1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Immunity. Author manuscript; available in PMC 2022 March 30.

-, HHS Public Access
«

Published in final edited form as:
Immunity. 2022 February 08; 55(2): 290-307.€5. doi:10.1016/j.immuni.2022.01.002.

Development of Thet- and CD11c-expressing B cells in a viral
infection requires T follicular helper cells outside of germinal
centers

Wenzhi Song?, Olivia Q. Antao?, Emily Condiff!, Gina M. Sanchez?, Irene Chernoval,
Krzysztof Zembrzuski?, Holly Steachl, Kira Rubtsova3, Davide Angeletti4, Alexander
Lemenze?, Brian J. Laidlaw®, Joe Craftl:6.*, Jason S. Weinstein2":"

1Department of Immunobiology, Yale University School of Medicine, New Haven, CT, USA
2Center for Immunity and Inflammation, Rutgers New Jersey Medical School, Newark, NJ, USA
SDepartment of Biomedical Research, National Jewish Health, Denver, CO, USA

“Department of Microbiology and Immunology, Institute of Biomedicine, University of Gothenburg,
Gothenburg, Sweden

SDivision of Allergy and Immunology, Department of Medicine, Washington University School of
Medicine, St. Louis, MO, USA

6Department of Internal Medicine, Yale University School of Medicine, New Haven, CT, USA

“Lead contact

SUMMARY

Thet*CD11c* B cells arise during type 1 pathogen challenge, aging, and autoimmunity in mice
and humans. Here, we examined the developmental requirements of this B cell subset. In acute
infection, T follicular helper (Tfh) cells, but not Thi cells, drove Thet*CD11c* B cell generation
through proximal delivery of help. Tbet* CD11c* B cells developed prior to germinal center

(GC) formation, exhibiting phenotypic and transcriptional profiles distinct from GC B cells. Fate
tracking revealed that most Thet*CD11c* B cells developed independently of GC entry and
cell-intrinsic Bcl6 expression. Thet*CD11¢* and GC B cells exhibited minimal repertoire overlap,
indicating distinct developmental pathways. As the infection resolved, Tbet*CD11c* B cells
localized to the marginal zone where splenic retention depended on integrins LFA-1 and VLA-4,
forming a competitive memory subset that contributed to antibody production and secondary GC
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seeding upon rechallenge. Therefore, Thet*CD11c* B cells comprise a GC-independent memory

subset capable of rapid and robust recall responses.

In brief

Thet*CD11c* B cells arise during viral infection and accumulate in aging and in settings of
autoimmunity. Song et al. find that Thet*CD11c™ B cells require interactions with T follicular
helper cells but develop outside of germinal centers, forming instead a distinct memory subset at
the splenic marginal zone that can substantially contribute to recall responses.
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INTRODUCTION

Humoral immunity is mediated by diverse B cell subsets contributing to pathogen clearance
and autoimmune-mediated tissue injury through antigen presentation, cytokine secretion,
and antibody production. Age-associated B cells (ABCs), marked by expression of T-box
transcription factor (Thet) and the surface marker CD11c, have been described in aging mice
(Hao et al., 2011; Rubtsov et al., 2011). B cells exhibiting the Thet*CD11c* phenotype in
nonaging conditions also arise in chronic infections and autoimmune diseases, as well as
following vaccination and acute viral infections (Barnett et al., 2016; Hao et al., 2011; Jenks
etal., 2018; Lau et al., 2017; Nellore et al., 2019; Racine et al., 2008; Rubtsov et al., 2011;
Rubtsova et al., 2013). Characteristics of these cells vary depending on the inflammatory
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environment, but dual expression of Thet and CD11c is a congruent feature. Thet expression
in B cells is necessary for immunoglobulin (Ig) class switching to 1gG2a/c and antibody-
secreting cell differentiation (Peng et al., 2002; Stone et al., 2019; Wang et al., 2012),
whereas the role of CD11c on these cells is unclear. ABCs have high MHC Il expression,
and upon transfer, migrate to the T-B cell border (Rubtsov et al., 2015), suggesting that

they interact with T cells, possibly leading to the Ig somatic hypermutations (Russell

Knode et al., 2017). Thet"CD11c* B cells are enriched for autoreactive clones and secrete
antibodies in response to cytokine and Toll-like receptor (TLR) agonists ex vivo, in contrast
to conventional memory B cells that respond effectively to B cell receptor (BCR) stimulation
(Jenks et al., 2018). However, their functional contributions /n vivo are incompletely
understood. On the one hand, Thet*CD11c* B cells may contribute to pathogen clearance
through the production of protective antibodies (Nellore et al., 2019; Racine et al.,

2008; Yates et al., 2013); on the other hand, they are implicated in the progression of
autoimmunity (Jenks et al., 2018; Liu et al., 2017; Rubtsova et al., 2017; Wang et al., 2018;
Woodruff et al., 2020a, 2020b). Therefore, elucidating Thet*CD11c* B cell development
along with the regulation of their balance between protective and autoreactive function is
necessary for their therapeutic manipulation upon pathogen challenge and in autoimmunity.

The signals driving Thet*CD11c* B cell development are being elucidated; nonetheless,
the /n vivo source(s) of their stimuli remains unclear. IFN-y induces Thet expression in

in vitro-cultured B cells (Naradikian et al., 2016), whereas IL-21 induces CD11c in both
in vitro B cell systems and lupus-prone mice (Manni et al., 2018; Wang et al., 2018).
These cytokines inducing Thet*CD11c* B cells could be secreted /in vivo by T follicular
helper (Tfh) and T helper 1 (Th1) cells (Miyauchi et al., 2016; Weinstein et al., 2018).

Tth cells orchestrate germinal center (GC) responses through delivery of cytokines and
contact-dependent help such as CD40 ligand (CD40L) (Linterman et al., 2010; Weinstein
etal., 2018; Xu et al., 1994; Zotos et al., 2010). Generation of Thet*CD11c* B cells is
impaired in CD40L- or in SLAM-associated protein (SAP, encoded by S$/2d1a)-deficient
mice (Manni et al., 2018; Russell Knode et al., 2017), both of which have defects in Tfh
cell differentiation and GC formation (Qi et al.,2008; Xu et al., 1994), suggesting that
Thet*CD11c* B cell development is Tfh cell and GC dependent (Karnell et al., 2017;
Knox et al., 2019). However, T cell expression of Bcl6, the canonical Tth cell transcription
factor (Johnston et al., 2009; Nurieva et al., 2009; Yu et al., 2009), may not be required

for Thet*CD11c* B cell formation (Levack et al., 2020). Furthermore, Th1 cells secrete
IFN-y and IL-21, express CD40L, and aid B cell production of protective antibodies in the
absence of Tth cells and GCs (Miyauchi et al., 2016; Weinstein et al., 2018). Therefore, the
CD4* T cell subset responsible for the development of Thet*CD11c* B cells is incompletely
understood, as is the developmental relationship of the latter to GC B cells. Addressing
these questions is crucial for developing therapeutic strategies targeting Thet*CD11c* B
cells while preserving protective GC functions including the generation of affinity matured
long-lived memory and plasma cells (PCs).

We adopted an acute lymphocytic choriomeningitis virus (LCMV) infection mouse model
previously described to induce Thet*CD11c* B cells (Rubtsova et al., 2013). We examined
their /n vivo requirements for generation, relationship with other B cell subsets, localization,
and function. We found that Tfh, not Th1, cells colocalize with and drive the generation
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of Thet*CD11c" B cells. Thet*CD11c* B cells developed before GC formation, exhibiting
phenotypic and transcriptional profiles distinct from GC B cells. Genetic fate tracking

and perturbations to GCs showed Thet*CD11c* B cell formation to be predominantly
GC-independent, with Ig repertoire analysis revealing a minimal clonal overlap between
Thet*CD11c* and GC B cells. Furthermore, at the peak of GC response, Thet*CD11c*

B cells were retained via the integrins LFA-1 and VLA-4 at the marginal zone, where

they awaited reactivation to become a substantial contributor to the recall response. Thus,
Thet*CD11c* B cell development in response to viral infection is independent of the GC
response, yet still requires help delivered by Tfh cells.

Tbet*CD11c* B cells expand and contract following an acute viral infection

Thet*CD11c* B cells produce antibodies in response to infections and in autoimmune
diseases (Isnardi et al., 2010; Liu et al., 2017; Racine et al., 2008; Rubtsov et al., 2013;
Rubtsova et al., 2013), yet their developmental requirements /7 vivo remain unclear. To this
end, we infected wild-type (WT) C57BL/6 mice with LCMV-Armstrong to investigate the
induction of Thet*CD11c* B cells (Rubtsova et al., 2013), a subset found in the spleen but
rare in the lymph nodes and blood at days 3, 5, 8, 10, and 14 postinfection (p.i.) (Figure S1A
and data not shown). A distinct population of Thet*CD11c* B cells emerged by day 5, with
its frequency and number continuing to increase until day 8 and 10 p.i., respectively (Figure
1A). Most Thet*CD11c* B cells were Ki67" between days 5 and 8, indicative of cell cycle
activation, with a Ki67° population emerging at day 10 p.i. (Figure 1B). The latter became
the predominant Thet*CD11c* B cell subset by day 14 p.i., consistent with its decline in cell
number (Figures 1A and 1B). These data indicated that Thet*CD11c™ B cell development
and expansion occur in the first 10 days following acute viral infection.

