Different Y-axis scales are used across the graphics. Data are the mean response
+/- SD. Statistical analysis was performed with a Mann-Whitney test: ***, P < 0.001;
P < 0.0001.
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Figure 5. Intranasal AdCOVID vaccination elicits mucosal and systemic
IFN-y* T cells

CD-1 mice were given a single intranasal administration of vehicle (Ctrl) or
3.78E+08 ifu AdCOVID. Lung and spleen cells were isolated on days (A) 10 and
(B) 14 following vaccination, re-stimulated with an RBD peptide pool, and analyzed
by IFN-y ELISpot. Results are expressed as Spot Forming Cells (SFC) per million
input cells. Data are the mean response +/- SD. Statistical analysis was performed
with a Mann-Whitney test: **, P <0.01.
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Figure 6. Intracellular cytokine production by pulmonary and splenic T cells
14 days after intranasal AdCOVID vaccination. CD-1 mice were given a single
intranasal administration of vehicle (Ctrl) or 3.78E+08 ifu AdCOVID. Lung cells (n=
10 mice/vaccine, 3 mice/control) were isolated on day 14, re-stimulated with the
RBD peptide pool for 5 hours, and analyzed by flow cytometry. Results are
expressed as the percentage of IFN-y or TNF-a expressing (A) CD11a"CD8" or
(B) CD11a’CD4" T cells for individual mice. Different Y-axis scales are used
across the graphics. Data are the mean response +/- SD. Statistical analysis was
performed with a Mann-Whitney test: *, P < 0.05; **, P <0.01.
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Figure 7. Intranasal AdCOVID vaccination elicits polyfunctional memory T
cell populations in the lung 14 days after vaccination

CD-1 mice were given a single intranasal administration of vehicle (Ctrl) or
3.78E+08 ifu AdCOVID. Lung cells (n= 10 mice/vaccine, 3 mice/control) were
isolated at day 14, re-stimulated with the RBD peptide pool for 5 hours, and
analyzed by flow cytometry to identify CD69"CD103" resident memory T cells
(Trm). Results are expressed as the percentage of IFN-y*, TNF-a" or double
positive IFN-y*/TNF-a” expressing (A) CD8" or (B) CD4" Trm cells for individual
mice. Different Y-axis scales are used across the graphics. Data are the mean
response +/- SD for the groups. Statistical analysis was performed with a Mann-
Whitney test: *, P < 0.05; **, P <0.01.
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Figure 8. Intranasal AdCOVID vaccination does not elicit a Th2 or Th17-

biased immune response

CD-1 mice were given a single intranasal administration of vehicle (Ctrl) or
3.78E+08 ifu AdCOVID. Splenocytes (n= 10 mice/vaccine, 3 mice/control) were
isolated at day 10 and re-stimulated with the RBD peptide pool for 48 hours.
Secreted cytokines were detected in the supernatant using a cytokine multiplex
assay. Results are expressed in pg/mL. Different Y-axis scales are used across
the graphics. Data are mean response +/- SD. Statistical analysis was performed

with a Mann-Whitney test: *, P < 0.05.
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Supplementary Figure 1. A single intranasal dose of AdCOVID generates
long-lived anti-RBD IgG-secreting B cell populations in the periphery
C57BL/6J mice (n=10) received a single intranasal administration of AdCOVID at
a dose of 3.78E+08 ifu on day 0. Mice were euthanized on day 193 and (A, B)
medLN or (C, D) bone marrow were harvested for B cell ELISpot. Results are
expressed as (A, C) Spot Forming Cells (SFC) per million input cells or (B, D)
frequency of RBD-specific IgG-secreting cells isolated. Data are the mean
response +/- SD.

