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Abstract

IL-4 is a pleiotropic cytokine that was first identified as a B cell co-mitogen over 30 years ago'. However, how
IL-4 signaling mechanistically supports B cell proliferation is incompletely understood. Here, we find that the
cholesterol biosynthetic program is transcriptionally upregulated by IL-4 signaling during the early B cell
response to influenza virus infection and is required for B cell activation in vivo. Induction of lipid synthesis
genes required both STAT6 and SREBP2 transcription factors, allowing IL-4 activated B cells to enter the cell
cycle and proliferate in the absence of lipids. Genetic inhibition of de novo cholesterol synthesis via SREBP2
deletion reduced plasmablasts and subsequent germinal center B cell formation at steady state and following
influenza infection. SREBP2-deficency blocked IL-4 mediated cell cycle entry, ER expansion, and subsequent
proliferation in a cholesterol dependent manner. Further mechanistic studies revealed that ER cholesterol
content promoted sustained STAT6 signaling associated with ER expansion and B cell survival. In sum, we
demonstrate that the well-known ability of IL-4 to act as a B cell growth factor is through a previously unknown

rewiring of specific lipid anabolic programs, relieving sensitivity of cells of environmental nutrient availability.



Introduction

Humoral immunity is critical for lasting protection following immunization or infection. In response to
immunological challenge, antigen-specific B cells may differentiate into short-lived antibody-secreting cells
(plasmablasts, PBs) or may alternatively be recruited into germinal centers where they undergo iterative
rounds of diversification and selection to produce affinity matured cells that seed long-term protective
populations including memory B cells and long-lived plasma cells. Generation of any of these effector subsets,
however, is subject to a bottleneck imposed by initial B cell receptor (BCR) activation and expansion of naive
B cells. Early lymphocyte activation is driven by antigen receptor ligation, co-stimulation, and cytokines; yet
even with the proper complement of signals, progression through cell division is constrained by multiple fitness
checkpoints. Regulatory mechanisms that sense DNA damage or replication stress, nutrient availability (e.g.
glucose, amino acids,), energetic status, redox balance, and protein homeostasis are conserved across
eukaryotic cell types. As lymphocytes acquire specialized effector functions, they may encounter additional
constraints imposed by the biochemical requirements of these state transitions, creating lineage- or context-
dependent fitness checkpoints®>. The cytokine interleukin (IL-)4 functions as a potent B cell co-mitogen®, and
while it is well known as a T follicular helper cell-derived mediator of germinal center positive selection®, it has
additionally been shown to be critical for initial expansion of B cells in various immune contexts®’. How
cytokine signals interface with these fithess checkpoints, whether by directly enforcing them or rewiring
metabolism to satisfy their demands, remains an open area of investigation. Here, we investigate this
relationship by dissecting the interplay between cytokine signaling and lipid metabolism during early B cell

activation.

Cytokine signaling and other immune cell activation pathways have been shown to influence de novo lipid
synthesis and export programs in T cells and macrophage®'"; however, the signals that regulate how B cells
balance lipid homeostasis in response to different stimuli remains less clear. De novo lipid biosynthesis is
regulated by the sterol-regulatory element binding protein (SREBP) family of transcription factors'?>. SREBP1,
encoded by the gene Srebf1, and SREBP2, encoded by the gene Srebf2, regulate fatty acid and cholesterol

11,13,14

biosynthesis programs, respectively . SREBPs are held in the endoplasmic reticulum (ER) by
chaperones SREBP cleavage-activating protein (SCAP) and Insig1/2 proteins, all of which are directly
regulated by sterols present in the ER membrane. When sterol levels are low, Insigs dissociate from
SCAP/SREBPs, permitting their translocation to the Golgi apparatus where SREBPs are cleaved by site 1
and 2 proteases (S1P and S2P, respectively; extended data Figure S1A). The active SREBP transcription
factor domain translocates to the nucleus to mediate transcription of genes involved the fatty acid or
cholesterol synthesis programs. The lipid biosynthesis programs are subject to feedback inhibition whereby
synthesized lipids accumulate in the ER and associate with SCAP and Insig1/2 proteins to prevent activation
of SREBPs. Additionally, the intermediate metabolite desmosterol ligates nuclear hormone Liver X Receptors

(LXRs), which drive transcription of genes involved in efflux of both fatty acids and cholesterol, such as Abca1,
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Abcg1, and Apoe™. Coordinate regulation of these positive and negative transcriptional programs together
mediates metabolic homeostasis. It has been recently reported that SCAP-deficient B cells exhibit lower BCR,
CDA40, and Toll-like receptor 4 (TLR-4) responsiveness in vitro, as well as reduced numbers of germinal center
B cells and antibody titers following vaccination'. These observations raise questions about the relative
functional roles for SCAP targets SREBP1 and SREBP2. Inhibition of Stearoyl-CoA Desaturase-2 (SCD2), a
SREBP1 target gene, has been shown to alter germinal center B cell responses’’. Other studies found that
IL-21/ROCK2 signaling promoted SREBP2 target gene expression in germinal center B cell and that ectopic
expression of SREBP2 induced rapid plasma cell differentiation suggesting cholesterol or its intermediates
support B cell differentiation and antibody production'®. Prior to differentiation, it has been shown that LXRB
agonism impairs proliferation of activated T and B cells®. Collectively these data suggest a functional role for
de novo lipid synthesis and efflux programs in GC B cell function; however, whether early pre-GC metabolic

reprogramming is required for functional GC responses remains unknown.

Results

IL-4-dependent phase of early antiviral B cell activation engages lipid homeostasis pathways.

To better understand how early B cell activation impacts different arms of lipid homeostatic pathways, we
isolated B cells from the mediastinal lymph node from Day 0 to Day 7 post PR8 influenza virus infection. We
observed a marked upregulation in SREBP2 target genes (Srebf2, Hmgcs1, Hmgcr, Sqle, Mvk, Dhcr24)
(Figure 1A, S1B) and SREBP1 target genes (Fasn, Scd?2) (Figure 1B) that peaked around day 5 post infection.
Notably, we observed a coordinate downregulation of LXR target genes (Abca1, Abcg1) at day 5 (Figure 1C),
suggesting that early activation of B cells may promote lipid accumulation by engagement of de novo lipid

synthesis programs, and inhibition of lipid efflux programs.

The early B cell response to influenza virus infection is dependent on IL-4 production by NK-T cells at
interfollicular sites in the mediastinal lymph node®. NK-T cell IL-4 production peaks between days 3-5 post
infection (tan boxes in Figure 1A-C, S1B), leading us to hypothesize that IL-4 receptor (IL-4R) signaling may
be responsible for alterations in B cell lipid metabolic programs. To investigate the idea that IL-4 may be
driving a lipid synthesis program in B cells, we performed single cell RNA sequencing (scRNAseq) on total
CD19+ B cells sorted from mediastinal lymph nodes 4 days post-infection with PR8 influenza. Data were
grouped into 5 major clusters using the Leiden algorithm and projected into UMAP space for visualization
(Figure 1D, S1C)"*?. Cluster 4 expressed the highest amount of the IL-4-induced gene //4i1, which we use
as a proxy for IL-4 signaling, suggesting that these cells had recently been exposed to IL-4 (Figure 1D-E). In
general, cells in cluster 4 exhibited lower expression of genes involved in cholesterol efflux and quiescence,
and higher expression of genes involved in lipid synthesis and activation/differentiation (Figure 1D, 1E, S1C).

To characterize and quantify functional relationships between IL-4R signaling (inferred from //4i1 expression)
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and target gene expression, we used Conditional-Density Resampled Estimate of Mutual Information
(DREMI), which quantifies statistical dependence between two variables while remaining agnostic to the form
of the relationship and robust to the non-uniform distributions inherent in single-cell data®’. When compared
to the transcriptome-wide distribution of DREMI scores, several lipid metabolic genes (Dhcr24, Sqle, Hmgcs1,
Fasn, Acaca) showed strong expression associations with //4i1 (Figure S1D). Visualizing these relationships
revealed coordinated increases in activation-associated genes and lipid-anabolic genes alongside //4i1,
coupled with decreased expression of lipid-efflux and quiescence-associated genes (Figure S1E), suggesting
that IL-4 signaling engaged a transcriptional program that promotes accumulation of actively synthesized

lipids.