Tfh cells drive in vivo generation of Tbet*CD11c* B cells

The kinetics of Thet*CD11c* B cell development correlated with those of Thl and Tfh
cells following LCMV infection (Weinstein et al., 2018). To confirm Thet*CD11c* B cells’
developmental dependence on CD4* T cells, we infected 7cr&™ animals with or without
having received Smarta (Stg) CD4* T cells, which express a transgenic TCR specific for the
LCMV peptide Gp66—77 (Oxenius et al., 1998). At day 10 p.i., mice receiving Stg CD4*

T cells had increased induction in total splenic activated B cells as well as Thet*CD11c*

B cells compared with 7cr5™~ mice receiving no cells and to uninfected controls (Figures
2A and 2B). These data suggest that i vivo, CD4* T cells drive Thet*CD11c* B cell
generation.

LCMYV infection induces robust CD4* T cell differentiation into both Th1 and Tth cell
subsets coproducing IFN-y and IL-21 (Weinstein et al., 2018), two cytokines that promote
the Thet* CD11c* B cell phenotype /n vitro (Naradikian et al., 2016; Wang et al., 2018).
To separate the capability of each Th cell subset in driving the Thet*CD11c* B cell
development /n vivo, we examined LCMV-infected /cos™ mice, which have defective Tfh
cell differentiation and consequently more Th1 cells than their WT counterparts (Figure
S1B). At day 10 p.i., B cell activation was reduced in /cos™ mice compared with WT
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or uninfected mice, as was the generation of Thet*CD11c* B cells (Figures 2C and 2D),
suggesting their dependence on Tfh cells for differentiation. We additionally infected
Sh2dia” and CD4C™® Bc/6Vfl mice, two Tfh-cell-targeting mouse models that had little

to no reduction in Th1 cell numbers (Figures S1C and S1D). We observed decreased
percentages and numbers of Thet*CD11c* B cells compared with WT and Bc/61f controls,
respectively (Figures S1C and S1D). To confirm these findings, we adoptively transferred
Thy1.1* Stg* CD4* T cells into congenic WT mice and sorted Th1 (Thy1.1* PSGL-1Ni
Ly6chi) or Tfh (Thy1.1* PSGL-1° Ly6c!® PD-1* CXCR5") cells (Marshall et al., 2011)

at day 5 p.i. with their retransfer into infection-matched 7cr/~ animals (Figure 2E).
Recipients of Th1 cells and uninfected controls failed to generate a substantial Thet*
CD11c* B cell response, whereas mice receiving Tfh cells had significant induction of
Thet*CD11c* B cells (Figure 2E). Together, these data suggest that Tfh cells, not Th1 cells,
are the effector CD4* T cell subset responsible for driving Thet* CD11c* B cell formation /n
vivo.

Developing Tbet*CD11c* B cells are found proximal to Tfh cells

Given that the development of Thet*CD11c* B cells is promoted by Tth cells, we
hypothesized that they would be enriched in proximity to the latter cells. To test this
hypothesis, we analyzed spleen sections obtained from Thet-AmCyan reporter mice at day
8 p.i. with LCMV, the proliferative phase of Thet*CD11c* B cell response (Figure 1B),

by multiplexed confocal imaging with histocytometric analysis (Gerner et al., 2012; Yu et
al., 2015) (Figure S2A). This technique allowed quantitative analysis of immunofluorescent
images on a single-cell level and identification of Thet*CD11c* B cells, Tth cells, and,

as a control, Thl cells in each spleen section (Figures 2F and 2G). We confirmed that
plasmacytoid dendritic cells (pDCs) were Thet™ at this time point and, therefore, not
misidentified as Thet*CD11c™ B cells (Figure S2B). Because of the early disruption of
splenic architecture by LCMV infection (Mueller et al., 2007; Scandella et al., 2008), most
microanatomical structures could not be delineated to precisely quantify the distribution

of Thet*CD11c* B, Tfh, and Th1 cells. However, by plotting the location of the three
populations, we found Tfh cells mostly around B cell follicles and Th1 cells dispersed
within red pulp (Figure 2F). Moreover, we observed clusters of Tbet*CD11c* B cells

at the edge of follicles adjacent to Tth cells (Figure 2F). To quantify the clustering of
Thet*CD11c* B cells around Tfh or Th1 cells, we used a multitype Ripley’s K function to
analyze the distribution pattern of Thet*CD11c* B cells in relation to either effector CD4*
T cell subset. We found no significant difference between the computed K function for Thl
cells and the theoretical K function assuming Poisson distribution (Figure 2H), suggesting
random distribution. In contrast, the calculated K function for Tfh cells exceeded that of
the theoretical K function (Figure 2H), consistent with clustering between Tbet*CD11c*

B cells and Tth cells. Combined with their role in driving Thet*CD11c* B cell formation
(Figures 2C-2E), these findings suggest that Tth cells deliver help in proximity to promote
Thet*CD11c* B cell differentiation, which could include cytokines such as IL-21 and IFN-y
and the contact-dependent help CD40L (Keller et al., 2021; Manni et al., 2018; Naradikian
et al., 2016; Russell Knode et al., 2017; Wang et al., 2018).
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Most Tbet*CD11c* B cells develop independently of GCs

Thet*CD11c* B cells have been speculated to be GC-derived because they undergo Ig
somatic mutation and class switch recombination (Karnell et al., 2017; Knox et al., 2019);
however, both processes can occur outside GCs (Di Niro et al., 2015; Roco et al., 2019;
William et al., 2002). To assess whether Thet*CD11c* B cell differentiation is dependent
on GCs, we first examined the expression of canonical GC B cell markers throughout their
development (Laidlaw et al., 2017; Lu et al., 2017). At 6, 10, and 15 days p.i. with LCMV,
we found minimal coexpression of GL-7 and EphrinB1 on Thet*CD11c* B cells, indicating
phenotypic distinction from GC B cells (Figure 3A). We next performed RNA-sequencing
on sorted Thet*CD11c*, GC, and naive follicular B cells at day 12 p.i. with LCMV (Figures
S3A and S3B). Principal-component analysis (PCA) of total transcriptome demonstrated
that Thet*CD11c™ B cells were a subset distinct from GC and naive B cells (Figure 3B).
Moreover, differential gene expression analysis of Thet*tCD11c* and GC B cells, performed
postnormalization to naive B cells, revealed that GC B cell signature genes, such as Bc/é,
S1pr2, and Aicda, were downregulated in Thet*CD11c* B cells. Conversely, expression of
Thet*CD11c* B cell signature genes such as /fgax (encoding CD11c), 76x21 (encoding
Thet), and Fcrf5were lower in GC B cells (Figure 3C).

To determine whether Tbet*CD11c* B cells developed within GCs, we performed
histocytometry in Thet-AmCyan reporter mouse spleens at day 12 p.i. with LCMV when
architecture has been mostly restored and early GCs have formed (Figures 3D and S4A)
(Scandella et al., 2008). Within splenic white pulp outlined by areas with IgD and CD4
staining, we found that Thet"CD11c* B cells were largely absent from PNA- and B220-
labeled GCs (Figure 3D). Most white pulp Thet*CD11c* B cells were found at the outer
edge of the follicle, the follicular mantle (Figure 3D). This was consistent with our
observation that at day 14 p.i., Tbet*CD11c* B cells have uniformly downregulated Ki67
(Figure 1B), suggesting that they do not participate in the GC response.

The development of Thet*CD11c* B cells preceded that of GC B cells in response to
LCMV infection (Figure S3C); however, the former could be early emigrants from GCs that
have downregulated their GC signatures. To test this hypothesis, we utilized S1PR2CT€ERT2
Rosa26-0x-Stop-Lox-tdTomato mice which allow GC-specific permanent cell labeling (Green et
al., 2011; Shinnakasu et al., 2016). Mice were infected and administered tamoxifen starting
from day 4 p.i. to fate track GC output. At day 10 p.i., more than 80% of Thet*CD11c*

B cells lacked TdTomato expression, whereas the majority of GL-7* B cells enriched

for early GC B cells expressed TdTomato, suggesting that Thet*CD11c* B cells rarely
originate from GCs (Figure 3E). To determine whether Thet*CD11c* B cell differentiation
diverges from that of GC B cells, we next generated mixed bone marrow chimeras of 50%
CD45.2-marked CD19¢" Bc/6%/f and 50% CD45.1-marked CD19C" Bc/6'* control cells
such that the latter would give rise to B cells capable of supporting Tfh cell development
and GC formation (Dent et al., 1997; Ye et al., 1997). Mice were infected with LCMV,

and at day 12 p.i., the ratio of splenic CD45.1 to CD45.2 cells within the naive, GC, and
Thet*CD11c* B cell subsets was assessed. Compared with GC B cells whose development
requires cell-intrinsic Bcl6 expression, CD45.2 CD19C" Bc/6M/Ml cells populated about half
of the Thet*CD11c* B cell subset in a competitive setting (Figure 3F). Thus, Thet*CD11c*
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B cells are phenotypically and transcriptionally distinct from GC B cells and predominantly
develop independently of GCs.