180



BAL BAL

A 1000- B % 0.10-
O
% 800- . < 0.08- o
®  600- = .06
‘@ % :
S 400+ o 0.04-
L =
v 200+ c -
00 S g 0.02 S
0 ) 32 0.00 )
AdCOVID AdCOVID
medLN medLN
C 100- D 2 0.010-
o . 3 .
g ] <
© 604 -
2 2 0.0054
G 40+ v
cufS 204 ‘E
°|® <E P )
0 t 3 0.000 ¢
AdCOVID AdCOVID

Supplementary Figure 2. A single intranasal dose of AdCOVID generates
long-lived anti-RBD IgA-secreting B cell populations

C57BL/6J mice (n=5) received a single intranasal administration of ACOVID at a
dose of 3.78E+08 ifu on day 0 and were euthanized on day 180. Cells were
isolated from the (A, B) BAL and (C, D) medLN for analysis by B cell ELISpot.
Results are expressed as (A, C) Spot Forming Cells (SFC) per million input cells
or (B, D) frequency of RBD-specific IgA-secreting cells isolated. Data are the mean
response +/- SD.
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Supplementary Figure 3. Flow cytometry analysis of immune cells in BAL
from C57BL/6J mice following intranasal vaccination with single dose of
AdCOVID

C57BL/6J mice were given a single intranasal administration of vehicle (ctrl) or
3.35E+08 ifu AdCOVID (high dose). BAL cells were collected from vaccinated
animals at the indicated timepoints (10 mice/timepoint) and analyzed individually
by flow cytometry. Results are expressed as cell number. Data are means +/- SD.
Statistical analysis was performed with Mann-Whitney test: **, P<0.01; ****,

P<0.0001.
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Supplementary Figure 4. Flow cytometry analysis of immune cells in
medLN from C57BL/6J mice following intranasal vaccination with single
dose of AdCOVID

C57BL/6J mice were given a single intranasal administration of vehicle (ctrl) or
3.35E+08 ifu AdCOVID (high dose). medLN cells were isolated from vaccinated
animals at the indicated timepoints (10 mice/timepoint) and analyzed individually
by flow cytometry. Results are expressed as cell number. Data are means +/- SD.
Statistical analysis was performed with Mann-Whitney test: **, P<0.01;***,
P<0.001; ****, P<0.0001.
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Supplementary Figure 5. Flow cytometry analysis of immune cells in
spleens from C57BL/6J mice following intranasal vaccination with single
dose of AdCOVID

C57BL/6J mice were given a single intranasal administration of vehicle (ctrl) or
3.35E+08 ifu AdCOVID (high dose). Splenocytes were collected from vaccinated
animals at the indicated timepoints (10 mice/timepoint) and analyzed individually
by flow cytometry. Results are expressed as cell number. Data are means +/- SD.
Statistical analysis was performed with Mann-Whitney test: **, P<0.01;***,
P<0.001; ****, P<0.0001.
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Cell Type

Cellular Markers

CD4 T Cell

+ +
CD3 CD4

CD8 T Cell

+ +
CD3 CD8

T Follicular Helper-like (Tth)

+ + hi
CD4 CXCRS5 PD-1

CD19 B Cell CD19 CD138

Memory B Cell IgDnegCDQ, 8+Fasneg

Germinal Center B Cell (GC) IgDnegCDg, 810Fas+

Antibody Secreting Cells (ASC) CD19 CD13%

Natural Killer (NK) CD3negNK1 . 1+

Polymorphonuclear (PMN) Ly6GhiautoﬂuorescentnegCD?anegNK1 . 1+
Macrophage CDI1b CD64

Dendritic Cell MHCII+CD1 chr

Supplementary Table 1. Flow Cytometry Cellular Markers
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Supplementary Figure 6. Representative flow cytometry plots for gating of

T cells isolated from mice

Gating strategy to identify CD3+CD4+ (CD4+ T cells), CD3+CD8+ (CD8+ T cells),
CD3negNK1.1+(NK cells), CD25+CD4+ T cells and CXCR5+PD-1hi T follicular

helper-like cells (Tfh)
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Supplementary Figure 7. Representative flow cytometry plots for gating B
cells isolated from mice

Gating strategy to identify total CD19+ B cells, CD191oCD138hi antibody secreting
cells (ASCs), IgD+ naive B cells, IgDneg antigen-experienced B cells,
IgDnegCD38+Fasneg memory B cells (Bmem) and IgDnegCD38loFas+ germinal
center (GC) B cells
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Supplementary Figure 8. Representative flow cytometry plots for gating of
myeloid cells isolated from mice.

Gating strategy to identify Ly6Ghi neutrophils (PMN), CD11b+CD64hi
macrophages, and MHCII+CD11c+ dendritic cells (cDCs).