To confirm that IL-4R signaling was required for transcriptional changes in B cell lipid programs, we infected
CD23 Cre+ control or CD23 Cre+/IL4RF*F°¢ (denoted IL4R cKO) mice with PR8 influenza. CD23 cre
recombinase initiates Cre-mediated deletion in immature B cells and leads to efficient deletion in mature B
cells of the spleen?. At day 5 post infection, we isolated B cells from the mediastinal lymph node and analyzed
lipid gene expression by reverse transcription quantitative real-time polymerase chain reaction (QPCR). As
expected, loss of B cell-specific IL-4R blunted induction of B cell activation genes Prdm1 and IL41i (Figure
S1F). Importantly, loss of B cell-specific IL-4R also blunted induction of both cholesterol and fatty acid
synthesis genes (Figure 1F, S1G), without impacting lipid efflux gene expression (Figure 1G). In line with this
data, transcription of lipid synthesis genes, along with canonical IL-4 target genes, were temporally induced
by IL-4 treatment in ex vivo B cells, compared to those activated via BCR/CD40 alone (Figure 1H, S1H, S1I).
Conversely, treatment with IL-21, a cytokine important for GC formation and Sdc7 (CD138) induction (Figure
S1J), did not impact the transcriptional regulation of lipid synthesis genes (Figure 1H, S1H), suggesting that
increased de novo lipogenesis may be temporally restricted to pre-GC B cells via specific cytokine signals.
Notably, BCR activation alone, or in combination with IL-4 or IL-21, strongly repressed transcription of LXR
target genes (Figure S1K), suggesting that limiting lipid efflux is a conserved requirement for B cell activation
in vitro. Finally, we hypothesized that the observed increase in lipid synthesis genes may require STAT6, a
transcription factor that is downstream of IL-4 receptor activation, but not IL-21 receptor. Indeed, RNAseq
analysis of ex vivo STAT6 knockout B cells indicated that STAT6 was required for IL-4 mediated regulation
of SREBP1/2 target genes (Figure 11). Combined, these data suggest that IL-4 signaling may support early B

cell activation via induction of de novo lipid synthesis programs.

IL-4 circumvents a metabolic requirement for exogenous cholesterol

Sequential phases of B cell activation in secondary lymphoid tissues are spatially compartmentalized, creating
dense areas of actively dividing cells® in which local nutrient availability may become limiting. Consistent with
lipid availability imposing physiological constraints, previous studies have found that both cholesterol and fatty

16,17,24

acid metabolism are required for proper GC formation , supporting the idea that B cell proliferation in
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response to mitogenic stimuli such as antigen recognition requires lipids. Therefore, we hypothesized that in
the absence of environmental lipids, signaling through IL-4R can compensate via upregulation of endogenous
cholesterol synthesis to enable B cell activation. To test this, we developed an in vitro lipid free culture system
where B cells were stimulated with B cell activating factor (BAFF), a-IgM and a-CD40 for 24-96 hours in a
minimal media formulated to contain non-nutrient components of serum including insulin, transferrin,
selenium, ethanolamine, and albumin but, importantly, no lipids. Relative to controls stimulated in 10% Fetal
Bovine Serum (FBS), lipid deprivation caused reduced proliferation (Figure S2A). Notably, treatment with IL-
4 promoted proliferation in both full serum and lipid depleted conditions compared to BCR activation alone

(Figure S2A), suggesting that IL-4 signaling can circumvent the requirement for exogenous lipids.

We next asked whether exogenous lipid supplementation could mimic the effect of IL-4. B cells were activated
in lipid free media supplemented with either Methyl-B-cyclodextrin (MBCD)-solubilized free cholesterol (herein
denoted free cholesterol) or free fatty acids bound to endotoxin low bovine serum albumin (BSA). Of note,
lipid solubilization by either method bypasses the requirement for vesicle-mediated uptake. Strikingly, free
cholesterol addition enhanced B cell proliferation similarly to IL-4 (Figure 2A, 2B). Conversely, addition of
neither oleic acid nor palmitic acid induced proliferation in lipid free media (Figure 2A, 2B), suggesting that
cholesterol is uniquely required for B cell activation and proliferation. Similar enhancement of cellular
proliferation with free cholesterol or IL-4, but not IL-21, were observed as early as 48h post BCR activation
(Figure 2C). To determine how cholesterol and IL-4 regulate B cell proliferation, we assessed cell cycle status
by co-staining with Ki-67 and 7AAD, allowing us to partition cells into GO, G1, S, and G2/M phases
(representative gating in Figure 2D). Compared to full serum culture conditions, B cells cultured in lipid free
media displayed a significant accumulation in GO, indicating that these cells were unable to enter cell cycle
(Figure 2E). Notably, cell cycle progression was rescued by cholesterol in a dose dependent manner, or by
addition of IL-4. Conversely, addition of IL-21 could not promote B cell proliferation or cell cycle entry in these
culture conditions (Figure 2C, 2E), demonstrating a critical IL-4/cholesterol axis in licensing early activation

of B cells.

We considered the possibility that free cholesterol may engage with IL-4R directly, allowing for spontaneous
receptor activation even in the absence of cytokine ligation. To test this idea, we examined canonical IL-4
mediated gene expression after either IL-4 or free cholesterol addition in our in vitro lipid free system. Here,
we found that IL-4 treatment strongly induced Prdm1, IL4i1, Bcl6 and ll4r expression; however, free
cholesterol treatment did not phenocopy this IL-4 induced transcriptional response (Figure 2F), indicating that
while free cholesterol can mimic the ability of IL-4 to enable proliferation cell cycle entry, cholesterol alone

cannot recapitulate all aspects of IL-4R signaling.



IL-4 drives flux into the mevalonate pathway

To verify that IL-4-mediated transcriptional induction of the cholesterol synthesis genes (Figure 1H, S1H)
equated to altered flux into the mevalonate pathway, we employed gas chromatography-mass spectrometry
(GC-MS) paired with *C-stable isotope enrichment studies to measure synthesized cholesterol in B cells
(Figure S2B)*''. In the presence of IL-4, we observed a significant increase in both the percentage of
synthesized cholesterol and absolute amount of synthesized cholesterol in lipid free conditions (Figure 2G).
IL-4 was also able to drive cholesterol synthesis in full serum conditions (Figure 2H), demonstrating that IL-4
is capable of modulating flux into the mevalonate pathway even in cholesterol replete conditions. Together,

these data demonstrate that IL-4 signaling in B cells drives increased flux into the mevalonate pathway.

To determine if increased flux into the mevalonate pathway was required for IL-4 mediated proliferation, we
utilized statins, a widely prescribed class of cholesterol-lowering drugs that target the rate-limiting enzyme of
the mevalonate pathway, HMG-CoA reductase (HMGCR) (Figure S2B). Studies have reported mixed results
on statins impacting humoral immunity following various types of vaccinations in humans; with the largest
study suggesting that statin usage can reduce vaccine efficacy via unknown mechanisms?>2®, To determine
if statin-mediated reduction in de novo cholesterol synthesis can impact IL-4 mitogenic capacity, we activated
ex vivo B cells with IL-4 in lipid-free conditions with and without Atorvastatin (Lipitor®; denoted ATV) the most
abundantly prescribed statin. Importantly, Atorvastatin blocked the ability of IL-4 to induce proliferation and
entry into the cell cycle in lipid free conditions (Figure 2I, 2J), suggesting that IL-4 signaling overcomes
external lipid deprivation via upregulation of endogenous cholesterol synthesis. Addition of free cholesterol to
ATV-treated B cells restored IL-4 mediated proliferation and cell cycle progression (Figure 21, 2J). Together,
these data show a critical role for cholesterol synthesis during IL-4 mediated B cell activation, suggesting a

direct cellular mechanism through which statins may impact humoral immunity.

SREBP2 is required for IL-4 mediated proliferation and induction of cholesterol synthesis genes.

