bioRxiv preprint doi: https://doi.org/10.1101/2025.01.11.632541; this version posted January 14, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Diacylglycerol kinase  dictates CD40-mediated immune synapse formation,

mTORCT signaling and plasma cell fate in B lymphocytes

Ana Fernandez-Barrecheguren'?", Adrian Fernandez-Rego'?*, Lucia Fuentes-Cantos'?,
Tirso Pons®, Belén S. Estrada*, Marta Iborra-Pernichi®, Tahmineh Ebrahimi’, Ana
Sagrega-Aparisi®>, Sara Cogliati’, Nuria Martinez-Martin*, Rodrigo Jiménez-Saiz®,

Yolanda R. Carrasco!".

'B Lymphocyte Dynamics, Department of Immunology and Oncology, Centro Nacional
de Biotecnologia (CNB)-CSIC, Madrid, Spain; 2Molecular Biosciences Program, Faculty
of Sciences, Universidad Autdnoma de Madrid (UAM), Madrid, Spain; *Department of
Immunology and Oncology, CNB-CSIC; “Organ and Tissue Homeostasis Program,
Centro de Biologia Molecular Severo Ochoa (CBMSO), CSIC-UAM, Madrid, Spain;
SCBMSO, CSIC-UAM; Institute for Molecular Biology-IUBM, UAM, Madrid, Spain;
®Department of Immunology, Instituto de Investigacion Sanitaria Hospital Universitario
de La Princesa (IIS-Princesa), Madrid, Spain.

*These authors contributed equally to the work.

fCorresponding author, e-mail: ycarrasco@cnb.csic.es

ABSTRACT

To mount a robust T-dependent immune response, antigen-specific B lymphocytes require
CD40 stimulation through immune synapse formation with CD4" T follicular helper cells.
CDA40 triggers the activation of mammalian target of rapamycin complex-1 (mTORCI)
and remodels the mitochondria to meet increased bioenergetic and anabolic demands. We
show that diacylglycerol-kinase-C (DGKJ() has a crucial role in activating the mTORC1
pathway and remodeling mitochondria downstream of CD40 signaling in B cells. DGKC
governs organelle translocation to the CD40-mediated immune synapse and the
recruitment of mMTORC]1 to lysosomes. DGK{- B cells exhibited impaired mitochondria
function, protein biosynthesis, metabolite transporter expression and cell cycle
progression, accompanied by dysregulation of the transcriptional network governing B

cell fate. These defects lead to a blockage in the progression of the germinal center
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response and plasma cell differentiation in vivo. Our findings establish DGKC as a key

mediator of CD40 functions in the B cell response.
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INTRODUCTION

Upon recognizing an antigen via the B cell antigen receptor (BCR), B cells become
activated within secondary lymphoid organ follicles. This involves the formation of an
immune synapse with an antigen-presenting cell, enabling stable cell-cell interactions,
signaling, organelle polarization and antigen uptake!**. Activated B cells subsequently
migrate to the follicular border, where they present processed antigen to Tth cells on
MHC class II molecules. In return, Tth cells provide co-stimulatory signals, primarily
through CD40 stimulation, driving B cell survival and proliferation®. While the molecular
mechanisms of this immune synapse have been extensively studied from the T cell
perspective, its structure and function on the B cell side remain largely unknown. The
CD40/CD40 ligand (CD40L) axis is a key checkpoint for a robust humoral immune
response against pathogens. CD40, a member of the TNF receptor superfamily, is
constitutively expressed as a homodimer on the B cell surface. Upon binding of trimeric
CD40L, CD40 trimerizes, initiating a cascade of downstream signaling events®3. Fully
activated B cells can differentiate into short-lived antibody-secreting plasma cells and
memory B cells (MBCs). Alternatively, they can migrate to germinal centers to generate
high-affinity, long-lived plasma cells and MBCs. CD40 signaling promotes
immunoglobulin class switching and somatic hypermutation processes, essential for BCR

affinity maturation® !,

Activated B cells undergo a metabolic shift to meet the increased energy and biosynthetic
demands required for cell growth, proliferation and differentiation. This is primarily
driven by the activation of the mTORCI pathway in conjunction with enhanced
mitochondrial respiration (oxidative phosphorylation, OxPhos) and glycolysis'?!>.
Mitochondrial remodeling provides activated B cells with ATP and essential intermediate
metabolites, such as those generated through the tricarboxylic acid cycle, to sustain their