188



250K 0
200K 4
150K 10
<C 100K T 96.3 o’
O sk (@] £ o
w o B w >
w = [T AR A o A s e
0 50K | 150K 250K 0 50K | 150K 250K 0 50K | 150K 250K
FSC-A—» FSC-A —» SSC-A—
CD4 CcDs8

10 6.04

1073 10°3

10% H 109 10%

: 19.9 3] . . 3]
© 03 I o101 @ o 107 3 0
57 ®a || & | @
(] (&) 1

0 4] i 0 E
0 103 ‘;04 'IlIZI5 -l; 'IICI3 ‘I‘OA‘I[;I5 —[.; 1‘03 ‘I‘(JA‘I[;5
CD4— cD103 -
N 13.5+1.1|[351.1]| 1077 0.0 0.0
1077
3]
10 CD4
0 3
3.5%11 k 0.0
0o 10° 10%10° o 10° 10%0° 0o 10° 10%0°
10°93.7+1.3][ 3822 3| 10°J 0420 2[2.8+1 9
1049 o (@ 104
sl b sl
10 D 10 { CD8
0 ' 0 ~
12.5+59 F 0.2+0.1
o 10° 1010° 0 100 10%10° 0 10° 10710° . for gating for
TNF-a -

wduIy sudleyy W uenuly voovrou uoT resiuentmernory (1) CD4+ or CD8+
cells.

189



DISCUSSION
Our data demonstrate, for the first time, how IFN-y and IFN-y-inducible transcription

factors (TFs), T-bet and IRF1, promote ASC differentiation from IFN-y-activated B cell
precursors 7z vitro and upon viral infection iz vivo. We previously reported that cognate
encounters between B cells and either Th1 or Th2 effectors resulted in preferential antibody
generation in the presence of IFN-y-producing Th1 cells rather than Th2 cells 7z vitra™***. We
soon realized that IFN-y-activated B cells upregulated T-bet, a well appreciated TF in
coordinating Th1 cell fate decisions™*********%° e predicted only one other TF, IRF1, as a
driver of IFN-y-induced ASC differentiation by the intersect of four bioinformatic analysis.
Consistent with our prediction, we found that while T-bet is indispensable for the
development of long-lived ASCs upon viral infection, IRF1 is required for the generation of
early antigen-specific IgM in response to viral infection and bacterial immunization. Lastly,
we found a local IFN-y-producing T cell response that corresponds to the production of
durable RBD-specific antibody upon intranasal Ad5COVID vaccination. Therefore, we have
established an unprecedented role for IFN-y and IFN-y-inducible TFs in B cell biology-

driving the differentiation of ASCs from activated B cell precursors.
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Figure 8 Model of BCR/TLR-inducible IRF1 in transitional cells.

BCR/TLR-inducible IRF1 in transitional cells promotes the efficient transduction of
the key developmental pathway of the MZ B cells, Notch. In response to
endogenous ligands IRF1-expressing B cells are selected into the MZ B cell pool.
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T-bet and IFN—y repress alternative B cell fates
In CD4" T cells, I/6, Batf, and Ror, have been shown to be important for the

differentiation of Th17 cells”**”. 1In the presence of 11.-6 and TGF-B, which are Th17-
polarizing conditions, Ba#f /- CD4" T cells are unable to express the “master” transcription
factor of the Th17 program, RORYT (encoded by the gene Ror)”. Ror’~ CD4" T cells,
however, are only a partially impaired in their ability to produce the Th17 signature cytokine,
IL-17*". In response to IL-6 and TGF-B, CD4" T cells express another transcription factor,

RORa (encoded by the gene Rora), and together, RORYT and RORa cooperate to promote
Th17 differentiation and production of IL-17**. Since it is known that T-bet can oppose Th17
differentiation through obstructing the activation of Rory, it is conceivable that T-bet may
repress alternative B cell fates in a similar fashion®™'. Indeed, our data showed that /6, Bat,
and Rorv, were more highly expressed in both Ifisgr1” and Thx21"" Bel cells when compared
to B6 Bel cells. This result suggests that IFN-yR signaling may oppose expression of alternate
fate-specifying TFs in Bel cells through the activation of T-bet.