To confirm that IL-4 signaling was acting through SREBP2, we generated CD23 Cre+ Srebf2"¥"* conditional
B cell knockout mice. In comparison to Cre-/Srebf2fo/Flox controls, SREBP2 deficient B cells (denoted
SREBP2 cKO) displayed a dramatic reduction in the expression of cholesterol synthesis genes in anti-
IgM/CD40 conditions alone, and were unable to induce transcription of cholesterol synthesis genes in
response to IL-4 treatment (Figure 3A). Further, SREBP2 cKO B cells exhibited impaired proliferation and
entry into cell cycle downstream of BCR activation alone or in combination with IL-4 treatment (Figure 3B, 3C,
S3A-B). In line with a failure to properly enter cell cycle, SREBP2 cKO B cells displayed accumulation of p21,
which, in addition to its well-characterized roles in cellular stress responses, can restrict the transition from
quiescence to proliferation through inhibition of cyclin-dependent kinase activity (Figure 3D)**>'. Importantly,
treatment with free cholesterol rescued the pronounced proliferative and cell cycle defects associated with
SREBP2 deficiency (Figure 3B-D, S3A-B). Addition of mevalonate, an intermediate metabolite in the
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cholesterol synthesis pathway (Figure S2B), could not rescue proliferative defects in the SREBP2 cKO B cells
(Figure S3C), further supporting the idea that free cholesterol in the key sterol metabolite required for cellular
proliferation. Cholesterol is a key component of lipid rafts, the lipid-rich membrane microdomains that have
been suggested to support both BCR and TCR signaling. Due to the importance of cholesterol in our system,
we considered the possibility that SREBP2 cKO B cells may have impaired BCR engagement; however BCR-
specific transcriptional programs were not impaired in SREBP2 deficient B cells 24h after BCR activation
alone or with IL-4 treatment (Figure S3E). Together, these results suggest that defects in the SREBP2 cKO

B cells arise after normal BCR initiation.

After 24h post activation, SREBP2 deficient B cells displayed a significant decrease in viability after
BCR/CD40 engagement that was not rescued by IL-4 treatment (Figure 3E, S3D), suggesting that increased
de novo synthesis of cholesterol may be required for the anti-apoptotic capacity of IL-4 when nutrients are
limited. In support of this, addition of free cholesterol fully restored viability in SREBP2 cKO B cells activated
with IL-4 in lipid-free conditions (Figure 3E, S3D). Prior studies have shown that BCR stimulation initiates
extensive metabolic remodeling that, in the absence of appropriate secondary signals, can lead to cellular
dysfunction and activation-induced apoptosis. We therefore asked whether the loss of viability in SREBP2-
deficient B cells reflected increased apoptotic signaling®. Using western blot analysis, we found that SREBP2
cKO B cells displayed increased caspase-8 cleavage—the primary apical initiator of apoptosis—48h after IL-4
activation (Figure 3F). Importantly, the addition of free cholesterol reduced caspase-8 cleavage to levels
observed in control cells (Figure 3F). Consistent with increased apoptosis, the pan-caspase inhibitor Z-VAD-
FMK, denoted here as P-Caspi, rescued viability in SREBP2-deficient B cells in a dose-dependent manner
after 48h stimulation with IL-4. (Figure 3G). These findings underscore the importance of de novo synthesized

cholesterol following IL-4 signaling to prevent caspase-mediated cell death.

SREBP2 supports early plasmablast generation and subsequent GC formation

To explore the role of SREBP2 in B cells in vivo, we analyzed B-cell development in the bone marrow and
spleen of control and SREBP2 cKO mice. The major B-cell subsets in both tissues, including early bone
marrow stages and splenic transitional, follicular, and marginal zone populations, were comparable between
the two groups by both frequency and number (Figure S4A-E), suggesting no developmental defects between
genotypes. Additionally, we observed no difference in the total number of circulating B cells (Figure 4A,
example gating in S4F, S5A-C). In contrast, we found a dramatic reduction in the number and frequency of
circulating plasmablasts (Figure 4B), suggesting that, in specific B cell subsets, exogenous cholesterol from
the environment (which is derived from lipoproteins), cannot compensate for loss of endogenously
synthesized cholesterol. In line with our in vitro data, SREBP2 cKO plasmablasts displayed robust proliferation
defects, as measured by Ki-67 staining (Figure 4C). Next, we examined the requirement for SREBP2 in GC

B cell formation. To do so, we analyzed B cell populations in mesenteric lymph nodes, which are constantly
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exposed to antigens derived from the diet and the microbiome, giving rise to ongoing germinal center
reactions. In accordance with the circulation data, we observed no difference in the total number of B cells in
the mesenteric lymph nodes between control and SREBP2 cKO animals (Figure 4D). However, SREBP2 cKO
mice displayed significant reductions in number, frequency, and proliferative capacity of GC B cells (Figure
4E-G), similarly to reductions observed in SCAP-deficient mice'®. Consistent with a reduction in GC B cells,
we also observed a significant reduction in the number of total antibody secreting cells (ASCs) and a
significant reduction in both the number and frequency of mature B220-, CD138+, IRF4+ plasma cells in the
bone marrow (Figure 4H, 4l). Collectively, these data indicate that the SREBP2 transcriptional program

supports plasmablast, plasma cell, and GC B cell formation in vivo.

To investigate whether SREBP2-deficiency impairs the humoral response to infection, we performed immune
profiling on control and SREBP2 cKO mice infected intranasally with PR8 influenza. Again, we found no
difference in the total number of B cells in circulation or in the lung-draining mediastinal lymph node 6 days
post infection (Figure 4J). In line with steady-state data, we observed a significant reduction in the number of
plasmablasts in circulation in the SREBP2 cKO mice 6 days post infection (Figure 4K), which corresponded
with observed reductions in both number and frequency of plasmablasts within the mediastinal lymph node
(Figure 4L). At day 10 post infection, frequencies of plasmablasts, GC B cells, and memory B cells were
significantly reduced in the mediastinal lymph node of SREBP2 cKO mice (Figure 4M). These data suggest
that SREBP2 is critical for supporting plasmablast responses and early germinal center formation in the

context of influenza infection.

Flux through the mevalonate pathway is required for XBP1 splicing and ER expansion

Short-lived plasmablasts or long-lived plasma cells require expansion of the ER to support antibody
production®°, ER expansion in activated B cells is mediated by the transcription factor X-box binding protein
1 (XBP1)*. XBP1 functionality requires the removal of 26 nucleotides from the XBP1 mRNA, resulting in the
spliced isoform®, XBP1s, that is a key driver for plasmablast and plasma cell antibody secretion®°.
Markedly, SREBP2 cKO mice showed a significant reduction in circulating XBP1s+ plasmablasts at steady
state (Figure 5A), further supporting a defect in plasmablast lineage commitment. In our lipid free culture
system, we found that IL-4 significantly increased the spliced variant of XBP1 after BCR/CD40 activation
(Figure 5B). In agreement with in vivo phenotypes (Figure 5A), SREBP2 cKO B cells failed to appropriately
upregulate XBP1s (Figure 5B) in vitro. Importantly, free cholesterol rescued XBP1s transcript levels in

SREBP2 cKO B cells (Figure 5B).

Cholesterol synthesis primarily occurs at the ER, where the amount of cholesterol is tightly regulated’®*®. The
ER is also the site where MBCD-solubilized (free) cholesterol initially accumulates®, leading us to investigate

how IL-4 and cholesterol impact ER expansion downstream of BCR/CD40 signaling. By staining with ER-
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Tracker™ Green, a highly selective ER dye that binds sulphonylurea receptors of ATP-sensitive K+ channels
prominent on ER, we found that IL-4 promotes the accumulation of ER mass in minimal media conditions
(Figure 5C). Deletion of SREBP2 reduced ER mass after BCR/CD40 activation and blunted IL-4 mediated
ER expansion (Figure 5C). Importantly, addition of free cholesterol restored ER mass in SREBP2 cKO B cells
in a dose dependent manner (Figure 5D). Pharmacologic inhibition of de novo cholesterol synthesis with
Atorvastatin also blocked IL-4 mediated ER expansion, which could also be rescued with free cholesterol
(Figure S6A). Together, our data indicate that IL-4 induced XBP1 splicing and subsequent ER expansion is

sensitive to de novo cholesterol synthesis.