16-18 ' mTORCI, a serine-threonine kinase, senses nutrient

bioenergetic and anabolic needs
availability and regulates cell growth and division. It is activated by the PI3K/Akt

pathway and nutrient signals, which facilitate the recruitment of mTORCI1 to the
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lysosomal surface via RHEB and Rag GTPases, respectively, promoting biosynthetic
processes!?2?, These nutrient signals can include amino acids, glucose and phosphatidic
acid (PA), a crucial metabolite for phospholipid biosynthesis. PA is essential for mTORC1
stability and function?!. While various sources can provide PA, DGK{-derived PA has
been shown to promote mTORCI activation in cancer cells and other cell types?>*.
However, the role of DGKC in mTORCI activation and metabolic reprograming of

activated B cells remains largely unexplored.

DGK( is a member of the DGK family of enzymes, which phosphorylate the lipid
messenger diacylglycerol (DAG) to generate PA. As one of the most extensively studied
DGK isoforms, DGKC possesses a complex domain structure that allows DGKC to
function both as a kinase and an adapter protein. Phosphorylation by PKC triggers the
translocation of DGK( from the cytosol to membrane interfaces where DAG is produced.
The C1 domains further facilitate the targeted localization of DGKC to specific
membranes through DAG binding?*?°. DGK( is known to suppress the function of
lymphocytes by restricting signaling pathways activated by antigen receptor stimulation,
specifically those dependent on DAG. Furthermore, the local production of PA serves as
a nucleation site to recruit effector proteins involved in cytoskeletal remodeling and cell
polarity?®?’. Actomyosin remodeling, integrin clustering and polarized membrane
trafficking are key characteristics of the immune synapse, and we previously showed that
all these processes are promoted by DGK( at the BCR-mediated synapse, facilitating the
efficient extraction of antigen®®. The role of DGK( in the co-stimulatory step via CD40,
which requires the assembly of a synapse with Tth cells and is indispensable for the

germinal center response, remains unknown.

We therefore investigated the role of DGK( in CD40 signaling. Using DGKC-deficient
mouse B cells and GFP-tagged DGKC mutants, we found that DGKC promotes mTORCI1
activation following CD40 stimulation. This activation relies on both PA production and
an adaptor function of DGKE through its PDZ binding motif (PDZbm). CD40-stimulated
DGKC('" B cells generated fewer plasma cells than equivalent wild-type (WT) cells,
correlating with dysregulated expression of transcription factors involved in plasma cell
differentiation. Anabolism, cell cycle progression and mitochondrial function were also

impaired in DGK{”" B cells downstream of CD40 signaling. In vivo immunization
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experiments revealed a blockade in germinal center progression in DGK{”~ B cells. We
dissected the CD40/DGKC crosstalk at the B cell synapse with Tth cells by recreating this
interaction in vitro, finding that DGKC promotes actin polymerization and LFA-1-
mediated adhesion at the CD40-triggered synapse-like contact, while limiting B cell
exploratory behavior. DGKC also regulates organelle translocation to the synapse,
facilitating mTORCI recruitment to lysosomes and its subsequent activation. Our data
thus establish DGK( as a crucial mediator of the CD40 checkpoint in the B cell immune

response.

RESULTS

DGKCE promotes mTORCT1 activity and plasma cell generation downstream of CD40
signaling