Very little is known about Rore and Rora in B cells. While it has been shown that B
cells can produce 11.-17, it appears they do so independently of Ror”. We have yet to show
that in the absence of T-bet, activated B cells produce other signature cytokines, although the
differential transcript expression of key “master regulators” suggests that they may have
acquired alternative B effector fates. In support of this, we do show that B cell intrinsic loss
of Thx21 biased NP* Bmem causes them to express an alternative, TGF-B-induced, secondary
Ig subclass, IgG2b™'. Additionally, it is proposed that class switched B cells may represent
transcriptionally and functionally distinct Bmem populations™. Separable programs for IgG2a
and IgA Bmem have been described and largely determined by the expression of Thx27 and
Rora, respectively”™. Indeed, Bmem populations characterized by the expression of IgG2a or
IgA are distinctive in cell surface phenotype and migratory potential®’. Therefore, it is
tempting to speculate that like the Th1/Th2 paradigm for T cells there exists a similar
dichotomy for B cells.

In agreement with this speculation, we have some preliminary data that suggests in the
absence of Thx21, B cells may produce alternative class switched antibody in addition to

IgG2b. We have observed Thx27 deficient B cells preferentially secrete IgA in response to
influenza infection (Figure 1A-C). Itis well understood that [gha CSR is initiated by TGF-f3
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and TGF-BR-induced transcription factors (TFs), including SMAD and Runx3*’. Therefore,
we propose that like Th1 cell differentiation where T-bet may redirect Runx3 to silence I4, T-

238,239
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bet may redirect Runx3 in B cells to silence to Igha or other lineage defining genes
support of this, we identify a T-bet dependent differentially accessible region (DAR) within
the Rore locus in B6 Bel cells. Within that T-bet-dependent DAR, we find a predicted a T-
bet-Runx composite consensus binding motif along with concomitant decreased transcript

expression of Roreover time. This suggests that repression of Rorv occurs through cooperation

of T-bet and Runx in B cells. Altogether, our data is suggestive of alternative B cell fates which

are repressed by IFN-y-induced T-bet.
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Figure 9 T-bet opposes IgA-producing cells in response to influenza
infection in the lung.

(A-C) Irradiated puMT recipients are reconstituted with a mix of either 20% B6 +
80% pMT (B-WT) or 20% Tbx21" + 80% uMT BM (B-Tbx21"). B chimeric mice
were infected with influenza (PR8) 8 weeks post reconstitution and analyzed 30
days later.

(A) Representative flow plot of lung CD138+ cells in B chimeric mice 30 dpi

(B-C) ELISPOT of influenza NP or HA —specific IgA cells from the lungs 30 dpi of
influenza infected B chimeric mice (B) and quantification (C)
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T-bet paradox: Stable B effector state
Our data showed that T-bet restrained the expression of Sz, Irf, and Nfkb family

members. Indeed, the expression of many S7az Irf, and Nfkb tamily members declined in Bel

cells when compared to Be2 cells, whereas Thx2 17" Bel cells maintained the expression of
Stat, Irf, and Nfkb family members relative to B6 Bel cells. Furthermore, continued NF-kB

activation through the addition of an NF-kB activator in the B6 Bel cultures blocked the
generation of ASCs. Therefore, T-bet promotes ASC differentiation by limiting the activity
of NF-kB in B cells. Initially, this was somewhat unexpected in that Nf&b family members are
known to support the activation of B cells and their subsequent differentiation into ASCs™".
Although, the transcription factor, Blimp1, may promote ASC differentiation by repressing
genes that support B cell proliferation like the Nf&b family member, Re/**™. This could
suggest, like Blimp1, T-bet may drive the generation of ASCs through negatively regulating
pro-proliferation genes in IFN-y-activated B cells.

Consistent with our observations 7 vitro, we found the highly proliferative, T-

dependent, GC B cells express T-bet 12 days following influenza infection. It has also been

shown that Tth cells may transiently express T-bet and produce IFN-y relatively early