Cholesterol synthesis promotes sustained STAT6 signaling in IL-4 activated B cells

After IL-4 receptor ligation, STAT6 is phosphorylated by JAK1/3, enabling phosphorylated STAT6
homodimers to enter the nucleus and activate transcription of IL-4 responsive genes, including XBP14%42, In
line with these previously published data, we also found a requirement for STAT6 in the induction of transcripts
from the XBP1 promoter (Figure S6B). Because transcriptional induction of XBP1 provides the substrate for
IRE1-mediated splicing and generation of transcriptionally active XBP1s, we next asked whether the
cholesterol-dependent loss of XBP1s reflected a selective defect in the XBP1 program or broader disruption
of STAT6-mediated gene expression. In line with this idea, loss of SREBP2 signaling completely blocked
induction of STAT6-dependent gene expression (Prdm1, IL4i1, IL4ra, Bcl6 and Irf8) downstream of IL-4R
signaling (Figure 5E, S6C, S6D), indicating that cholesterol synthesis is required to maintain IL-4 mediated
transcriptional programs. Since SREBP2-deficient B cells could not upregulate STAT6 target genes after IL-
4 treatment (Figure 5E, S6D), we hypothesized that IL-4 mediated induction of cholesterol synthesis may be
important for sustained STAT6 activation. Consistent with this idea, SREBP2 cKO B cells displayed
undetectable levels of phospho-STAT6, without impacting total STATG6 levels, 48h after IL-4 activation (Figure
5F). Importantly, addition of free cholesterol fully restored STAT6 phosphorylation in SREBP2 deficient B cells
(Figure 5F). Together, these data suggest that IL-4/STAT6-driven expression of cholesterol synthesis genes
creates a feed forward cholesterol biosynthetic loop that promotes durable STAT6 activity. These findings
suggest that IL-4-dependent cholesterol synthesis provides a metabolic secondary signal which licenses

BCR-activated cells to overcome activation-induced cell cycle arrest and cell death.

Discussion

Lymphocyte activation involves a transition from quiescence and associated catabolic metabolism to a
metabolic state with noted similarities to cancer cells such as heavy reliance on aerobic glycolysis for
energy demands and increased nutrient requirements for biomass accumulation and cell division®*>44,
Specific nutrient requirements are met either by synthesis or by uptake from the extracellular environment.
However, much like the intratumoral environment, dense proliferation of cells in lymphatic tissues may lead

to local nutrient depletion and a metabolically challenging microenvironment. Following antigen receptor
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ligation, lymphocytes require spatiotemporally distinct “second signals”. These include costimulatory
receptor or cytokine signaling, which engage discrete programs that often involve remodeling of organelles
and increased nutrient uptake or synthesis to meet changing biochemical demands®4°>*¢. Here, we find that
the engagement of early antiviral B cell activation promotes de novo cholesterol synthesis in an IL-4/STAT6
dependent manner. IL-4/STAT6 mediated flux into the mevalonate pathway required SREBP2, the master
transcriptional regulator of cholesterol synthesis. Loss of SREBP2 activity blocked IL-4 mediated entry into
cell cycle, ER expansion, and proliferation in vitro. Importantly, loss of de novo synthesized cholesterol
content did not fully ablate the B cell compartment in SREBP2 cKO mice. Instead, plasmablasts and GC B
cells were significantly reduced in SREBP2 cKO mice, suggesting that the metabolic demands associated

with B cell activation and differentiation cannot be met solely through exogenous cholesterol uptake.

BCR engagement itself places substantial metabolic demands on B cells, establishing a state in which lipid
availability can become limiting and—in the absence of appropriate secondary signals—result in cell cycle
arrest and activation-induced cell death®. Our findings suggest that cholesterol availability represents one
metabolic constraint contributing to this gatekeeping function. BCR engagement has been reported to

12947 "with p53 exhibiting mevalonate pathway suppressive activity*®, suggesting a

induce p53 and p2
potential mechanism linking antigen receptor signaling, cholesterol availability, and the p21 accumulation
observed here. Together, these observations raise the possibility that BCR engagement establishes a
cholesterol-dependent threshold for cell cycle entry that can be overcome by an appropriate secondary
signal. In line with this idea, we find that IL-4 promoted SREBP2-dependent cholesterol synthesis, which
enabled BCR-activated cells to enter the cell cycle and avoid caspase-mediated cell death. Conversely, loss
of SREBP2 rendered these cells refractory to the pro-proliferative and pro-survival effects of IL-4. Thus, IL-
4-dependent cholesterol synthesis supplies BCR-activated cells a metabolic secondary signal to overcome

activation-induced cell cycle arrest and cell death.

A hallmark of plasmablast cell lineage is the ability to produce high quantities of antibodies*. In addition to
proliferative signals, this requires XBP1s-mediated expansion of the ER*. Our data suggest that IL-4
mediated ER expansion is sensitive to cholesterol content in the ER. We hypothesized that this process
requires a threshold amount of cholesterol, and that IL-4 promotes endogenous cholesterol synthesis to
relieve the reliance on exogenous cholesterol, which could be limiting in microenvironments in secondary
lymphoid tissues containing dense foci of proliferative cells. Cholesterol is present at extremely low levels in
the ER, rendering sensing mechanisms highly sensitive to small changes*®. Our data are consistent with our
previous work connecting SCAP-dependent cholesterol synthesis with ER biogenesis and activation of CD8+
T cells®. Considering the critical known role that ER to nuclear signaling plays in B cell activation and
differentiation, it will be important for future studies to define how the molecular dynamics of inter-organellar

crosstalk to license cell cycle entry, proliferation, and lineage commitment.
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Mechanistic studies herein identified a requirement for SREBP2-induced cholesterol synthesis to maintain
STAT6 activation. Loss of SREBP2 ablated STAT6 phosphorylation, reduced STAT6-mediated gene
expression and the abundance of transcriptionally active XBP1s. This suggests a feed-forward cholesterol
metabolic loop, where STATG6 activity upregulates flux into the mevalonate pathway to generate synthesized
cholesterol at the ER, licensing ER expansion. In turn, ER cholesterol enhances the durability of STAT6
signaling to prevent apoptosis and enhance plasmablast lineage commitment (See schematic in Figure 5G).
Since IL-4—dependent processes such as class-switch recombination, survival, and differentiation require
prolonged transcriptional activity, rather than short signaling pulses, cholesterol-mediated maintenance of
STAT6 activation ensures proper, durable humoral responses after antigen recognition®®>'. As to how STAT6
engages SREBP2 at the molecular level to coordinately drive transcriptional changes of the cholesterol
biosynthetic cassette remains unclear. SREBP processing and activation is highly sensitive to cholesterol
levels in the ER. Thus, one possibility is that STAT6-mediated initial expansion of the ER reduces the
percentage of cholesterol per unit of ER below the 5% threshold that promotes SREBP processing®.
Alternatively, other unknown factors may engage with SREBP/SCAP to drive non-canonical SREBP
processing events that are no longer dependent on ER cholesterol content. Future experiments beyond the
scope of this study would be required to test these possibilities. Additionally, how ER cholesterol levels
promote BCR activity and sustained STAT6 phosphorylation is also an important topic of future study. It is
possible that ER cholesterol directly interacts with STAT6 or another unknown coregulator proteins. While our
studies indicate that initial BCR and IL-4 signaling cascades are not impaired, it is possible that SREBP2-
deficiency leads to lipid raft depletion after initial activation. Further investigation is needed to fully delineate
how de novo cholesterol synthesis molecularly licenses early B cell activation, and future studies will be

required to fully determine how ER cholesterol content influences the durability of STAT6 phosphorylation.

Finally, a 2018 study found that statins are used by more than 140 million people worldwide®?. A number of
studies have suggested that statin treatment, which blocks flux into the mevalonate pathway, impairs
influenza vaccine efficacy in human patients over 65 years old, resulting in reduced effectiveness at
preventing serious respiratory illness?*2>2°. However other studies that focused on younger individuals and
hepatitis A vaccines found no effect of statins on vaccine efficacy. Heterogeneity in human cohorts as well
as confounding effects of age, vaccine type, and the effects of long-term statin treatment on other cell types
obscure any conclusions that can be drawn from these previous studies about the direct effect of statins on
B cell biology. Our work isolates a B cell intrinsic role for statin-mediated immune inhibition and defines a
mechanism through which, at the cellular level, these drugs may impact vaccine strategies that largely
depend upon humoral immunity. Similarly, previous studies report mixed results on statin-mediated
alterations in the treatment of B cell lymphoma. Additional studies on the cell type specific roles of the
mevalonate pathway in vaccine efficacy, cancer studies, and other disease models will be required to fully

understand the impact of statin treatment on the immune system.
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Methods

Mice

Mice were housed at a temperature of 72 °F (22 °C) and humidity of 30—70% in a 12-h light/dark cycle with
ad libitum access to food and water. Female mice aged 8-10 weeks at the start of the experiment were
used throughout. Mice were bred and housed in the facilities of the Yale Animal Resources Center and
University of Washington vivarium. C57BL/6N animals were purchased originally from Charles River and
maintained in a breeding colony. C57BL/6J, B6.129S2(C)-Stat6tm1Gru/J (Stat6 Knockout), CD23 Cre (Jax)
and Srebf2tm1Jdh/J (Srebp2 flox) were purchased from Jackson Laboratories.