GC-independent generation of Thet*CD11c* B cells following influenza virus infection

LCMV infection leads to architectural disruption in lymphoid tissues, a common feature
among infections that induce accumulation of Thet*CD11c* B cells (Austin et al., 2019;
Racine et al., 2008; Rivera-Correa et al., 2017). To investigate whether GC-independent
generation of Thet*CD11c™ B cells is conserved in infections that preserve splenic
architecture, we infected Thet-AmCyan reporter mice with the mouse-adapted strain of
influenza virus, A/Puerto Rico/8/1934 (PR8), which induces antigen-specific Thet*CD11c*
B cells in the spleen but rarely the draining mediastinal lymph node (mLN) (Johnson et

al., 2020) (Figure S3D). On days 7, 10, and 15 p.i., HA-specific GC B cells in the spleen
and mLN frequently expressed low amounts of reporter AmCyan but did not phenotypically
overlap with the Thet*CD11c* B cells that were high in AmCyan expression (Johnson et
al., 2020) (Figures 4A-4C). Intracellular staining of Thet resulted in a loss of AmCyan
reporter expression in the GL-7* population consistent with its low expression of Thet
protein (Figure 4B). On the other hand, the canonical GC markers GL-7 and EphrinB1
were rarely expressed or coexpressed by the splenic Thet*CD11c* B cells throughout

the course of infection, regardless of whether they were identified through reporter or
intracellular staining (Figure 4C and data not shown). Therefore, influenza infection
generates Thet*CD11c* B cells with minimal phenotypic overlap with GC B cells.

We next investigated the potential GC origin of Thet"*CD11c* B cells in influenza virus
challenge using S1PR2CTeERTZ Rosa26L0x-Stop-Lox-tdTomato mice, Similar to our observation
with LCMV, influenza infection generated Thet*CD11c* B cells in the spleen that
predominantly lacked TdTomato expression at day 10 p.i., in contrast to the majority

of the GC B cells expressing TdTomato, suggesting that Thet*CD11c* B cells rarely
originated from GCs (Figure 4D). We next infected mixed bone marrow chimeras of 50%
CD45.2-marked CD19¢" Bc/6"/ and 50% CD45.1-marked CD19%" Bc/6+* control cells.
HA-specific Thet*CD11c* B cells contained roughly equal fractions of Bcl6-deficient and
Bcl6-sufficient cells at day 10 p.i., compared with their GC counterpart that was dominated
by Bcl6-sufficient cells (Figure 4E). Altogether, these data suggest that the GC-independent
generation pathway of Thet*CD11c* B cells is conserved among acute viral infections.

Infrequent clonal sharing between Tbet*CD11c* and GC B cells

We next evaluated class switch recombination, somatic mutation, and clonal relationships by
performing next-generation lg sequencing of sorted Thet*CD11c*, GC, and naive follicular
B cells from individual Thet-AmCyan reporter mice at day 12 p.i. with LCMV. Libraries
were prepared by amplifying full-length Igs with unique molecular bar coding of transcripts
for high sequence accuracy. Each biological sample yielded on average 248,116 unique
high-quality assembled reads, from which the heavy-chain sequences were filtered for
analysis. As expected, naive follicular B cells were predominantly of IgM and IgD isotypes,
whereas about 80% of GC B cell sequences had class switched to 1gG (Figure 5A). Isotype
usage of Thet*CD11c* B cells was not different from that of GC B cells (Figure 5A),
consistent with previous reports of class switch recombination occurring outside GCs (Chan
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et al., 2009; Di Niro et al., 2015; Roco et al., 2019; William et al., 2002). Quantification

of overall mutation frequency within full-length Igs revealed that on average 61.5% of GC
B cell sequences were mutated compared with 41.6% of Thet*CD11c* B cell sequences.

In addition, Thet* CD11c* B cells had a lower total mutation load of 0.64% on average
compared with GC B cells with 0.99% of total mutation frequency (Figure 5B). Analysis
of mutations within the complementarity-determining region revealed that GC B cells had a
higher load of replacement mutations (1.21%) compared with Thet*CD11c* B cells (0.66%)
despite having similar frequencies of silent mutations (Figure 5C), suggesting reduced
affinity maturation in the latter subset. These data indicate that although their GC entry is
not required for somatic mutation, affinity maturation may be inefficient in Thet*CD11c* B
cells outside the GC.

To determine clonal relationships between Thet*CD11c* and GC B cells, we examined
clonal overlaps between B cell subsets (Figure 5D). Clones shared between Thet*CD11c*
and GC B cells accounted for less than 10% of total sequences in the respective populations
(Figures 5D and 5E). Next, we reconstructed lineage trees for clonally related sequences
and found clonal lineages predominantly derived from either Thet"CD11c* or GC B cells
(Figure 5F). Analysis of shared clones revealed early bifurcation of Thet"CD11c* and GC
B cells and infrequent interconversions, consistent with the GC-independent development
of most Thet*CD11c* B cells (Figures 3, 4, and 5F). These data collectively reveal

that Thet*CD11c* and GC B cell development occurs through largely separate processes,
resulting in distinct clones.

Tbet*CD11c* B cells accumulate at the splenic marginal zone

Thet*CD11c* B cells developed independently of GCs and localized both within and outside
the white pulp (Figure 3F). To locate Thet*CD11c* B cells outside of white pulp, we
performed histocytometry of day 12 p.i. LCMV-infected Thet-AmCyan reporter mouse
spleens with the red pulp marker F4/80 (Figures 6A and S4B). We observed clusters of
Thet*CD11c* B cells located close to the white and red pulp border (Figure 6A). By

day 15 p.i., many of these B cells were localized to the marginal zone as identified by
MadCam-1 expressed on sinus-lining cells (Figure 6B). To confirm this distribution pattern,
we performed intravenous (i.v.) injection with anti-CD45 antibodies, preferentially labeling
compartments exposed to open blood circulation including the marginal zone (Cinamon et
al., 2008). A significant fraction of Thet*CD11c* B cells was labeled at day 12 p.i. and
continued to increase at day 15 p.i. compared with naive and GC B cells (Figure 6C). These
data suggest that Toet*CD11c* B cells accumulate at the marginal zone as the infection
resolves.

Integrin-dependent splenic retention of Thet*CD11c* B cells

To assess transcriptional changes accompanying the development of Thet*CD11c* B cells,
we next examined their gene expression at days 8, 10, and 15 p.i., which corresponded

to their proliferation, peak, and contraction phases, respectively. Analysis of Thet*CD11c*
B cell transcriptomes revealed 1,433 differentially expressed genes between days 8 and
15, 762 of which continued to be differentially expressed by day 10, suggesting that

most transcriptional changes occurred during the resolution phase of the infection (Figures
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S5A and 6E). Expressions of S1pr3, a S1P receptor family member, and cannabinoid
receptor 2 (Cnir2), both previously reported to be involved in migration to the marginal

zone, were increased as the infection resolved (Figures 6F and S5B) (Basu et al., 2011;
Cinamon et al., 2004, 2008; Muppidi et al., 2011). CXCR3, whose ligands are produced

at the marginal zone (Hirako et al., 2016; Kurachi et al., 2011), was expressed higher

on Thet*CD11c* B cells than their naive follicular and GC counterparts (Figure S5C),
reflecting its transcriptional regulation by Tbet (Beima et al., 2006; Li et al., 2016; Moir

et al., 2008; Rakhmanov et al., 2009; Weiss et al., 2009). To investigate whether S1IPR3

is involved in the positioning of splenic Thet*CD11c* B cells, we assayed their migration
toward S1P ex vivoat day 15 p.i. in the presence of inhibitors. Addition of FTY720, a

S1P analog with high and moderate affinity to SIPR1 and S1PR3, respectively, limited
Thet*CD11c* B cell chemotaxis (Figure 6G). TY52156, a selective inhibitor for S1IPR3,
completely abolished Thet*CD11c* B cell migration (Figure 6G). However, mixed bone
marrow chimeras of CD45.1-marked WT and CD45.2-expressing SZpr3~~ or S1pr3*~ cells
demonstrated no advantage of S1pr3"~ over S1pr3 " cells at day 15 p.i. in populating the
i.v.-labeled Thet*CD11c* B cell compartment. This suggested that despite the role of SIPR3
in driving Tbet*CD11c* B cell migration, its singular loss was insufficient to disrupt their
localization to the marginal zone, possibly because of compensation by other factors such as
Cnr2 and CXCR3 (Figure S5D).

The integrins LFA-1 (aLp2, encoded by /tgaland /tgh2, respectively) and VLA-4 (a4p1,
encoded by /tga4 and /tgb1, respectively) facilitate splenic retention of marginal zone B
cells through interactions with ICAM-1 and VCAM-1 therein (Lu and Cyster, 2002; Tedford
etal., 2017). Thet*CD11c* B cells showed elevated transcriptional and surface protein
expression of both LFA-1 and VLA-4, compared with naive follicular B cells (Figures 3C
and 6H). To examine whether these integrins are required for Thet*CD11c™ B cell retention,
we treated Thet-AmCyan reporter mice at day 15 p.i. with antibodies blocking the alpha
subunits of LFA-1 and VLA-4 or isotype control for 3 h. LFA-1 and VLA-4 blockade
resulted in a significant loss of Thet*CD11c* B cells in the spleens with concomitant
increase in the blood, suggesting their release into circulation (Figure 61). We conclude that
Thet*CD11c* B cell retention in the marginal zone is dependent on LFA-1 and VLA-4
activity.