To explore the role of DGKC in the signaling of CD40 in B cells, we isolated B cells from
the spleen of WT and DGK{™- mice and stimulated them in vitro with an antibody against
CD40. Both DGK{”~ and WT B cells expressed comparable levels of surface CD40, as
determined by flow cytometry (Figure S1A). Analysis of the early signaling cascade by
immunoblotting revealed the activation of PKCp, Akt, and S6K1(p70-S6K) in WT B
cells, along with phosphorylation of FOXO1 at Thr24, indicating the inactivation of
transcriptional repressor functions. DGK{ - B cells displayed significantly elevated levels
of the activated forms of PKC[ and Akt when compared with WT cells, accompanied by
higher levels of phosphorylated FOXO1 (Figures 1A-B). To evaluate mTORCI activity,
we monitored the phosphorylated status of ribosomal protein S6 (p-S6), a downstream
target, by flow cytometry. Both WT and DGK{™~ B cells exhibited increased p-S6 levels
upon CD40 stimulation, peaking at 30 min; however, p-S6 levels were significantly lower
in DGKC ™" cells than in WT cells (Figure 1C). To reconstitute our system, we added
soluble PA and employed the inhibitor rapamycin to monitor mTORCI1 activity. We
observed elevated levels of p-S6 in PA-treated DGK{- B cells at the 15-min time point
(Figure 1D). This suggests that soluble PA can restore mTORC1 activity downstream of
CD40 signaling in DGK{"" B cells during the early phase of activation. To further
investigate the relevance of the kinase versus the adaptor activities of DGKZ in mTORC1

regulation, we used the mouse A20 B cell line to express different DGKC constructs (WT;
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kinase-dead, KD; and a deletion mutant for the PDZbm, APDZbm) fused to GFP. A20
cells express CD40 on their surface and lack endogenous DGK( (Figures S1B-C). We
confirmed construct expression by GFP detection at 24 h (Figure S1D), and then analyzed
p-S6 levels after CD40 stimulation (Figure S1E). The fraction of GFP-negative (GFP")
cells was analyzed as a control. Basal p-S6 levels increased in GFP- cells at 15 min post-
CD40 stimulation. While DGKC-WT expression did not alter this pattern, both the
DGKE-KD and -APDZbm mutants blunted the p-S6 response (Figure S1F). These
findings indicate that both the kinase activity and the PDZbm-mediated adaptor function

of DGKC are involved in regulating mTORCI activation via CD40 signaling.

To investigate the long-term effects of DGKZ on CDA40 signaling, we cultured WT and
DGKC('~ B cells for 96 h in the presence of anti-CD40 antibody, IL-4 and IL-5 and
analyzed plasma cell generation. Results showed that the plasma cell population
(CD138"B220"°"") was significantly lower in DGK{™" cells than in WT controls, as was
the surface expression of CD138, indicating impaired plasma cell maturation (Figures 1E
and S1G). ELISA analysis revealed lower IgM and IgG production in the culture
supernatant of DGK({”~ B cells (Figure 1F). No significant differences were observed in
the IgG1" MBC-like generation between the two genotypes, but both IgG1" and IgM*
plasma cells were reduced in the DGKE™* cells (Figure 1G). These findings suggest that
DGKC plays a crucial role in CD40-mediated B cell signaling by suppressing the
PKCB/Akt pathway, enhancing mTORCI activity and promoting plasma cell

differentiation.

DGKC is essential for the expression of transcription factors involved in plasma cell
commitment

A complex network of transcription factors regulates plasma cell differentiation. PAXS,
BCL6 and BACH2 are involved in B cell identity, whereas IRF4, BLIMP1 and XBP1 are
involved in plasma cell commitment and function®’. To investigate the impact of DGK{
on this regulatory network, we monitored mRNA expression levels of those genes in
CD40-activated DGK{”- and WT B cells, before the emergence of CD138"B220°Y cells
(Figure S2A). Quantitative RT-PCR analysis revealed that the expression of Pax5 and
Bcl6 was higher in DGK{- B cells than in WT controls both at baseline and after 48 h of