Infections

Mice were anesthetized i.p. with Ketamine/Xylazine (100 mg/kg body) and intranasally infected with 200
PFU of Influenza virus A/Puerto Rico/8/1934 (PR8) H1N1 strain expressing the LCMV gp33-41 epitope
(PR8-33)." Influenza virus was kindly provided by Drs. Susan Kaech and Jun Siong Low.

B Cell Isolation and Transfers

Single-cell suspensions were prepared from the spleens and lymph nodes of donor mice. Mature B2 B cells
were enriched using immunomagnetic negative selection (StemCell Technologies, 19854). For proliferation
analysis, isolated B cells were labeled at a concentration of 20 x 10° cells/mL in 1XPBS containing 5 uM
CellTrace™ Violet (Invitrogen, C34557) for 12 minutes at 37°C. The labeling reaction was quenched by
washing with RPMI supplemented with 10% FBS, 2 mM L-glutamine, 50 U/ml Pen Strep, and 55 uM 2-Me

prior to downstream culture.

Cell Culture

Isolated B cells were activated at a concentration of 2E6 cells/mL with 10 ng/mL recombinant mouse BAFF
(R&D systems, 8876-BF-010) 5 ug/mL goat anti-mouse IgM (Jackson Immunoresearch, 115-006-075), 1
pg/mL anti-CD40 (BioXcell, BP0016-2), recombinant mouse IL-4 (Peprotech, 214-14) or recombinant
mouse IL-21 (Biolegend, 574504).

Cell culture media contained RPMI (Gibco, 21870076) supplemented with 10% FBS (Cytiva, SH30396.03)
or a 1:100 dilution of a cocktail containing Insulin, Transferrin, Selenium, Ethanolamine (Gibco, 51500056),
and 5mg/mL endotoxin-low recombinant human albumin (Sigma, A9731). All cell culture media contained 2
mM L-glutamine, 50 U/ml Pen Strep and 55 uM 2-Me.

BSA-conjugated 16:0 palmitate and 18:1 oleic acid were generated as previously described and added at a

concentration of 25 yM. MbCD-cholesterol (Sigma, C4951) was added at a concentration of 8ug/mL
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cholesterol unless otherwise specified. Atorvastatin (Sigma, PHR1422) was solubilized in DMSO and added

at indicated concentrations.

Flow Cytometry

Single cell suspensions harvested from cell culture or isolated from spleen, mediastinal lymph nodes, or
bone marrow were incubated with Fc-block for 10min followed by viability stain and select surface
antibodies for 15min. eBioscience Foxp3 / Transcription Factor Staining Buffer Set (Thermo, 00-5523-00)
was used for intracellular transcription factor staining according to manufacturer instructions. For metabolic
FACS analysis, cells were incubated at a final concentration 100nM ER-Tracker Green™ (Invitrogen,
E34251) in HBSS +Ca/Mg for 15 minutes at 37°C according to manufacturer instructions. All antibodies and

key reagents used for flow cytometry in this study are listed in the table below. (Need Abs from Yale)

Reagent Vendor Identifier
Blimp-1 PE (E57) Biolegend Cat# 150005
B220/CD45R APC-Cy7 (RA3-6B2) Biolegend Cat# 103223
B220/CD45R FITC (RA3-6B2) Biolegend Cat# 103205
CD3 BV510 (17A2) Biolegend Cat# 100234
CD38 PE-Cy7 (90) Biolegend Cat# 102717
CD138 APC (281-2) Biolegend Cat# 142505
CD138 BV711 (281-2) Biolegend Cat# 142519
eBioscience Fixable Viability Dye eFlour 780 Invitrogen Cat# 65-0866-14
eBioscience Fixable Viability Dye eFlour 780 Invitrogen Cat# 65-0865-14
Fc-Block Cytek Cat# 70-0161-U500
F4/80 BV510 (BM8) Biolegend Cat# 123135
GL-7 eFlour 450 (GL-7) Invitrogen Cat# 48-5902-82
Goat anti-mouse 1gG (H+L) AF350 Invitrogen Cat# A-11045
IgD BV605 (11-26c.2a) Biolegend Cat# 405727
IRF4 PE (IRF4.3E4) Biolegend Cat# 646403
IRF4 PE-Cy7 (TRF4.3E4) Biolegend Cat# 646413
Ki-67 BUV395 (B56) BD Cat# 564071
TER-119 BV510 (TER-119) Biolegend Cat# 116237
XBP1s BV421 (Q3-695) BD Cat# 563382
7-AAD Molecular Probes Cat# A1310

Multi-color cytometry was performed on the LSR Il flow cytometer (BD biosciences), CytoFLEX S (Beckman

Coulter), or LSRFortessa flow cytometer (BD Biosciences) and analyzed with FlowJo v10.6.2 or FlowJo

v10.10.0.
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Western Blot

Purified B cells were cultured for 24-48h hours in specified conditions. Cells were lysed directly in RIPA
buffer supplemented with Halt protease and phosphatase inhibitor cocktail before 1:1 dilution with 2x
Laemmli loading buffer and then boiled at 95°C for 10min. Protein extracts were separated on gradient 4%
to 12% NuPAGE Bis—Tris Mini protein gels (Invitrogen) and then transferred to a nitrocellulose membrane
(Invitrogen). After blocking for 1 hour in PBS containing 0.1% Tween 20 (PBS-T) and 5% nonfat milk or 5%
BSA, the membrane was probed with anti-p21 Waf1/Cip1 (Cell Signaling, 37543, clone E2R7A), anti-
Cleaved Caspase-8 (Asp387) (Cell Signaling, 8592, clone D5B2) anti-phospho-STAT6 (Tyr641) (Cell
Signaling, 9361), anti-STAT6 (Cell Signaling, 5397, clone D3H4), anti-B-actin (Cell Signaling, 4967) diluted
into PBS-T with 5% nonfat milk or 5% BSA overnight. Membranes were washed 3x with PBS-T, followed by
a 30-minute room temperature incubation with mouse (Cell Signaling, 7076) or rabbit (Cell Signaling, 7074)
secondary antibodies conjugated to horseradish peroxidase diluted in 5% nonfat milk or 5% BSA in PBS-T.
Membranes were washed as before and then developed using Pierce Supersignal West Pico/Femto/Atto

detection kits and imaged with an Invitrogen iBright 1500 imaging system.

Quantitative PCR

Purified B cells were cultured for 24-48 hours in specified conditions. Dead or dying cells were depleted
using immunomagnetic negative selection (STEMCELL technologies). RNA was isolated using a phenol-
chloroform extraction and cDNA was generated using Bio-Rad iScript cDNA synthesis kit or Applied
Biosystems high-capacity cDNA reverse transcription kit. Pre-validated primers were all ordered through
Sigma. Bio-Rad iTag Universal Sybr Green Supermix and Bio-Rad CFX6 real-time PCR detection system or
Thermo PowerTrack SYBR Green Master Mix and Quantstudio 5 real-time PCR detection system were

2-AACT

used for quantitative analysis. Fold change related to the control group was calculated using method

with Actb as the reference gene.

Bulk RNA Sequencing

For bulk RNA sequencing, purified B cells were cultured for 72 hours in specified conditions. Dead or dying
cells were depleted using immunomagnetic negative selection (STEMCELL technologies) and RNA was
extracted using Trizol and Qiagen RNeasy Kit. Technical duplicates were submitted to the Yale Center for
Genome Analysis for cDNA synthesis and RNA sequencing. Libraries with unique barcodes were pooled
and sequenced on lllumina NovaSeq S1 to produce 100 bp paired-end reads following manufacturer’s
protocol. Raw reads from RNA-sequencing were aligned to the mouse genome mm10 using Kallisto?.

Subsequently, differential expression analysis between groups was performed with DESeq2°.

Single-Cell RNA Sequencing
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For scRNAseq, single cell suspensions from mesenteric lymph nodes of 3 pooled mice on day 4 of PR8-
gp33 Influenza infection were sorted on a Sony SH800 cell sorter. Populations of CD3+, CD19+, and CD3-
CD19-CD45+ were pooled in a 1:1:1 ratio. Cells from pooled and approximately 10,000 cells were loaded
onto a Chromium Controller (10x Genomics). Single-cell RNA-seq libraries were prepared using the
Chromium Single Cell 5' v2 Reagent Kit (10x Genomics) according to manufacturer’s protocol and libraries

were sequenced on the lllumina NovaSeq.