287,289

following immunization Therefore, it is likely that GC B cells are responding to IFN-
Y—producing Tth cells at this time. Since we showed that T-bet promotes the differentiation
of ASCs by limiting genes that may support B cell proliferation, we predict that T-bet may
actively suppress the formation of the highly proliferative GC B cells. In support of this
prediction, we found that Thx27""GC B cells expand over time when in competition with B6
GC B cells (Figure 2A-C). Therefore, this observation is very consistent with our findings
that T-bet prevents the continued expression of pro-proliferative genes like Nf&b family
members iz vitro. However, we also observed high T-bet expression in GC B cells. How can
this be? We speculate that this is a question of occupancy. 7 vitro, B6 B cells are activated by
IFN-y-producing Th1 cells and BCR stimulation. Consequently, T-bet is expressed early in
B6 Bel cells, coincident with the expression of S7a# Irf, and Nfkb family members. We
propose at this time, T-bet is rendered functionally inactive as a result of active STAT, IRF,

and NF-kB family members at some, but not all loci. Once B6 Bel cells are no longer exposed

to T cell help and/or have effectively consumed IFN-y/BCR stimulation, T-bet is then able
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to enact its repressive function. Therefore, IFN-y-induced ASC differentiation is a
consequence of the relative abundance of T-bet, STAT, IRF, and NF-kB family members. In
support of this, it has been shown that a high expression of T-bet repressed Pdrdl, the gene
that encodes for PD-1, thus sustaining antigen specific CD8" T cells during chronic viral
infection™. Thus, T-bet may function in an expression-dependent fashion during IFN-y-
induced ASC differentiation. Therefore, while we show that sustained NF-kB activity can
block the formation of ASCs, much remains to be understood about how the interplay

between T-bet and NF-kB family members determines B cell fate decisions.
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Figure 10 T-bet represses GC B cell formation after influenza infection.

(A-C) Irradiated uMT recipients are reconstituted with a mix of either 50% CD45.1
B6 + 50% CD45.2 B6 (WT:WT) or 50% CD45.1 B6 + 50% CD45.2 Thx21" BM
(Tbx21":WT). Competitive chimeric mice were infected with influenza (PR8) 8
weeks post reconstitution and draining lymphnode (LN) analyzed at 10,15 and 30
days later.

(A) Representative gating strategy for influenza nucleoprotein (NP) GC B cells

(B-C) Representative flow plots assessing the contribution of CD45.1 or CD45.2
cells to NP+GC B cells 30 days after influenza infection in competitive chimeric
mice groups (B) and quantification of (B) by normalized GC B formation efficiency
= (CD45.2 GC B/ CD45.1 GC B)/(CD45.2 FoB / CD45.1 FoB) (C)

IRF1 as a regulator of the protective, innate-like B cell populations

Our data showed that I7f7 was required for mounting optimal early antigen specific
IgM in response to influenza infection and prototypical T-independent (T-I) immunizations.
While these data support our conclusion that I7f7 is required for the generation of MZ B cells

in that these cells contribute to innate-like, protective antibody responses, we cannot yet
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preclude the possibility that the B-1 B cells are functionally defective in the absence of Irf7.
Indeed, our data showed that B-1a and B-1b cells are intact by cell surface phenotype, but
whether these cells require Irf7 to generate antibody remains an open question. Given that
phophorylcholine (PC)-specific IgM arises from the fetally derived T15 clone, we predict that
B-1 B cells are functionally censored since our data showed that Irf7 was required to efficiently
generate PC-specific IgM upon PC-containing Streptococcus pneumoniae immunization’'.
Furthermore, we have observed that there is a significant reduction in total IgG3 in the
preimmune sera of I7f/ deficient mice (data not shown). As B-1 B cells are the primary
producers of natural antibody, those data would also suggest that B-1 B cells are functionally
defective. Therefore, our data suggests that I7f7 expression is important for all innate-like B

cells and how I7f7 may influence neonatal B cell lymphopoiesis will require further study.

The influence of TLR signaling in the development of mature B cells
Our data showed that co-signaling of BCR and TLR promotes high IRF1 expression,

where Irf7 is required for the development of MZ B cells. It is currently unclear whether the
sensing of microbial or self components through TLRs influences the clonal selection or
expansion of immature B cells into the primary B cell repertoire. It appears that Myd§8 and
Trif, the direct downstream adaptors of TLRs, are mostly dispensable for mature B cell
development™. Given that innate-like B cells express broadly reactive BCRs similar to TLRs
in regards to specificity, it is conceivable that compensatory BCR signaling in the absence of
Myd88 and Trif could result in a mostly complete mature B cell pool, provided that FoB cells
do not require TLR signaling. Indeed, in addition to specificity, TLR and BCR signaling share
central components of the NF-kB pathway”'*”. Furthermore, we have observed high IRF1
expression in transitional B cells in the presence of high dose TLR and/or BCR stimulation.
Therefore, some of our data seem very consistent with the notion that Myd8§ and T7rif are not
required for the development of mature B cells.