culture, while Irf4 levels were significantly lower at 48 h (Figure 2A). To validate these
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findings, we performed RNA-seq analysis of the 48-h CDI138B220"CD95'GL7"
population (Figure S2B; see Supplemental Methods and Document S2), which confirmed
the higher expression of B cell-identity genes (Pax5, Bcl6) and lower expression of
plasma cell-related genes (Irf4, Prdml) in DGK({'- B cells (Figure 2B). While no
significant differences were observed in the expression of Foxol, Bach2 or c-myc
(Figures 2A-B), DGK{™- B cells exhibited higher expression of dicda, required for class
switching and affinity maturation, and lower expression of other genes associated with
DNA repair (E2f1, Ezh2) (Figure 2B). To gain insights into the dynamics of protein
expression, we monitored PAXS, IRF4 and BLIMP1 expression by flow cytometry.
Consistent with previous results'3, WT B cells upregulated PAX5 and IRF4 expression
following CD40 stimulation. By 72 h, an IRF4Me"PAXS5!% population emerged,
representing plasma cell-committed cells that also began to express BLIMP1 (Figures
2C-D). Quantification of the IRF4he"PAX 5" and BLIMP1*PAXS5"" populations at 96 h
revealed significant impairment in the ability of DGK{™* B cells to generate plasma cell-
committed cells compared with WT controls (Figures 2C-D). Collectively, these findings
suggest that DGKC plays a critical role in regulating the transcriptional network that

governs plasma cell fate downstream of CDA40 signaling.

DGKC{ promotes anabolism and cell cycle progression downstream of CD40
signaling

To understand how DGKC might influence CD40-mediated B cell proliferation, we
labeled WT and DGKC- B cells with CellTrace violet (CTV) fluorescent dye and
measured the number of cell divisions by flow cytometry after a 96-h culture period with
anti-CD40/IL-4/IL-5. DGK{”- B cells exhibited a significant reduction (50%) in the
frequency of cells undergoing five or more divisions (C5 region) compared with WT cells,
with a concomitant increase in the number of non-dividing cells (C1 region) (Figure 3A).
We then analyzed cell cycle distribution by propidium iodide staining at 48 h post-
stimulation, when the first round of cell division was observed by CTV dilution (Figure
S3A). DGK({'- B cells showed impaired entry into the G2/M phase relative to WT cells
(Figure 3B). To gain deeper insights into the transcriptional changes associated with these
phenotypic differences, we performed gene set enrichment analysis (GSEA) on RNA-seq
data collected at 48-h post-CD40 stimulation. This analysis revealed a downregulation of

several cell cycle-related biological processes (MH: hallmark gene sets, Mouse MSigDB
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Collections) in DGKE™ B cells (Figure 3C). Consistent with this, the expression of genes
associated with cell cycle progression (Mki67, Cdc20, Cdkl, Pcna) was also lower in
DGKC( ™ B cells. Notably, the CD40-mediated induction of Bcl2 expression and other pro-
survival genes (Bcl2ala, Bel211) was higher in DGKE™~ B cells than in WT cells (Figure
3D). These observations suggest that DGKC”- B cells are primarily arrested in their

growth phase rather than experiencing more cell death.

We monitored mTORCI activity in cultures to assess the impact of DGKC on cellular
anabolism. We observed a peak of p-S6 at 24 h following CD40 stimulation in both WT
and DGKC™~ B cells (Figures 3E and S3A). However, p-S6 levels were significantly lower
in DGK{™~ B cells than in WT cells at 24 and 48 h (Figures 3E and S3A). To investigate
protein synthesis, we conducted flow cytometry-based puromycin incorporation assays,
finding that the protein translation rate was significantly lower in DGKZ”* B cells than in
WT cells (Figure 3F), suggesting a compromised anabolic capacity. We also examined
the expression of several metabolite transporters by flow cytometry, and consistently
found lower expression of GLUT1, CD71, CD98 and CD36 in DGK{™- B cells (Figures
3G and S3B). Therefore, the regulation of mMTORCI1 activation and metabolite transporter
expression by DGK{ downstream of CD40 signaling may be crucial for the proliferation

of B cells.