Tbet*CD11c* B cells produce virus-specific antibodies upon acute infection

The relationship between the ThettCD11c* B cells with non-GC B cell subsets remains
unclear. Therefore, we examined the differentially expressed genes between Thet*CD11c*,
GC, and naive B cells to identify signatures indicative of other functional B cell subsets.
Among the highly expressed genes in the Thett*CD11c* compartment were Pram1 (encoding
Blimp-1), Xbp1, and Sdcl (encoding CD138) suggestive of the capability for antibody
secretion, along with Mnaal, Zeb2, and T/e3associated with memory B cells (Figure 7A)
(Bhattacharya et al., 2007; Laidlaw et al., 2020). The surface phenotype of Tbet*CD11c*
B cells resembled that of memory B cells and not PCs having increased expression of
CD38 but not CD138 at days 10, 12, and 15 p.i. (Figure 7B and data not shown). However,
gene set enrichment analysis revealed that day 12 p.i. Thet*CD11c* B cells did not exhibit
transcriptional signatures of conventional memory B cells in existing molecular signature
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databases (data not shown), possibly because of the low frequency of this subset in the
memory B cell pool. To test whether Thet*CD11c* B cells showed functional similarities
with other B cell subsets, we assayed Thet-AmCyan"i CD11c* B cells, PCs, and IgD!°
CD38* GL-7~ Thet-AmCyan!®~ containing prememory B cells and naive B cells sorted
from reporter mice at day 10 p.i. for anti-LCMV IgG secretion by ELISPOT. B cells
were cultured in the presence or absence of R848, a TLR7 agonist that drives robust ex
vivo differentiation of memory B cells into antibody-secreting cells (Richard et al., 2008;
Weinstein et al., 2013). Antibody production by 1gD!° CD38* GL-7~ B cells was reliant
on TLR stimulation, whereas that of PCs was independent (Figure 7C). Thet*CD11c*

B cells contained antibody-secreting cells producing anti-LCMV antibodies prior to TLR
stimulation, with their number increasing after stimulation (Figure 7C). This suggests that
Thet*CD11c* B cells have the potential to contribute to the primary humoral response
against viral infection.

Thet*CD11c* B cells have been implicated in contributing to circulating autoantibodies

in response to acute viral infection (Woodruff et al., 2020b, 2020c). We next examined
whether they could produce autoantibodies in addition to virus-specific antibodies. We
cultured Thet*CD11c*, IgD'° CD38* GL-7~ B cells, and PCs sorted from day 10 p.i. Thet-
AmCyan reporter mice in the presence of R848 and assessed their secreted self-reactive
Igs by autoantibody microarray. Thet*CD11c* and IgD!® CD38* GL-7~ B cells secreted
similar repertoires of autoantigen-binding 1gG compared with that from PCs, suggesting
that the two former populations are enriched for autoreactive clones (Figure S6A). To test
whether Tbet*CD11c* B cells produce autoantibodies without TLR-driven differentiation ex
vivo, we performed anti-double stranded DNA and anti-chromatin IgG ELISPOTSs. Despite
containing a higher frequency of autoantibody producers compared with 1gD'®© CD38*
GL-7~ B cells, Thet*CD11c* B cells rarely secreted autoantibodies in the absence of R848,
suggesting that further differentiation toward antibody-secreting cells is necessary for their
contribution to serum autoreactivity (Figure S6B).

The extent of /in vivo contribution from Thet*CD11c* B cells to humoral responses against
acute viral infection has not been properly evaluated. Transient Thet expression is required
for class switching to 1gG2c¢ (Peng et al., 2002) and is critical for antibody-secreting cell
differentiation (Stone et al., 2019), which obfuscate experimental results obtained using
animals genetically deficient in Tbet. To circumvent this caveat, we designed a specific
depletion model in which purified polyclonal B cells from CD11c-diphtheria toxin receptor
(DTR)/GFP mice were adoptively transferred into congenically marked MD4 recipients
expressing a transgenic BCR against lysozyme (Jung et al., 2002; Mason et al., 1992),
which mount minimal endogenous B cell responses to LCMV (Figure S7A and data not
shown). Activated B cells unexpectedly increased the expression of DTR independently of
Itgax expression in vitro and CD11c protein expression /n vivo, leading to global ablation of
proliferating B cells on diphtheria toxin (DT) administration (Figures S7TB-S7D). These data
indicate that the CD11c-DTR system is unsuitable for depleting CD11c-expressing B cells
immediately following viral challenge.
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Tbet*CD11c* B cells form a rare yet functionally competitive memory B cell subset

Thbet*CD11c* B cells populate the memory compartment, and we observed that these cells
maintained the 1gD!° CD38* GL-7~ memory phenotype to until at least day 35 p.i. (data

not shown) (Johnson et al., 2020; Nellore et al., 2019; Sutton et al., 2021). Calculation of
Tbet*CD11c* B cell frequency among IgD!'° CD38* GL-7~ B cells throughout the course of
the infection is unlikely to reflect contribution of the former population to the memaory pool,
as the latter also contained memory B cells generated prior to LCMYV infection. To confirm
that acute infection generated Thet* CD11c* memory B cells and assess their prevalence,
we administered BrdU in the drinking water of LCMV-infected Thet-AmCyan reporter mice
starting from day 4 p.i. for 10 days (Figure 7D). At 30 days p.i., Toet*CD11c* B cells
represented around 5% of BrdU* IgD'® CD38* GL-7~ memory B cells, suggesting that

they are a small fraction within the latter compartment. l.v. injection of anti-CD45 antibody
labeled the majority of Thet* CD11c* memory B cells, but only 30% of total memory B
cells, suggesting that the former population maintained their localization to the marginal
zone (Figure 7D). To assess the function of Tbhet*CD11c* memory B cells, LCMV-specific
ELISPOT assays were performed on sorted memory B cell subsets as well as PCs and

naive B cells at day 30 p.i. Similar to memory B cells, Thet*CD11c* B cells were largely
unable to secrete anti-LCMV IgG antibodies in the absence of ex vivo TLR7 stimulation,
suggesting that they represent a memory subset in both phenotype and function. Despite
being less common within the IgD'® CD38* GL-7~ memory B cells, a large number of
Thet*CD11c* B cells were capable of differentiation into anti-LCMV 1gG producers (Figure
7E). Therefore, Thet*CD11c* B cells are a memory subset with considerable functional
potential, likely against blood borne pathogens, given their localization.

To determine the /n vivo contribution of Thet*CD11c* B cells as a memory B cell subset, we
modified our previous CD11c-DTR transfer system to circumvent its caveats (Figure 7F).
Two doses of DT were administered at the memory phase, days 28 and 30 p.i., with transfer
recipients rechallenged 5 days after the last dose to ensure that reactivation was not affected
by DT. By day 35 p.i., there was a universal increase in LCMV-specific serum antibodies in
MD4 mice receiving transferred polyclonal B cells compared with those receiving no cells
and uninfected controls (data not shown). Serum anti-LCMV IgG titers following LCMV
recall demonstrated a trend toward being elevated in PBS-treated animals compared with
their DT-treated counterparts, suggesting that CD11c-expressing memory B cells rapidly
differentiated into antibody-secreting cells upon rechallenge (Figure 7F). At day 5 of recall,
we examined the phenotype of transferred B cells and found them to be more prominent
participants of the secondary GC response in PBS-treated animals compared with mice
receiving DT (Figure S7E). In contrast, endogenous B cells from MD4 recipients showed
comparable percentages of secondary GC B cells, suggesting minimal effect from global DT
toxicity (Figure S7E). To confirm these observations, we sorted and transferred all naive or
memory B cells, the latter with or without the Thet*CD11c* phenotype, from spleens of day
30 p.i. infected Thet-AmCyan reporter mice into naive MD4 recipients. Animals receiving
the small number of Thet*CD11c* B cells generated rapid and robust antibody response
against LCMV at days 5 and 10 p.i., with serum IgG titers higher than mice receiving

naive B cells and comparable to those receiving memory B cells lacking the Thet*CD11c*
phenotype (Figure 7G). In contrast, these latter two recipients produced more anti-LCMV
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IgM antibodies (Figure S7F). We additionally found at day 10 p.i. that all three transferred
subsets gave rise to GC B cells, confirming the ability of Tbet*CD11c* memory B cells to
enter GCs upon antigenic reencounter (Figure S7G). Altogether, these observations suggest
that Thet*CD11c* memory B cells are competitive within the memory B cell compartment
for reactivation, entry into the secondary GC, and antibody production.

DISCUSSION

The developmental dependence of Thet*CD11c* B cells on T cells and their relationship to
GC B cells have been unclear, as has their function in acute viral infections. We showed
that Thet*CD11c* B cells are developmentally dependent on help delivered by Tfh cells

in proximity. Yet, most of these B cells developed prior to and independently of GCs,
indicating a separate developmental pathway. Thet*CD11c* B cells were retained at the
marginal zone via integrins LFA-1 and VLA-4, with corresponding increased expression
of genes suggestive of their migration during the resolution phase of infection. Functional
comparisons between memory B cells expressing and lacking Thet and CD11c uncovered
the substantial contribution of the former to recall responses.