However, humans deficient in MYDS&§ exhibit increased autoreactivity within the
naive B cell compartment, implying that TLR signaling pathways are required for the
climination of autoreactive BCRs during B cell development™.  Similarly, multiple
components of TLR signaling are essential for shaping the BCR repertoire of B-1 B cells™”.
Therefore, while mature B cells are sufficiently generated in the absence of TLR signaling, the

composition of the primary B cell repertoire is significantly altered. One possibility is that
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TLR signaling lends itself to mechanisms of clonal selection. Indeed, our data shows that /7"
/"B cells bearing the self-reactive V,,81X transgene are not appropriately selected into the MZ
B cell pool, where the putative autoantigen may also engage TLRs . Alternatively, as TLR
ligands are known mitogens, engagement of TLRs could promote clonal expansion®’. Since
Myd88"" mice can sufficiently develop all mature B cells and MZ B cells may undergo
homeostatic proliferation, we predicted that Myd88'MZ B cells are at a competitive

98,296

disadavantage Indeed, our data shows there are fewer Myd88'MZ B cells when in
competition with B6 MZ B cells. How might BCR and TLR co-signaling grant a competitive
advantage to developing, peripheral B cells? It is well appreciated that TLR engagement can

: B : e 68,218-221,297-299
promote responsiveness to the pro-survival factor, BAFF, in transitional B cells™ . .

Additionally, TLR signaling could initiate an IFNB—feedforward loop to support the sutvival
of developing, peripheral B cells®”. Therefore, it is tempting to speculate on a model of MZ
B cell interclonal competition, where TLR and BCR co-signaling in transitional B cells bestows

a competitive advantage in clonal selection and/or expansion.

IRF1 and the development of autoimmunity
Our data showed that IRF1 regulates expression of P#pn22, a proposed negative

regulator of BCR signaling. This dampening of BCR signaling not only promotes the
development of the MZ B cell compartment but also the prevents the clonal selection of
autoreactive B cells into the FoB cell repertoire. The inclusion of those autoreactive
specificities may then facilitate the development of self-reactive GCs and autoantibodies. Itis
well appreciated that distinct populations of B cells require different BCR signaling thresholds
for their development. While relatively “weak” BCR signaling in transitional B cells will favor
the selection into the MZ B cell compartment, a “strong” signal will promote the development
of FoB cells**". Therefore, our data is very consistent with the proposed “Goldilocks”
model for the positive selection of MZ B cells’*. However, the loss of MZ B cells in the
absence of Irf7, initially, seems at odds with the development of autoimmunity. Indeed, the
activation and/or expansion of the MZ B cell pool is often observed in models of Rheumatoid
Arthritis (RA), Systemic lupus erythematosus (SLE), and type 1 diabetes™ . Although, these
studies identify the expanded MZ B cell population as a correlate at the onset of autoimmune

disease, where antigen presentation is the proposed primary function of these cells™”.

196



Therefore, it is difficult to determine the exact role of MZ B cells in those settings. In contrast,
MZ B cells express BCRs that often recognize self-antigen exposed on potentially pro-

54,304-3

inflammatory apoptotic cells . Consequently, MZ B cells can participate in the clearance

of self-antigen generated by senescent cells, which could otherwise promote the development

: ;o 54,304-306
of autoimmunity™™"""

. Thus, our data support a model where Irf/-dependent MZ B cells
perform essential “housekeeping” functions to prevent the pathogenesis of autoimmune
disease.

Our data also showed that IRF1 may promote the development of the homeostatic
MZ B cell compartment through the upregulation of the gene Ppn22, where the loss-of-
function variant is often associated with the increased susceptibility to many autoimmune
diseases™*?”. Similar to the role of PTPN22 inhibiting TCR signaling, we found that B cells
display enhanced calcium influx and reduced tolerance in response to BCR stimulation™”.
These results initially appeared inconsistent with a previous study reporting that Pipn22 is
completely dispensable for BCR signaling™”. However, this study evaluated bulk mature B
cells, therefore B cell-type specific BCR signaling could not be adequately assessed. Therefore,
our data is consistent with the notion that MZ B cell precursors may require developmentally

r . . - 46,9395
distinct mechanisms for their maturation™” .