For data preprocessing, mRNA library reads were aligned to the mouse genome mm10 and quantified using
CellRanger count*. Data was subsequently analyzed using Seurat (version 4.0)°. Data was first filtered to
exclude cells in the 5th and 95th percentiles of library size and number of expressed genes, as well as cells
with more than 5% mitochondrial transcripts, and include only genes expressed in more than 3 cells. Data
was then normalized in terms of log (CPM/100 + 1), where CPM stands for counts per million (meaning that
the sum of all gene-levels is equal 1,000,000). After normalization, we used ALRA (Adaptively-Thresholded
Low Rank Approximation)® to impute the matrix and fill in the technical dropout values. Subsequently,
principal component analysis (PCA) was used to reduce data dimensionality followed by t-Distributed
Stochastic Neighbor Embedding (t-SNE),"® a non-linear dimensionality reduction method. Louvain graph-
based clustering” was then used to generate clusters that were overlaid on the t-SNE coordinates to discern

cell subpopulations.

Two individual clusters comprised B cells and were extracted into a new data subset. Monocle 2 was then
used to perform semi-supervised ordering to specifically learn a trajectory defined by cellular activation. In a
separate analysis, cells were subsetted based on imputed expression of CD19 which yielded similar results
when subject to the same downstream trajectory analysis (data not shown). Btg2 and Myc were selected as
“bellwether” genes to identify naive and activated cells, respectively. The top 1000 genes that co-varied in
either direction were determined and used to order cells along a developmental trajectory between these

two states and assign a pseudotime value to each cell using reverse graph embedding.

U"C-glucose labeling of cells and Isotope Enrichment Analysis

B cells activated under specified conditions were labeled in media containing 50% U'*C-glucose. Cells were
harvested at 72 hours and Annexin V+ dead/dying cells were depleted using immunomagnetic negative
selection (STEMCELL technologies). Isotopomeric Spectral Analysis (ISA) was performed as previously

described".

Shotgun Lipidomic Analysis
B cells were activated under specified conditions. Cells were harvested at 72 hours and Annexin V+

dead/dying cells were depleted using immunomagnetic negative selection (STEMCELL technologies).
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Technical quadruplicates were analyzed on the Sciex Lipidyzer Platform and data analysis performed on
Lipidyzer software as previously described’. Quantitative values were normalized to cell counts and lipid

species with more than two missing values due to technical dropout were excluded from analysis.

Statistical Analysis

Experiments were conducted with technical and biological replicates at an appropriate sample size as
estimated by our prior experience. No statistical methods were used to predetermine sample size. No
methods of randomization and no blinding were applied. All data were replicated independently at least
once as indicated in the figure legends, and all attempts to reproduce experimental data were successful.
For all bar graphs, mean and S.D. are shown. All statistical analysis was performed using GraphPad Prism
7 or newer. p-values <0.05 were considered significant (*p<0.05, **p<0.01; ***p<0.005, **** p<0.0001); p-

values >0.05; non-significant (ns). All sample sizes and statistical tests used are detailed in figure legends.
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Figure 1: IL-4 drives cholesterol synthesis gene expression in vivo.

a.

Quantitative PCR (gPCR) analysis of cholesterol synthesis genes in B cells isolated from the
mediastinal lymph node after infection with 200 PFU of Influenza virus A/Puerto Rico/8/1934 (PR8)
H1N1 strain expressing the LCMV gp33-41 epitope (PR8-33) at listed time points. Shaded section
indicates the peak of IL-4 production by NK-T cells.

gPCR analysis of fatty acid synthesis genes in B cells isolated from the mediastinal lymph as in (A)
gPCR analysis of lipid efflux genes in B cells isolated from the mediastinal lymph node as in (A)
UMAP visualization of murine B cells 4 days post infection (dpi) with PR8 influenza A virus as in (A)
colored by Leiden clusters (top left) or relative gene expression values

Heatmap displaying gene expression from scRNAseq cluster analysis of murine B cells 4dpi with
PRS8 influenza A virus as in (A). Colors indicate z-scored expression values across all clusters.
gPCR analysis of lipid synthesis genes in B cells isolated from the mediastinal LN of naive mice,
CD23 Cre+/- control mice, and CD23 Cre+ IL-4R flox/flox (IL-4R cKO) mice 5 days post infection
(dpi) with 200 PFU of Influenza virus (PR8). Mann Whitney test utilized for statistics

gPCR analysis of lipid efflux genes in mediastinal LN B cells from naive mice, CD23 Cre+/- control
mice and CD23 Cre+/- IL-4R Flox/flox (cKO) mice 5 days post infection (dpi) with 200 PFU of
Influenza virus A (PR8). Mann Whitney test utilized for statistics

gPCR analysis of B cells isolated from the spleen and lymph nodes of C57BL/6J mice then
stimulated with B cell activating factor (BAFF) [10ng/mL], a-IgM [5ug/mL], a-CD40 [1ug/mL], +/- IL-4
[20ng/mL], +/- IL-21 [20ng/mL] in 10% FBS-supplemented media at listed time points.

Heatmaps of bulk RNAseq from WT and STAT6 KO +/- IL-4 [20ng/mL] after 96h activation.

Data are presented as the mean of biological replicates + s.d. *P<0.05, **P<0.01, ***P<0.005,

****P<0.0001 (two-tailed unpaired Student’s T-test unless noted otherwise).

Figure 2: Cholesterol promotes cell cycle progression and proliferation in B cells.

a.

CellTrace Violet (CTV) traces of B cells isolated from the spleen and lymph nodes of C57BL/6J
mice, stimulated with B cell activating factor (BAFF) [10ng/mL], a-IgM [5ug/mL], and a-CD40
[1pug/mL] in 10% FBS-supplemented media, lipid free media + BSA (vehicle), or lipid free media
supplemented with water-soluble cholesterol (4ug/mL), BSA-oleic acid (50uM), BSA-palmitic acid
(50uM) or with IL-4 [20ng/mL] for 72 or 96h.

Summary 96h proliferation data from (A)

CTV Summary data of B cells isolated from the spleen and lymph nodes of C57BL/6J mice,
stimulated with B cell activating factor (BAFF) [10ng/mL], a-IgM [5ug/mL], and a-CD40 [1ug/mL]in
10% FBS-supplemented media (black bar), lipid free media (white bar) or lipid free media
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supplemented with water-soluble cholesterol (2-6ug/mL), with IL-4 [20ng/mL] or IL-21 [40ng/mL] for
48h.

d. Representative flow plots of cell cycle analysis using Ki-67 and 7-AAD

e. Cell cycle analysis of B cells as in (C)

f. qPCR analysis IL-4 responsive genes in B cells isolated from the spleen and lymph nodes of
C57BL/6J mice then stimulated with B cell activating factor (BAFF) [10ng/mL], a-lgM [Sug/mL], and
a-CD40 [1ug/mL] for 48h +/- IL-4 [20ng/mL] in lipid free media or + water-soluble cholesterol (final
concentration of 4ug/mL).

g. Total (left) and synthesized (right) cholesterol of B cells isolated from the spleen and lymph nodes of
C57BL/6J mice—as measured by Isotopic Spectral Analysis (ISA)—following 72h stimulation with B
cell activating factor (BAFF) [10ng/mL], a-IgM [5pg/mL], a-CD40 [1pg/mL], +/- IL-4 [20ng/mL] in 10%
FBS.

h. Summary proliferation (CTV) data of B cells isolated from the spleen and lymph nodes of C57BL/6J
mice then stimulated for 72h with B cell activating factor (BAFF) [10ng/mL], a-IgM [5ug/mL], a-CD40
[1pg/mL], +/- IL-4 [20ng/mL] in lipid free media. Atorvastatin (ATV) administered at a final
concentration of 100pM. Water-soluble cholesterol (Chol) administered at a final concentration of
8ug/mL.

i. Cell cycle analysis of B cells isolated from the spleen and lymph nodes of C57BL/6J mice then
stimulated for 72h with B cell activating factor (BAFF) [10ng/mL], a-IgM [5ug/mL], a-CD40 [1ug/mL],
+/- IL-4 [20ng/mL] in lipid free media. Atorvastatin (ATV) administered at a final concentration of

100pM. Water-soluble cholesterol (Chol) administered at a final concentration of 8ug/mL.