B cell responses mediated by Tfh cells outside of GCs (extra-GC Tth cells) have not

been well characterized. Previous reports have described Tfh-cell-dependent, extrafollicular
plasma cell responses that arise when GC formation is inhibited (Di Niro et al., 2015; Lee
etal., 2011; Levack et al., 2020; Odegard et al., 2008; William et al., 2002); however, it

is unclear to what extent this occurs when GCs are intact. We found that extra-GC Tth

cells are necessary for the Thet*CD11c* B cell response. Thet*CD11c* B cells expressed
1gG2 isotype, with more than one-third of mutated sequences in their repertoire, which is
likely a consequence of CD40L-dependent Tth cell help inducing AID expression in B cells
(Dedeoglu et al., 2004; Zhou et al., 2003). However, Thet*CD11c* B cells lacked signs of
affinity maturation and rapidly downregulated AJcda expression, suggesting that they do not
engage in serial interactions with Tfh cells, in contrast to GC B cells.

Limited overlap was found between the Thet*CD11c* and GC B cells in phenotype,
transcriptome, g repertoire, and localization despite developmental reliance of both on
Tth cells, suggesting that they are opposing cell fates regulated by disparate signals. This
seemingly contradicts a previous report suggesting extensive overlap between the two
populations (Johnson et al., 2020), but most likely resulted from our exclusion of Thet
reporter!© cells that at the time of detection failed to maintain Tbet expression. We instead
focused on Thet reporter™ cells, which contained the subset that coexpressed CD11c and
were uniquely retained in the spleen (Johnson et al., 2020). Separation in the development
of the Thet*CD11c¢™ and GC subsets may occur early after activation and was maintained
by rare interconversion, as their shared clones originated from common precursors that
lacked extensive somatic mutation. Although previous work provided evidence for an
extrafollicular origin for Thet*CD11c* B cells, our study directly elucidated their extent
of developmental divergence from the GC pathway (Jenks et al., 2018).

Thet*CD11c* B cells undergo transcriptional changes as infection resolves, with
accumulation at the splenic marginal zone, a site exposed to blood circulation. Thet™ B
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cells were found at the marginal zone in an Ehrlichia muris infection model (Trivedi et

al., 2019) and were resident in the spleen after influenza infection (Johnson et al., 2020).
Our observation of increased expression of S1pr3, Cnr2, and Cxcr3suggest that multiple
factors could be involved in Thet*CD11c* B cell migration to the marginal zone, whereas
their integrin-dependent retention may be the mechanism underlying their splenic residency.
Unique homing of Thet*CD11c™ B cells potentially enables a protective mechanism through
which an antigen-experienced population is placed at the marginal zone to sample antigen
and mount rapid response to systemic reinfection.

The relative functional contributions of Thet*CD11c* B cells within the memory pool have
been incompletely understood. Our findings suggested that the small subset of Thet*CD11c*
B cells could account for a considerable fraction of the antibody production and secondary
GC seeding by memory B cells on rechallenge. Although their differential localization may
contribute to their competitiveness within the memory pool, other factors such as their

BCR affinity, threshold for activation, and proliferative capabilities may be at play. The
observation of Thet*CD11c* B cells entering secondary GCs conceptually follows previous
studies demonstrating competitive advantage of presumably GC-independent memory cells
over GC-derived ones in this aspect (Dogan et al., 2009; Pape et al., 2011; Zuccarino-
Catania et al., 2014). However, memory cells could be outnumbered and outcompeted by
naive B cells in populating secondary GCs (Mesin et al., 2020; Viant et al., 2020). Therefore,
to what extent Thet*CD11c* B cells contribute to seeding secondary GCs remains a
question.

Although our data elucidated the development and function of Thet*CD11c* B cells in
response to acute viral infection, it is unclear whether and how this may differ in chronic
infection or autoimmunity. Chronic exposure to cytokines could result in transcriptional
remodeling of Thet*CD11c™ B cells, which may explain the different ABC-like cellular
phenotypes in various inflammatory conditions (Isnardi et al., 2010; Karnell et al., 2017,
Rubtsov et al., 2011; Trivedi et al., 2019). Continuous activation of B and T cells would
create a less synchronized cellular response, which may promote aberrant interactions

rarely observed in acute infections. Reactivated Thet*CD11c* B cells could give rise to
secondary GC B cells and plasmablasts, despite having been largely absent from those
responses in the primary phase. To this point, our observation of nonoverlapping phenotypes
of Thet*CD11c* B cells with GC B cells and PCs in acute infection stood in stark contrast to
the intermixed phenotype of these subsets seen in autoimmune animals (Ricker et al., 2021).
These transitional populations may point to a shift toward a GC-dependent pathway of
Thet*CD11c* B cells in autoimmunity but could instead be a sign of their role as GC B cell
and PC precursors. Continuous reactivation of Thet*CD11c* B cells may lead to increased
autoreactive clones populating the two latter B cell compartments. Thus, developmental
pathways and functional axes of Thet*CD11c* B cells in acute versus chronic inflammatory
conditions need to be further explored.

Limitations of the study

We established the necessity of Tfh cell help in generation of Thet*CD11c* B cells;
however, Tth cell effector molecules promoting generation of these cells were not assessed.
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We demonstrated that most Thet*CD11c* B cells developed independently of GC passage,
although a small fraction of them were labeled by SZpr2-based fate tracking, suggesting
that their GC development is possible under inflammatory conditions other than acute viral
infections investigated here. Most Thet*CD11c* B cells were proximal to the marginal zone
after infection as assessed by i.v.-labeling; however, we are uncertain whether the unlabeled
fraction localized within the white pulp. We suggested that the lack of /n vivo function of
S1PR3 on Thet*CD11c* B cells was due to compensation by other factors such as Cnr2 and
CXCR3, which we found to be highly expressed, but this was not further investigated.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact Jason Weinstein
(jason.weinstein@rutgers.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—The RNA-seq and Ig-seq data have been deposited at GEO:
GSE150124, GSE150139, and GSE192765 and are publicly available as of the date of
publication. This paper does not report original code. Other data reported in this paper will
be shared by the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Miice were housed in pathogen-free conditions at the Yale School of Medicine, New
Haven, CT, Rutgers New Jersey Medical School, Newark, NJ, or Washington University
School of Medicine, St. Louis, MO. C57BL/6N (B6) animals were purchased from Charles
River. /cos™~ (004859), Sh2d1a~/~ (025754), Tcrb™ (002118), and CD11c-DTR/GFP
(004509) were purchased from Jackson Laboratories. SMARTA (Stg) (Oxenius et al.,
1998), MD4, and S1pr3~/~ (Cinamon et al., 2004) mice were bred in-house. CD4C"®

Bcl6"f mice were obtained from Stephanie Eisenbarth (Yale University). S1PR2CreERT2
Rosa26L0x-Stop-Lox-tdTomato mjce were obtained from Takaharu Okada (RIKEN). Thet-
AmCyan reporter mice were obtained from Jinfang Zhu (National Institutes of Health). Both
sexes of mice were used in experiments with sex-matched controls. All animals were used
at 6-8 weeks of age, with approval for all procedures given by the Institutional Animal Care
and Use Committee of Yale University, Rutgers New Jersey Medical School or Washington
University in Saint Louis.

Cell transfers and viral infections—2.5 x 10° sorted Tfh or Th1 cells or 5 x 104 Stg
CDA T cells were resuspended in sterile phosphate-buffered saline (PBS) and transferred

to recipient mice via retroorbital injection (Weinstein et al., 2018). 5 x 10% B cells were
purified using a magnetic negative selection kit (EasyStep, StemCell Technologies) from
spleens and lymph nodes of CD11c-DTR/GFP mice and resuspended in sterile PBS prior to
retroorbital injection. Mice were infected intraperitoneally (i.p.) with 2 x 10° PFU LCMV-
Armstrong 24 hours after transfer. For rechallenge, mice were infected i.p. with 8 x 10° PFU
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LCMV-Armstrong 35 days after the initial infection (Schweier et al., 2019). Animals were
sacrificed at different time points post infection, and spleens were harvested and processed
for downstream applications. For transfers of cells from Thet-AmCyan reporter mice, all
splenic naive and memory B cells were sorted (12.4 million naive, 0.5 million Thet CD11c,
and 4.9 million memory B cells on average) and transferred into recipients regardless of total
cell number. F1 progeny resulted from crossing of MD4 and Thet-AmCyan reporter mice
expressing the MD4 transgene were used as recipients to prevent rejection. Influenza virus
A/Puerto Rico/8/1934 HIN1 (PR8) was a kind gift from A. lwasaki (Yale University, New
Haven, CT) and was given to mice at 10 PFUs in 30 pl of PBS intranasally.

Flow cytometry and cell sorting—Tissues were homogenized by crushing with the
head of a 1ml syringe in a Petri dish followed by straining through a 40um nylon filter.
Red blood cells were lysed with ACK buffer and remaining splenocytes were stained for
flow cytometry or sorting using antibodies listed in key resources table. Surface staining
was performed at room temperature (25°C) with 35 minutes of incubation. Intracellular
staining for Thet and Ki67 was performed using Foxp3/Transcription Factor Staining kit
(eBioscience) according to the manufacturer’s protocol. Staining for HA-specific B cells
were performed on ice for 1 hour using recombinant HA bound to streptavidin APC or
PE (Prozyme) generated as previously described (Angeletti et al., 2017). Both or one of
the two HA-probes were used for detecting HA-specific B cells due to the low frequency
of HA-APC and HA-PE single-binding cells. For flow cytometric analysis, stained and
rinsed cells were analyzed using a multilaser cytometer (LSRII; or Fortessa X-20; BD
Biosciences). For sorting of Stg cells, CD4+ T cells were enriched using a magnetic negative
selection kit (EasyStep, StemCell Technologies) before cell surface staining, with specific
populations sorted using a FACSAria (BD Biosciences). Cells for adoptive transfer were
sorted into complete RPMI media and washed with sterile PBS. Cells for RNA and Ig
sequencing were sorted into RNAprotect Cell Reagent (Qiagen).