However, our data also showed that IifT/ )
B cells preferentially developed into GC B cells in response to endogenous antigens in aged
competitive chimeric mice, suggesting that IRF1 may regulate the generation of FoB cells in
addition to MZ B cells. Given that IRF1 inhibits BCR signaling thresholds in transitional B
cells, it is tempting to speculate that the composition of the primary mature B cell repertoire
is altered, where the redistribution of self-reactive specificities may promote the production
of high affinity, pathogenic autoantibody. Therefore, B cell intrinsic-IRF1 may play a
multifactorial role in the prevention of autoimmune disease.

Additionally, IRF1 was originally described as directly promoting the transcription of
human IFNA7 and IFNBT7, well appreciated type I IFNs implicated in autoimmune

307,308

disease”™ . While we have yet to evaluate the contribution of B cell-intrinsic IRF1 to the

production of IFNa/f, we speculate that populations of innate immune cells may be an

adequate source™””"’. Although, B cell-intrinsic IFNP has been shown to regulate the survival

of autoreactive B cells*”*"". Thus, it is possible that IW’/ " B cells are more vulnerable to

: 9,3
apoptosis™!!

of BCR, TLR, and IFN, where compensatory BCR/TLR signaling may be sufficient®.

. Alternatively, the survival of autoreactive B cells may depend on the balance

197



Collectively, these data indicate that IRF1, induced in response to BCR and TLR signals,
regulates the amplitude of BCR signaling in developing, peripheral B cells which promotes the

generation of an innocuous primary B cell repertoire.

COVID-19 vaccination strategies
The currently approved vaccination strategies for COVID-19 are delivered by

intramuscular injection and elicit robust systemic humoral responses. While these vaccination
strategies significantly reduced viral load in the bronchoalveolar lavage fluid (BAL) and lower
respiratory tract tissue, the levels of viral replication in the nasal cavity are unaffected,
suggesting the potential for transmission’’. Therefore, the AdSCOVID intranasal vaccine
offers an attractive strategy to induce local, protective enduring immune responses.

Our data showed that Ad5COVID intranasally vaccinated mice were protected against
viral challenge. However, while the phase I/II clinical trial demonstrated safety the
Ad5COVID vaccine proved ineffective in eliciting protective immune responses when
compared to placebo control groups. These studies exemplify the considerable differences
between man and mouse. While intranasal vaccination strategies offer an attractive
immunization route to induce local, mucosal immunity we know relatively little about the
immune responses established in situ in humans. Indeed, due to the limitations of human
studies we currently understand the Waldeyer’s ring as a functional equivalent to the nasal

8

associated lymphoid tissue (NALT) in the mouse’™. Therefore, the very tissues or the

organization of local lymphoid tissues that give rise to nasal immune responses could be vastly

different between the mouse and man®®,

In addition to distinct local lymphoid associated
tissues, there are other confounding factors of experimental mouse model systems including
housing cleaniness, limited exposure to other viral and microbial agents, and reduced
susceptibility to COVID-19"”. These differences are well appreciated and are perhaps the
underlying cause to the robust responses observed in the Ad5COVID murine preclinical trial.

Even though Ad5COVID intranasal vaccination strategy proved ineffective, we
currently know very little about the mechanistic basis for the generation of protective antibody
upon other COVID-19 vaccination platforms or natural COVID-19 infection. Furthermore,
the lifespan of efficacious antibody responses induced upon vaccination or infection are

continuing to be evaluated. It has been shown anti-SARS-CoV-2 antibody seropositivity has

persisted for 6 months after vaccination and up to 10 months post infection’**', Although,
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it has also been reported anti-SARS-CoV-2 antibodies rapidly decay in those that experienced
mild SARS-CoV-2 infection’’. Therefore, it is paramount to understand how to elicit long-
lived, protective antibody responses. Our data, while limited to mouse models, showed that
upon Ad5COVID intranasal vaccination we induced a local, IFN-y-producing T cell response
along with enduring anti-RBD IgG and IgA antibody. Our previous studies identify that the
IFN-y-inducible TF, T-bet, is indispensable for the generation of long-lived antibody in

response to influenza infection. Therefore, it is conceivable that T-bet may also be required
to form durable anti-RBD antibody upon Ad5COVID intranasal vaccination. In support of
this idea, it has been shown that T-bet" activated B cell populations strongly corresponded to
the induction of neutralizing SARS-CoV-2-specific antibodies as well as autoreactive

antibodies in response to SARS-CoV-2 infection®®

. Although, these features are enriched in
those that were critically ill, suggesting both pathogenic and protective roles for the correlating
T-bet" B cell subset™®. Therefore, it will be interesting to profile activated B cell subsets for