Data are presented as the mean of biological replicates + s.d. *P<0.05, **P<0.01, ***P<0.005,
****P<0.0001 (two-tailed unpaired Welch’s T-test). Data are representative of at least two

independent experiments.

Figure 3: IL-4 licenses B cell proliferation and cell cycle progression through de novo cholesterol
synthesis.

a. gPCR gene expression analysis of Srebf2"¥"* control (Con) or CD23 Cre+ Srebf21°x conditional
KO (BP2 cKO) naive B cells stimulated for 48h with B cell activating factor (BAFF) [10ng/mL], a-IgM
[5ug/mL], a-CD40 [1ug/mL], +/- IL-4 [20ng/mL] in lipid free media.

b. Summary CTV proliferation data of Srebf2®/1°% control (Con) or CD23 Cre+ Srebf2™/1°x conditional
KO (BP2 cKO) naive B cells stimulated for 48h with B cell activating factor (BAFF) [10ng/mL], a-IgM
[5pg/mL], a-CD40 [1ug/mL], +/- IL-4 [20ng/mL], in lipid free media. Water-soluble cholesterol (Chol)
administered at indicated final concentrations (ug/mL).

c. Cell cycle analysis summary data of as in (B)
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Western blot analysis of p21 in Srebf2*/1°% control (Con) or CD23 Cre+ Srebf2"/1°x conditional KO
(BP2 cKO) naive B cells stimulated for 48h with B cell activating factor (BAFF) [10ng/mL], a-IgM
[5pg/mL], a-CD40 [1ug/mL], +/- IL-4 [20ng/mL], in lipid free media +/- MBCD cholesterol (Chol). 3-
Actin is loading control.

Viability summary data as in (D).

Western blot analysis of cleaved caspase 8 (casp8; p18) as in (D). B-Actin is loading control.
Viability summary data of Srebf2"/1°x control (Con) or CD23 Cre+ Srebf2™/1°x conditional KO (BP2
cKO) naive B cells stimulated for 48h with B cell activating factor (BAFF) [10ng/mL], a-IgM [5ug/mL],
a-CD40 [1pg/mL], + IL-4 [20ng/mL] in lipid free media +/- pan-caspase inhibitor, Z-VAD-FMK (P-
Caspi) or MBCD- cholesterol (Chol)

Data are presented as the mean of biological replicates + s.d. *P<0.05, **P<0.01, **P<0.005,
****P<0.0001 (two-tailed unpaired Welch’s T-test).

Figure 4: SREBP2-deficient B cells exhibit defective humoral responses in vivo.

a.

Total number of B cells in the serum of naive Srebf2®/™* control (Con) or CD23 Cre+ Srebf21oX/lox
conditional KO (BP2 cKO) female mice (n=11).

Flow cytometry-based quantification of total number (left) and frequency (right) of plasmablasts in
the blood of naive Srebf2"/™°x control (Con) or CD23 Cre+ Srebf2"/™°* conditional KO (BP2 cKO)
female mice (n=11).

Total (left) and frequency (right) of proliferating plasmablasts (measured by Ki-67 staining) in the
blood of naive Srebf2®/™°x control (Con) or CD23 Cre+ Srebf2"/™°x conditional KO (BP2 cKO)
female mice (n=11).

Total number of B cells in the mesenteric lymph nodes of naive Srebf2/™* control (Con) or CD23
Cre+ Srebf2""x conditional KO (BP2 cKO) female mice (n=11).

Total number of germinal center (GC) B cells in the mesenteric lymph nodes of naive Srebf2ox/fiox
control (Con) or CD23 Cre+ Srebf2"*x conditional KO (BP2 cKO) female mice (n=10-11).
Frequency of germinal center (GC) B cells in the mesenteric lymph nodes of naive Srebf2o¥/ox
control (Con) or CD23 Cre+ Srebf2"*x conditional KO (BP2 cKO) female mice (n=10-11).

Total proliferating germinal center (GC) B cells (measured by Ki-67 staining) in the mesenteric lymph
nodes of naive Srebf2"/" control (Con) or CD23 Cre+ Srebf2""* conditional KO (BP2 cKO)
female mice (n=10-11).

Total antibody secreting cells (ASCs) in the bone marrow of naive Srebf2"/1°% control (Con) or CD23
Cre+ Srebf2"*x conditional KO (BP2 cKO) male mice (n=5-7).

Total number (left) and frequency (right) of mature plasma cells (PCs) in the bone marrow of naive
Srebf2"/1°x control (Con) or CD23 Cre+ Srebf2'1°x conditional KO (BP2 cKO) male mice (n=5-7).
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j.  Total number of B cells in the blood (left) and mediastinal lymph node (right) of Srebf2"/1°x control
(Con) or CD23 Cre+ Srebf2"/1°x conditional KO (BP2 cKO) female mice (n=7-8) 6 days post
infection (dpi) with 200 PFU of Influenza virus A/Puerto Rico/8/1934 (PR8) H1N1 strain expressing
the LCMV gp33-41 epitope (PR8-33).

k. Total number plasmablasts in the blood of Srebf2"/1°x control (Con) or CD23 Cre+ Srebf2ioX/flox
conditional KO (BP2 cKO) female mice (n=7-8) 6 days post infection (dpi) with 200 PFU of
Influenza virus A/Puerto Rico/8/1934 (PR8) H1N1 strain expressing the LCMV gp33-41 epitope
(PR8-33).

I.  Total number (left) and frequency (right) of plasmablasts in the mediastinal lymph node of
Srebf2"/1°x control (Con) or CD23 Cre+ Srebf2'>/1°x conditional KO (BP2 cKO) female mice (n=7-8)
6 days post infection (dpi) as in ()

m. Total Plasmablasts, GC B cells, and Memory B cells from the mediastinal lymph node 10 days post

infection with PR8 influenza as in (J).

Data are presented as the mean of biological replicates + s.d. *P<0.05, **P<0.01, ***P<0.005 (two-

tailed unpaired Student’s T-test).

Figure 5: De novo cholesterol synthesis supports IL-4 gene expression, endoplasmic reticulum
remodeling, and cell viability.

a. Total (left) and frequency (right) of XBP1s+ plasmablasts in the blood of naive Srebf2"¥"* control
(Con) or CD23 Cre+ Srebf2™/1°x conditional KO (BP2 cKO) female mice (n=10-11).

b. gPCR analysis of XBP1s in Srebf2""* control (Con) or CD23 Cre+ Srebf2""* conditional KO
(BP2 cKO) naive B cells stimulated for 48h with B cell activating factor (BAFF) [10ng/mL], a-IgM
[5pg/mL], a-CD40 [1ug/mL], +/- IL-4 [20ng/mL] in lipid free media. Water-soluble cholesterol (Chol)
administered at a final concentration of 8ug/mL.

c. Endoplasmic reticulum (ER) mass measured by ER-TrackerTM Green in Srebf2"/"°x control (Con)
or CD23 Cre+ Srebf2"/™x conditional KO (BP2 cKO) naive B cells stimulated for 48h with B cell
activating factor (BAFF) [10ng/mL], a-IgM [5ug/mL], a-CD40 [1ug/mL], +/- IL-4 [20ng/mL] in lipid free
media.

d. Endoplasmic reticulum (ER) mass measured by ER-TrackerTM Green in Srebf2"/1°% control (Con)
or CD23 Cre+ Srebf2"/™x conditional KO (BP2 cKO) naive B cells stimulated for 72h with B cell
activating factor (BAFF) [10ng/mL], a-IgM [5ug/mL], a-CD40 [1ug/mL], +/- IL-4 [20ng/mL] in lipid free
media. Water-soluble cholesterol (Chol) administered at indicated final concentrations (pg/mL).

e. gPCR gene expression analysis of IL-4/STAT6 dependent genes from Srebf2™/™°* control (Con) or
CD23 Cre+ Srebf2™/™x conditional KO (BP2 cKO) naive B cells stimulated for 48h with B cell
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activating factor (BAFF) [10ng/mL], a-IgM [5ug/mL], a-CD40 [1ug/mL], +/- IL-4 [20ng/mL] in lipid free
media. Water-soluble cholesterol (Chol) administered at a final concentration of 8ug/mL.