Microscopy and histo-cytometry—Spleens were fixed and frozen as previously
described (Weinstein et al., 2016). In brief, spleens fixed in PLP buffer were incubated

in 30% sucrose solution prior to being snap frozen in OCT tissue-freezing solution and
stored at —80°C. 8um sections were cut and blocked with 5% rat serum, 3% BSA and,

0.1% Tween. Histo-cytometry was performed as described(Gerner et al., 2012) with the
following modifications. Sections were stained with directly conjugated antibodies listed

in key resources table for 16 to 18 hours in a dark, humidifier chamber at 4°C. Cellular
nuclei were stained with TO-PRO-1 lodide (Thermo Fisher) at 0.1uM for 20 minutes at
room temperature (25°C). Images were obtained from a Leica SP5 confocal microscope with
a motorized stage for tiled imaging at 63x magnification, 1024 by 1024 pixels resolution.
Images were deconvolved using Huygen’s Essential software (Scientific Volume Imaging).
Segmentation was performed on Imaris software (Bitplane Scientific Software) using the
surface creation module with the TO-PRO-1 nuclear stain channel brightened with the

linear stretch function and gamma set to 1.5. All other channels were not altered for
histo-cytometric analysis. The channel statistics, including mean fluorescence intensity, X
and Y location, for all surfaces were exported into a.csv file in Excel (Microsoft) and plotted
in Flowjo software. All presented images were enhanced with the linear stretch function in

Immunity. Author manuscript; available in PMC 2022 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Song et al.

Page 16

Imaris to increase channel intensity for visual clarity only. Multitype K function between
cell types of interest was calculated in the R package Spatstat using the Kcross function and
the pool function (Baddeley and Turner, 2005).

Transwell migration assay—Chemotaxis assays were performed as described previously
(Beck et al., 2014). 1.5 x 10° splenocytes were incubated for 1 hour with 1x DMEM
containing 0.5% fatty acid—free BSA (Sigma-Aldrich), 5% antibiotics, L-glutamine
(Cellgro), and Hepes with 1uM FTY720 (Sigma), 10uM TY 52156 (Tocris) or media alone.
Cells were then allowed to migrate through 5-um-pore-sized transwells (Corning) toward
S1P (Aventis Polar Lipids)-containing media or media alone for 3 hours at 37°C. Cells

were collected, stained, and resuspended in 25ul of staining buffer and analyzed by flow
cytometry.

Ig-sequencing and analysis—RNA from sorted B cell populations was extracted using
the RNeasy Plus Micro kit (Qiagen) with quantification and quality control performed

by Yale Keck Biotechnology Resource Laboratory on a TapeStation 2200 (Agilent
Technologies). Library preparation for sequencing was performed using the NEBNext
Immune-seq library preparation kit for Mouse 1G (New England Biolabs) according to the
manufacturer’s protocol. Quality verification of libraries and sequencing were performed

at the Yale Center for Genomic Analysis on a Miseq (I1lumina) using a 600-cycle V3
reagent Kit with dual-index. Raw reads were quality controlled, assembled and filtered using
pRESTO (Vander Heiden et al., 2014) before germline gene annotations were assigned using
IgBLAST (Ye et al., 2013). Sequences were processed and analyzed using the Immcantation
pipeline (Gupta et al., 2015). In brief, productively rearranged heavy-chain sequences

were clustered and assigned to clonally related lineages, and full-length clonal-consensus
germline sequences were reconstructed for each clone. Mutation frequency and selection
pressure were calculated using SHazaM. Using Alakazam, lineage trees were reconstructed
after collapsing duplicate sequences within each clone.

RNA-Seq and analysis—B cell populations were sorted by flow cytometry, with three
separate sorts performed on different days, pooling spleens of four to six mice at each
timepoint. Quality verification, library preparation, and sequencing were performed at the
Rutgers Genomic Core or Genewiz. Samples were sequenced on an Illumina HiSeq 2500
using 150-bp paired end reads (Figures 6E and 6F) or a NovaSeq 6000 and S1 flow cell
using 150-bp paired end reads (Figures 3B and 3C). RNA-seq analysis was performed in
accordance with the NF-Core RNA-seq guidelines (version 1.4.2). Briefly the reads were
aligned to the GRCm38 genome using STAR, followed by gene count generation using
featureCounts. Read count normalizations and differential gene expression calculations
between groups were performed using DESeq2 with significance thresholds set at FDR
adjusted p <0.05. For heatmaps, expression values or fold changes were normalized per
gene.

Antibody injection and treatment—~For labeling of B cells subsets proximal to
vasculature, anesthetized animals were administered 6pg of PE-conjugated anti-CD45
antibody in 200ul of sterile PBS via retroorbital injection 5 minutes before euthanasia.

Immunity. Author manuscript; available in PMC 2022 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Song et al.

Page 17

To block LFA-1 and VLA-4 activity, 100ug of anti-LFA-1a (clone M17/4, Bio X Cell)

and anti-VLA-4 (clone PS/2, Bio X Cell) or isotype control (Sigma—Aldrich) blocking
antibodies in 200ul of sterile PBS were administered via retroorbital injection 3 hours before
euthanasia. Tamoxifen (Sigma—Aldrich) was dissolved in Corn QOil (Sigma—-Aldrich) and
administered via intraperitoneal injection at 100 mg/kg day day 4 and 6 p.i.. TAM diet
(Envigo) containing chow replaced normal chow on the day after the final tamoxifen dose.
To overcome initial taste aversion, additional crushed TAM diet was placed in the cage at the
time of the first TAM diet feeding.

Mixed bone marrow chimeras—Recipient WT CD45.1* mice were irradiated with a
single dose of 1000 rads and reconstituted 3 hours later with either 6 x 10% bone marrow
cells from a 50:50 mix of CD45.2 Cd19°"® Bcl6"M mice and CD45.1 Ca16°™ Bcel6t* mice
or 6 x 108 bone marrow cells from a 50:50 mix of WT CD45.1mice and from S1pr3~/~
mice via retroorbital injection. Bone marrow chimeric mice were infected 6 to 8 weeks after
reconstitution.

Diphtheria toxin (DT) treatment—For depletion of CD11c-expressing B cells, mice
were i.p. injected with 200ng of DT (Sigma-Aldrich) diluted in PBS on day 6 and 8 p.i. or
day 28 and 30 p.i. with LCMV-Armstrong infection.

BrdU treatment—Mice received BrdU (Sigma-Aldrich) dissolved in sterile drinking water
to 0.8 mg/ml continuously for 10 days starting from day 4 p.i. with LCMV-Armstrong
infection. BrdU water was shielded from light and refreshed every other day.

ELISPOT—MultiScreen HTS plates (Millipore) were coated with sonicated cell lysate from
LCMV-infected BHK-21 cells. Sorted B cell subsets were plated in media only overnight or
with R848 (10ng/ml; Invivogen) for 72 hours followed by addition of alkaline phosphatase-
conjugated anti-mouse 1gG antibodies (Southern Biotech). Spots were developed with
Vector Blue (Vector Laboratories) and read using an ImmunoSpot Analyzer (Cellular
Technology Limited) or counted blinded.

ELISA—Anti-LCMV antibodies in mouse sera were measured on Nunc PolySorp 96 well
plates (Thermo Fisher) coated with sonicated cell lysate from LCMV-infected BHK-21
cells diluted in carbonate buffer (Sigma). Alkaline phosphatase-conjugated anti-mouse 1gG
antibodies (Southern Biotech) and phosphatase substrate (Sigma) were used for detection.
ODs were read at 405nm on a SpectraMax Microplate Reader (Molecular Devices). Two-
fold serial dilutions of the serum from a WT day 14-infefcted mouse was used to calculate
relative ELISA units.

Autoantigen microarray—Sorted B cell subsets were cultured for 72 hours in complete
media containing R848 before supernatant collection. Reactivity against a panel of 95
autoantigens were performed as previous described (UT-Southwestern (UTSW) Microarray
Core Facility, Dallas, TX) (Li et al., 2005).
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Statistics—Data were analyzed using the Student’s t, One-way multiple-comparison
ANOVA, Mann-Whitney, or Dunn’s multiple comparisons test with Prism 8 (GraphPad
Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

T follicular helper cells are necessary for the generation of Thet*CD11c* B
cells

Thet*CD11c* B cells form outside of germinal centers upon LCMV and flu
infection

Integrins LFA-1 and VVLA-4 retain Thet*CD11c* B cells at the splenic
marginal zone

Thbet*CD11c* B cells are functionally competitive within the memory
compartment
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Figure 1. Kinetics of Thet"CD11c* B cells in LCMV-Armstrong infection )
(A) Frequencies and numbers of Thet"CD11c* B cells among B220* CD19* CD44hi

splenocytes from WT mice following LCMV infection.