T-bet expression in response to COVID-19 vaccination strategies. Furthermore, to evaluate
the requirement for T-bet or other IFN-y-inducible TFs in the generation of durable SARS-
CoV-2-specific antibody. Therefore, assessing the roles of T-bet expressing B cells in infection

and immunization could offer beneficial insight in the design of future vaccination protocols.

Future directions and concluding remarks
Collectively, these data underscore the importance of IFN-y and IFN-y-inducible TFs

in B cell biology. We show for the first time, how two IFN-y-inducible TFs shape B cell fate
decisions upon activation and in development. Originally described as the “B cell growth
factor,” IL-4 is often recognized as the cytokine to support B cell proliferation, CSR, and ASC

3 3 . 235-242.319
differentiation™=">"".

However, we have established a new paradigm by which IFN-y-
inducible TFs provide lasting humoral immunity upon viral infection and protective, broadly
reactive early antibody responses to bacterial and viral pathogens.

We previously observed that Thl-activated B cells preferentially produced antibody
and we soon realized IFN-y-inducible T-bet was required for ASC differentiation 7 vitro. We
show unlike any other appreciated ASC specitying TFs, T-bet was dispensable for upregulation
of Prdmi. Instead T-bet limited an IFN-y-induced inflammatory program which was

incompatible for ASC formation. While T-bet was not a global regulator of ASC
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differentiation, we show that T-bet was indispensable for the development of long-lived ASC
responses upon influenza infection. While these data provide a mechanism for IFN-y-induced
ASC differentiation, many questions remain. Our data indicate that perhaps like the
established Th1/Th2 paradigm there may be a similar dichotomy for B cells. Is there a
separable lineage-defining program for IgA or IgG2b-expressing B cells? Additionally, how
might the interplay between T-bet and NF-kB family members influence B cell fate decisions?

Our data also predicted the TF, IRF1, as a regulator for IFN-y-induced ASC
differentiation. Consistent with our prediction, IRF1 is required for the generation of eatly
antigen-specific IgM in response to viral infection and bacterial immunization. Unexpectedly,
we found that IRF1 is indispensable for the generation of innate-like MZ B cells. While IFNs
can induce IRF1 expression in MZ B precursors, IFN signaling is not required for MZ B cell
development. Instead we find that BCR/TLR signals, which can influence MZ B cell
development, induced high expression of IRF1 in transitional B cells*****"*****, IRF1 then
regulates the expression of P#n22, a negative regulator of antigen receptor signaling™**”,
Collectively, we find an unanticipated role for BCR/TLR-induced IRF1 for the selection of
MZ B cells. A long-standing question is how TLR signals may influence the primary B cell
repertoire. Our data indicates that TLR signals may bestow a competitive advantage to
developing, peripheral B cells. Additionally, our data suggests that dual BCR/TLR-induced
IRF1 ensures the generation of an innocuous B cell repertoire. Exactly how might the
redistribution of self-reactive specificities promote the development of autoimmune disease?

Lastly, we provide data that supports the use of an intranasal Ad5COVID vaccination
strategy. We show that local polyfunctional T cell responses and durable RBD-specific IgG
and IgA are elicited upon intranasal Ad5COVID immunization. We currently appreciate that
approved vaccination strategies can induce long-lived SARS-CoV-2-specific antibody and yet
we do not understand the mechanistic basis for the generation of this response, nor have we
fully established how only some vaccination strategies grants longevity to ASCs. Our previous
studies provide some indication that T-bet is required for the generation of long-lived antibody
in response to viral infection. Furthermore, T-bet” B cells have shown to be a correlate of
neutralizing SARS-CoV-2-specific antibody. Thus, defining the basic underlying mechanism
for the generation of durable antibody could be invaluable for informing future vaccination

strategies.
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