Western blot analysis of phosphorylated (p-) and total STAT6 from whole cell lysates from
Srebf2™/1°x control (Con) or CD23 Cre+ Srebf2™/1°* conditional KO (BP2 cKO) naive B cells
stimulated for 48h with B cell activating factor (BAFF) [10ng/mL], a-IgM [5ug/mL], a-CD40 [1ug/mL],
IL-4 [20ng/mL] in lipid free media. Water-soluble cholesterol (Chol) administered at a final
concentration of 8ug/mL.

Summary schematic of how IL-4 signaling licenses B cell activation or drives caspase-mediated

apoptosis

Data are presented as the mean of biological replicates + s.d. *P<0.05, **P<0.01, ***P<0.005, (two-

tailed unpaired Student’s T-test).
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Extended Figure S1:

Schematic of SREBP regulation

gPCR gene expression analysis of cholesterol synthesis genes in B cells isolated from the
mediastinal lymph node with PR8 influenza A virus at listed time points. Shaded section indicates
the peak of IL-4 production by NK T cells.

c. UMAP visualization of WT murine B cells 4 days post infection (dpi) with PR8 influenza A virus
colored by relative gene expression values

d. Distribution of mutual information (DREMI) scores between //4i1 and all expressed genes.

e. Visualization (DREVI) of relationships between of //4i1 versus quiescence/activation and lipid
metabolism associated genes.

f. qPCR gene expression analysis of Prdm1 and IL4i1 genes in mediastinal LN B cells from naive WT
mice, CD23 Cre+/- control mice and CD23 Cre+/- IL-4R™/™°* (cKO) mice 5 dpi with PR8 influenza A
virus

g. gPCR gene expression analysis of Fasn in mediastinal LN B cells from naive WT mice, CD23 Cre+/-
control mice and CD23 Cre+/- IL-4R™1°% (cKO) mice 5 dpi with PR8 influenza A virus

h. gPCR gene expression analysis of cholesterol synthesis genes time course in naive B cells, or B
cells stimulated with B cell activating factor (BAFF) [10ng/mL], a-IgM [5ug/mL], a-CD40 [1ug/mL], +/-
IL-4 [20ng/mL], +/- IL-21 [20ng/mL] in 10% FBS-supplemented media.

i. gPCR gene expression analysis of /[4r and Prdm1 time course in naive B cells, or B cells stimulated
as in (h) in 10% FBS-supplemented media.

j- gPCR gene expression analysis of Sdc1(CD138) time course in naive B cells, or B cells stimulated
as in (h) in 10% FBS-supplemented media.

k. gPCR gene expression analysis of cholesterol efflux genes time course in naive B cells, or B cells

stimulated as in (h) in 10% FBS-supplemented media.

Data are presented as the mean of biological replicates + s.d. *P<0.05, **P<0.01, ***P<0.005,

****P<0.0001 (two-tailed unpaired Student’s T-test unless noted otherwise.)

Extended Figure S2:

a. Proliferation summary data of naive B cells stimulated in 10% fetal bovine serum (FBS)-
supplemented media or lipid free media with B cell activating factor (BAFF) [10ng/mL], a-IgM
[5pg/mL], a-CD40 [1ug/mL], +/- IL-4 [20ng/mL], as measured by CellTrace Violet (CTV) staining.

b. Representative schematic of isotope tracer analysis of flux into de novo cholesterol synthesis

pathway
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Data are presented as the mean of biological replicates + s.d. *P<0.05, **P<0.01, ***P<0.005,

****P<0.0001 (two-tailed unpaired Student’s T-test unless noted otherwise.)

Extended Figure S3:

a.

Proliferation summary data of Srebf2"¥"°* control (Con) or CD23 Cre+ Srebf2>/1°x conditional KO
(BP2 cKO) naive B cells stimulated for 48h with B cell activating factor (BAFF) [10ng/mL], a-IgM
[5pg/mL], a-CD40 [1ug/mL] in lipid free media. Water-soluble cholesterol (Chol) administered at a
final concentration of 8ug/mL.

Cell cycle analysis as in (A)

Proliferation summary data of Srebf2"¥"°x control (Con) or CD23 Cre+ Srebf2>/1°x conditional KO
(BP2 cKO) naive B cells stimulated for 48h with B cell activating factor (BAFF) [10ng/mL], a-IgM
[5pg/mL], a-CD40 [1ug/mL], +/- IL-4 [20ng/mL], +/- Mevalonate in lipid free media.

Membrane permeability analysis as measured by Sytox Green uptake in Srebf2®/1°% control (Con)
or CD23 Cre+ Srebf2"/™x conditional KO (BP2 cKO) naive B cells stimulated for 48h with B cell
activating factor (BAFF) [10ng/mL], a-IgM [5ug/mL], a-CD40 [1ug/mL] in lipid free media. Water-
soluble cholesterol (Chol) administered at a final concentration of 12ug/mL.

gPCR gene expression analysis of early BCR responsive genes in Srebf2""* control (Con) or
CD23 Cre+ Srebf2™/™x conditional KO (BP2 cKO) naive B cells or activated with BAFF[10ng/mL], a-
IgM [5pg/mL], a-CD40 [1pug/mL] +/- IL-4 [20ng/mL] for 48h in lipid free media. Water-soluble

cholesterol (Chol) administered at a final concentration of 8ug/mL.

Data are presented as the mean of biological replicates + s.d. *P<0.05, **P<0.01, ***P<0.005,

****P<0.0001 (two-tailed unpaired Student’s T-test unless noted otherwise.)

Extended Figure S4: Normal B cell development in the absence of SREBP2

a.

Representative flow cytometry gating by Hardy fraction to define developmental subsets in the bone
marrow from Srebf2"*1°x control (Con) or CD23 Cre+ Srebf2"*1°x conditional KO (BP2 cKO) mice
(n=6).

Quantification of bone marrow B-cell subsets, showing the frequency (top) and cell number (bottom)
of each developmental stage. B220* splenocytes were gated to identify transitional B-cell subsets
(T1, T2, and T3) using CD21/CD35 and CD23 expression, and mature B-cell subsets, including
marginal zone B cells (MZB) and follicular B cells (FoB).

Representative flow cytometry gating strategy of splenic B-cell populations from Srebf2"/1°x control
(Con) or CD23 Cre+ Srebf2™1°x conditional KO (BP2 cKO) mice.

Frequency (top) and total cell number (bottom) of B220* splenocytes from Srebf2"¥ " control (Con)
or CD23 Cre+ Srebf2"™/1°x conditional KO (BP2 cKO) mice.
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e. Frequencies (left) and total cell numbers (right) of splenic B-cell populations are shown. Data are
means = SEM. Unpaired t tests were used.

f. Representative flow plots of circulating B cells and plasmablasts.

Extended Figure S5:
a. Representative flow plots of GC B cells.
b. Representative flow plots of total B cells, plasmablasts, GC B cells and memory B cells after 6-10
days post infection with PR8 influenza.
c. Representative flow plots of total antibody secreting cells and mature plasma cells in the bone

marrow.

Extended Figure S6:

a. Endoplasmic reticulum (ER) mass measured by ER-TrackerTM Green in WT naive B cells
stimulated with BAFF [10ng/mL], a-IgM [5pg/mL], a-CD40 [1ug/mL] for 48h +/- IL-4 [20ng/mL] in lipid
free media, Atorvastatin (ATV) administered at a final concentration of 100pM. Water-soluble
cholesterol (Chol) administered at a final concentration of 8ug/mL.

b. XBP1 transcript levels from bulk RNAseq from WT and STAT6 KO B cells +/- IL-4 [20ng/mL] after
96h activation.

c. IL-4 responsive gene transcript levels from bulk RNAseq from WT and STAT6 KO B cells +/- IL-4
[20ng/mL] after 96h activation.

d. gPCR gene expression analysis of IL-4 responsive genes in Srebf2"¥"* control (Con) or CD23 Cre+
Srebf2™/1ox conditional KO (BP2 cKO) naive B cells stimulated with BAFF [10ng/mL], a-IlgM
[5pg/mL], a-CD40 [1ug/mL] for 48h +/- IL-4 [20ng/mL] in lipid free media. Water-soluble cholesterol

(Chol) administered at a final concentration of 8ug/mL.

Data are presented as the mean of biological replicates + s.d. *P<0.05, **P<0.01, ***P<0.005,

****P<0.0001 (two-tailed unpaired Student’s T-test unless noted otherwise.)
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