(B) B220* CD19* CD44N CD11c* splenocytes’ expression of Ki67 and Thet is shown at
top. Frequencies of Ki67!° and Ki67" Thet*CD11c* B cells from individual mice are shown
at bottom.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 (one-way ANOVA). Data are
representative of three independent experiments with 3-5 mice per group. Bars represent
means + SEM.
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Figure 2. Tth cells drive in vivo Tbet*CD11c™ B cell generation
(A-D) CD44 and Ki67 expression in B220* CD19* splenocytes and CD11c and Thet

expression in B220* CD19* CD44M Ki67* splenocytes from day 10 p.i. 7crt™ recipients
of transferred Thy1.1 Stg cells and control 7¢cr&™*~ mice (A and B) or day 10 p.i. WT and
Icos™ mice (C and D). Frequencies and numbers of Thet*CD11c* B cells (B220* CD19*
CD44N Ki67* CD11* Thet") are shown.

(E) Experimental design of sorted Tfh or Th1 cell transfer into 7cr™ mice and
quantification of Thet*CD11c* B cell frequencies and numbers.

(F and G) Confocal microscopy of spleens from Thet-AmCyan reporter mice day 8

p.i. (left); anti-CD4 (cyan), anti-B220 (magenta), and anti-l1gD (light gray). Shown is a
histocytometric recreation of microscopy image plotting location of single cells gated as
CD4*, B220*, or IgD* (middle) as well as a plot showing the location of Thet*CD11c* B,
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Tfh, and Th1 cells, gated as CD4~ B220* CD11c* Thet-AmCyan*, CD4* B220~ PSGL1!°
PD-1N and CD4* B220~ PSGL1M PD-1!° in (G), respectively (right).

(H) Summary Ripley’s multitype K function (black) calculated using Thet*CD11c* B with
Tfh cells (left) and with Thl cells (right) with pointwise 95% confidence interval (gray). The
theoretical K function of a homogeneous Poisson process is shown in red.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 (one-way ANOVA). Data are
representative of three independent experiments with 3-5 mice per group (A-E) or pooled
from two independent infections with five mice (F-H). Bars represent means + SEM.
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CD11c* Thet* (blue) splenocytes from WT mice at days 6, 10, and 15 p.i. with gating for

GC (B220* IgD'° GL-7* EphrinB1*) B cells.

(B) PCA of naive follicular (B220* CD19* IgD" CD23*, green), GC (B220* IgD'° CD95*
GL-7*, gray), and Thet*CD11c* (B220* CD19* CD44N CD11c* Thet-AmCyan™i, blue) B

cells sorted from Thet-AmCyan reporter mice day 12 p.i.

(C) Heatmap of selected significantly (q < 0.05) differentially exp
(D) Confocal microscopy of spleens from Thet-AmCyan reporter
anti-CD4 (cyan), anti-B220 (orange), anti-IgD (yellow), and PNA

ressed genes.
mice day 12 p.i. (top left);
(magenta). Shown is a

histocytometric recreation of microscopy image plotting location of single cells gated as
CD4*, B220*, IgD*, or PNA* (top right). Location and quantification of Thet*CD11c* B

Immunity. Author manuscript; available in PMC 2022 March 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Song et al.

Page 29

cells (CD4~ B220* CD11c* Thet-AmCyan*) in splenic white pulp compartments: follicular
mantle (FM), germinal center (GC), and T cell zone (TZ) on bottom.

(E) TdTomato expression of splenic GL-7* (GL-7* B220* IgD!°) and Thet*CD11c* B cells
at day 10 p.i.

(F) Experimental design of chimeric mice generated from CD45.1 CD19C"® Bc/6** mixed
with CD45.2 CD19¢" Bc/6%/l donor bone marrow cells. Frequencies and ratios of CD45.1
to CD45.2 cells in naive, GC, and Thet"CD11c* B cells in the spleens of mixed bone
marrow chimeric mice at day 12 p.i. are shown.

**p < 0.01; ***p < 0.001; ****p < 0.0001 (D and F, one-way ANOVA; E, Student’s t test).
Data are pooled from two independent infections with seven mice (D), are pooled from one
experiment with nine mice (E), or are representative of two independent experiments with
five mice per group (F). Bars represent means + SEM.
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Figure 4. GC-independent development of influenza HA-specific Tbet"CD11c™ B cells
(A) Flow cytometry verification of HA-specific B cell detection in mediastinal lymph node

(mLN) following PR8 infection.

(B) Expression of AmCyan (left, right) and Thet protein by intracellular staining (center)
against GL-7 in the spleen of a representative Thet-AmCyan reporter mouse (gray and
magenta) and a nonreporter WT mouse (orange) at day 10 p.i.

(C) Expression of AmCyan in splenic HA-specific GC B cells (left) and GL-7 in HA-
specific Thet*CD11c™ B cells (right) along with gating controls.

(D) TdTomato expression of HA-specific GC (B220* CD19* IgD!° HA* GL-7* EphrinB1*)
and Thet* CD11c* (B220* CD19* HA* CD44M Ki67* Thet* CD11c*) B cells in the spleens
and mLNs at day 10 p.i. with PR8.
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(E) Frequencies and ratios of naive, HA-specific GC, and Thet*CD11c* B cells in spleens of
50/50 CD45.1 CD19%" Bc/6"* to CD45.2 CD19%" Bc/6'/fl mixed bone marrow chimeric
mice at day 10 p.i. with PR8.

**p < 0.01; ***p < 0.001; ****p < 0.0001 (one-way ANOVA). Data are from one
experiment with seven mice (D) or are representative of two independent experiments with
4-5 mice per group (A-C and E). Bars represent means + SEM.
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Figure 5. Ig repertoire analysis of Thet*CD11c* and GC B cells _
(A\) Isotype distribution in Ig sequences of naive follicular (B220* CD19* IgD" CD23%),

GC (B220* IgD!° CD95* GL-7*), and Thet*CD11c* (B220* CD19* CD44N CD11c* Thet-
AmCyann) sorted from individual Thet-AmCyan reporter mice day 12 p.i. with LCMV.
(B) Total mutation frequency within the /g/vgene.

(C) Frequencies of silent and replacement mutations within the complementary determining
regions (CDRs).

(D) Clonal overlap of naive follicular (green), GC (gray), and TbettCD11c* B cells (blue)
sequences. Chords show clones shared by naive and GC (gray), naive and Thet*CD11c*
(light green), GC and Thet*CD11c* (light blue), and all three subsets (purple) with chord
width corresponding to clonal population size.

(E) Venn diagram showing numbers of shared clones between naive follicular (green), GC
(gray), and Thet*CD11c* B cells (blue) sequences.

Immunity. Author manuscript; available in PMC 2022 March 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Song et al.

Page 33

(F) Reconstructed lineage trees representative of most expanded clones (left three) and

of shared clones between GC and Thet*CD11c* B cells (right three). Number of unique
sequences at node with more than one unique sequence is shown to which the node size

is proportional. Acquisition of somatic mutations is denoted by numbers in blue indicating
number of mutations and branching, with the exception of the node directly connected to
germline in each tree, which has the germline sequence.

**p < 0.01; ****p < 0.0001 (two-sided Dunn’s multiple comparisons test). Data are from
one mouse representative of three biological replicates (A-C and F).
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Figure 6. Integrin-dependent Thet*CD11c™ B cell retention at the marginal zone
(A) Confocal microscopy of spleens from Thet-AmCyan reporter mice day 12 p.i. (top

left), showing staining of anti-CD4 (magenta), anti-B220 (yellow), and anti-F4/80 (yellow).
Shown is a histocytometric recreation of confocal microscopy image plotting location of
single cells gated as CD4*, B220*, or F4/80* (top right). Locations of Thet*CD11c* B cells
(CD4™ B220* CD11c* Thet-AmCyan™) are shown in blue (clusters highlighted in magenta),
along with splenic white pulp (WP) and red pulp (RP).

(B) Confocal microscopy of spleens from Thet-AmCyan reporter mice day 15 p.i., showing
staining of anti-MadCam1 (yellow), anti-F4/80 (green), anti-CD11c (cyan), and anti-B220
(orange), with Thet-AmCyan (magenta). Thet*CD11c* B cells are identified through
histocytometry (white), and the splenic compartments WP, RP, and marginal zone (MZ)
were marked.
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(C) .v.-administered anti-CD45 antibody labeling of naive (B220* CD19* IgDM CD23%),
GC (B220* IgD'° CD95* GL-7%), and Thet*CD11c* (B220* CD19* CD44M CD11c* Thet-
AmCyan") at days 12 and 15 p.i. in Thet-AmCyan mice.

(E) Volcano plot comparing gene expression of Thet*CD11c* B cells sorted and sequenced
on days 8 and 15 p.i.

(F) Temporal expression of SZpr3and Cnr2from RNA-seq data in (E).

(G) S1P transwell assay measuring ratio of migrating to total input ThettCD11c* B cells
from Thet-AmCyan reporter mice pretreated with inhibitors.

(H) VLA-4 and integrin aL expression on naive and Thet*CD11c™ B cells at 15 p.i. in
Thet-AmCyan mice.

(1) Percentage and number of Thet"CD11c* B cells among total B cells after injection of
LFA-1/VLA-4 blocking or isotype control antibodies.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 (C and G, one-way ANOVA; I,
Student’s t test). Data are pooled from two independent infections (A, B, and I) or are
representative of three independent experiments with three or four mice per group (C, H, and
G). Bars represent means + SEM.
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Figure 7. Thet*CD11c™ B cells produce antiviral antibodies in both primary and recall responses
(A) Heatmap of selected significantly (q < 0.05) differentially expressed genes in naive

follicular, GC, and Thet*CD11c* B cells from RNA-seq data in Figure 3B.

(B) CD138 and CD38 expression of PCs (CD19i" CD138", pink), GC (gray), and CD11c*
Thet* B cells (solid line) in the spleens of Thet-AmCyan reporter mice at day 10 p.i.

(C) Representative ELISPOT with number of cells plated per well and its quantification

of sorted naive (B220* CD19* IgD" Thet-AmCyan™), IgD!° CD38* GL-7~ (B220* CD19*
IgD!° CD38* GL-7~ Thet-AmCyan'?~), PCs (CD19!"t CD138*), and Thet*CD11c* B cells
from spleens of Thet-AmCyan reporter.

(D) BrdU and CD38 staining among B220* CD19" splenocytes from Thet-AmCyan reporter
mice at day 30 p.i. l.v.-administered anti-CD45 antibody labeling of BrdU* memory (gray)
and BrdU* Thet*CD11c* B cells (black line).
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(E) Representative anti-LCMV 1gG ELISPOT (top) with number of cells plated per well and
its quantification (bottom) of sorted naive, memory (B220* CD19* IgD'° CD38" GL-7!°
Tbet-AmCyan!®~), PCs, and Thet*CD11c* B cells from spleens of Thet-AmCyan reporter
mice.

(F) Experimental design of polyclonal CD11c-DTR B cell transfer into MD4 mice. ELISA
quantification of serum anti-LCMV 1gG antibody of MD4 mice at days 0, 3, and 5
postrechallenge.

(G) Experimental design showing the transfer of all sorted naive, memory, and
Thet+CD11c+-B cells into MD4 mice. ELISA quantification of serum anti-LCMV IgG
antibody of MD4 mice at days 5 and 10 p.i.

*p < 0.05; ***p < 0.001 (C-F, Student’s t test; G, one-way ANOVA). Data are representative
of three (C and E) independent experiments or pooled from two independent experiments (F
and G). Bars represent means + SEM.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD4 (RM4-5) BD Biosciences Cat# 563726, 563151, 563106;
RRID:AB_2738389, AB_2687549,
AB_2687550

CD4 (RM4-5) Biolegend Cat# 100532, 100536; RRID:AB_493373,
AB_493701

CD44 (IM7) Biolegend Cat# 103057; RRID:AB_2564214

CD44 (IM7) eBioscience Cat# 47-0441-82; RRID:AB_1272244

CD11c (HL3) BD Biosciences Cat# 553802; RRID:AB_395061

CD11c (N418)

GL-7 (GL-7)
GL-7 (GL-7)
CDY5 (J02)
CD23 (B3B4)
CD38 (T10)
CD138 (281-2)
B220 (RA3-6B2)

B220 (RA3-6B2)
CD19 (6D5)

1gD (11-26c¢.2a)

CXCRS5 (2G8)
CXCR5 (L138D7)
PD-1 (RMP1-30)

PD-1 (343)
Thy1.1 (OX-7)
PSGL-1 (2PH1)

Thet (eBio4B10)
Thet (4B10)
Ki67 (16A8)

CD45.1 (A20)
CD45.2 (104)

Ly6C (HK1.4)
CD21/35 (7G6)
Pdca-1 (927)

CXCR3 (CXCR3-173)

Biolegend

BD Biosciences
eBioscience

BD Biosciences
Biolegend
Biolegend
Biolegend

BD Biosciences

Biolegend
Biolegend

Biolegend

BD Biosciences
Biolegend
Biolegend

eBioscience
Biolegend

BD Biosciences

eBioscience
Biolegend
Biolegend

Biolegend
Biolegend

Biolegend
BD Biosciences
Biolegend
Biolegend

Cat# 117314, 117329; RRID:AB_492850,
AB_10897814

Cat# 553666; RRID:AB_394981

Cat# 50-5902-82; RRID:AB_2574252
Cat# 557653; RRID:AB_396768

Cat# 101619; RRID:AB_2563438
Cat# 102717; RRID:AB_2072892
Cat# 142504, RRID:AB_10916119

Cat# 561878, 553093, 561102, 561880,
558108; RRID:AB_10893353, AB_394622,
AB_10561687, AB_10897020, AB_397031

Cat# 103254; RRID:AB_2563229

Cat# 115524, 115519; RRID:AB_493339,
AB_313654

Cat# 405727, 405729; RRID:AB_2562887,
AB_2563340

Cat# 551959; RRID:AB_394300
Cat# 145513; RRID:AB_2562208

Cat# 109117, 109109; RRID:AB_2566549,
AB_572016

Cat# 25-9985-82; RRID:AB_10853805
Cat# 202526; RRID:AB_1595470

Cat# 562807, 563448; RRID:AB_2737808,
AB_2738211

Cat# 50-5825-82; RRID:AB_10596655
Cat# 644815; RRID:AB_10896427

Cat# 652417, 652419; RRID:AB_2564236,
AB_2564284

Cat# 110741; RRID:AB_2563378

Cat# 109831, 109823; RRID:AB_10900256,
AB_830788

Cat# 128021; RRID:AB_10640820
Cat# 553818; RRID:AB_395070
Cat# 127014; RRID:AB_1953289
Cat# 126511; RRID:AB_1088994
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REAGENT or RESOURCE
Ephrin B1 (polyclonal)

APC-Cy7 Streptavidin

Alexa Fluor 647 Streptavidin

Alexa Fluor 594 anti-Goat 1gG (H+L)
APC Streptavidin

PE Streptavidin

Peanut Agglutinin (PNA) Cy3

F4/80 (BM8)

SOURCE
R&D Systems

Biolegend
Thermo Fisher
Thermo Fisher
Prozyme
Prozyme
Vector Labs

Thermo Fisher

IDENTIFIER

Cat# BAF473, AF473; RRID:AB_2293418,
AB_2293419

405208

S21374

Cat# A-11058; RRID:AB_2534105
PJ27S

PJRS25

CL-1073-1

Cat# 53-4801-82; RRID:AB_469915

MadCam1 (MECA-367) Biolegend Cat# 120705; RRID:AB_493396
InVivoMADb anti-mouse LFA-1a Bio X Cell Cat# BE00O6; RRID:AB_1107578
InVivoMAD anti-mouse/human VLA-4 Bio X Cell Cat# BEOO71; RRID:AB_1107657
Bacterial and virus strains

LCMV-Armstrong N/A N/A

Influenza A/Puerto Rico/8/1934 HIN1 (PR8) Laboratory of A. Iwasaki, Yale University N/A

Chemicals, peptides, and recombinant proteins

TO-PRO-1 lodide Thermo Fisher T3602

Recombinant PR8 hemagglutinin (HA)

Laboratory of Davide Angeletti, University
of

Angeletti et al., 2017

Gothenburg
TY 52156 Sigma 5330620001
FTY720 MilliporeSigma 344597
Sphingosine-1-Phosphate Avanti Polar Lipids 860492
Tamoxifen Sigma-Aldrich T5648
TAM diet (irradiated) Envigo TD.130859
Corn Oil Sigma—Aldrich C8267
Diphtheria toxin Sigma-Aldrich D0564
BrduU Sigma-Aldrich B5002
R848 Invivogen tirl-r848
Critical commercial assays
Foxp3/Transcription Factor Staining kit eBioscience 00-5523-00
EasySep™ Mouse CD4+ T Cell Isolation Kit ~ StemCell 19852
RNeasy Micro Kit Qiagen 74004
NEBNext AbSeq immune sequencing kit New England Biolabs
Deposited data
RNA-seq of B cell subsets This paper GSE150124
RNA-seq of Thet+CD11c+ B cell kinetics This paper GSE150139
1g-seq of B cell subsets This paper GSE192765

Experimental models: Organisms/strains
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REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse: C57BL/6 Charles River N/A

Mouse: /cos™- Jackson Laboratories 004859
Mouse: Sh2dla™~ Jackson Laboratories 025754
Mouse: Terb!= Jackson Laboratories 002118
Mouse: CD11¢c-DTR/GFP Jackson Laboratories 004509
Mouse: Thet-AmCyan Jinfang Zhu (National Institutes of Health) Yu et al., 2015

Mouse: S1PR2CreERT2
ROsa26L0x-Stop-Lox-tdTomato

Takaharu Okada (RIKEN)

Shinnakasu et al., 2016

Oligonucleotides

Hprt gPCR primers

Gfp gPCR primers

Itgax qPCR primers

Keck Oligo Synthesis Resource

Keck Oligo Synthesis Resource

Keck Oligo Synthesis Resource

(F) CTGGTGAAAAGGACCTCTCG (R)
TGAAGTACTCATTATAGTCAAGGGCA

(F) AAGCTGACCCTGAAGTTCATCTGC (R)

CTTGTAGTTGCCGTCGTCCTTGAA

(F) TGCCAGGATGACCTTAGTGTCG (R)
CAGAGTGACTGTGGTTCCGTAG

Software and algorithms

Huygen’s Essential
Imaris

Flowjo

GraphPad Prism
Spatstat

pRESTO

Immcantation

Scientific Volume Imaging
Bitplane Scientific Software
TreeStar FlowJo LLC.
GraphPad Software
Baddeley and Turner, 2005
Vander Heiden et al., 2014
Gupta et al., 2015

N/A
N/A
N/A
N/A
N/A
N/A
N/A
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