DGKC s essential for optimal mitochondrial function downstream of CD40 signaling
in B cells

To investigate whether DGKC deficiency affects mitochondrial remodeling, we
monitored mitochondrial mass and membrane potential using MitoTracker Green FM and
MitoTracker Red CMX ROS fluorescent probes, respectively (Figure S4A). Flow
cytometry analysis revealed that mitochondrial mass was significantly lower in DGK{™
B cells than in WT cells at baseline (Figure 4A). Following anti-CD40/IL-4/IL-5
stimulation, DGK{”~ B cells exhibited a trend towards decreased mitochondrial mass,
although this difference did not reach statistical significance (Figure 4A). Notably,
mitochondrial membrane potential was significantly lower in DGK{”~ B cells at 24 h,
suggesting impaired mitochondrial function (Figure 4B). To further investigate this, we
measured reactive oxygen species (ROS) production using CM-H2DCFDA and

MitoSOX fluorescent probes, to estimate total and mitochondria-associated ROS
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production, respectively. We found that production of both total and mitochondrial-
specific ROS was lower in DGK{- B cells than in WT cells at 48 h (Figures 4C-D and

S4B), suggesting compromised mitochondrial function in the former.

Mitochondrial transcription factor A (TFAM) is a nuclear-encoded protein that regulates
the copy number and transcription of mitochondrial DNA (mtDNA). The mRNA levels
of Tfam were higher in DGK{'" B cells than in WT cells following CD40 stimulation
(Figure S4C). We detected increased TFAM protein levels in both genotypes following
stimulation, as measured flow cytometry, with lower levels in DGK{- B cells (Figure
S4D). To assess mitochondrial structure and content at the single-cell level, we performed
electron microscopy at baseline and at 24 h post-stimulation (Figure 4E). Consistent with
the MitoTracker Green analysis (Figure 4A), the number of mitochondria per cell was
lower in unstimulated DGK{”- B cells than in equivalent controls (Figure 4E). After 24
h, both genotypes showed an increase in mitochondrial number, with DGKE™ cells
reaching levels comparable with WT cells (Figure 4E). While not statistically significant,
measurement of mtDNA copy number showed a similar trend (Figure S4G). Additionally,
individual mitochondria were significantly larger in DGK{”" B cells than in WT cells
(Figure 4E). Overall, these results suggest that while mitochondria biogenesis may be
slightly impaired in unstimulated DGKC™" cells, it can be fully compensated for upon

CD40 stimulation.

We next assessed mitochondrial OxPhos capacity at baseline and after CD40 stimulation
using extracellular flux analysis. Comparison of the oxygen consumption rate at basal
and maximal respiratory capacities revealed higher values for DGK(™" cells than for WT
cells at 24 h, which correlated with enhanced mitochondrial ATP production (Figures 4F-
G). Contrastingly, glycolytic-associated ATP production remained comparable between
both cell types (Figure 4G). Similar results were found at 48 h post-stimulation, albeit
with less pronounced differences (Figures S4E-F). To investigate the underlying
mechanism of the enhanced mitochondrial function in DGKE™- B cells, we revisited the
transcriptome data obtained at 48 h post-stimulation. GSEA for biological processes
related to mitochondria metabolism (MitoCarta3.0°°) revealed upregulation of numerous
gene-sets in DGKC™" B cells compared with controls (Figure 4H). These included genes

involved in OxPhos and its assembly factors, mitochondrial ribosomes and mitochondrial
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dynamics. Additionally, we examined the expression of genes encoded by mtDNA, such
as the subunits of NADH dehydrogenase (mt-Nd1, mt-Nd2, mt-Nd6), ATP synthase (mt-
Atp6) and COX1 (mt-Col, mt-Co2), and found higher levels in DGKE™- B cells (Figure
41), which was confirmed by immunoblotting (Figure S4H). Collectively, these findings
suggest that DGK is essential for optimal mitochondrial function downstream of CD40
signaling in B cells. In the absence of DGK(, mitochondria adapt their function by

increasing OxPhos capacity and mitochondria biogenesis.

DGKC is needed for B cell progression in the germinal center response

We next performed T cell-dependent immunization experiments in mice to
comprehensively analyze the germinal center response in DGK{- and WT B cells. We
transferred CD45.2" B cells (either WT or DGK(™) from female spleens into CD45.1"
immunocompetent hosts (both female and male). One day later, these mice were
immunized with NP-OVA antigen mixed with alum. Seven days post-immunization, we
analyzed the immune response in the spleen and bone marrow using multi-parametric

flow cytometry (Figure 5A).

The frequency of CD45.2* cells in total splenocytes was similar between WT- and DGK(
I--transferred mice (Figure S5A). We found higher numbers of the plasma cell population
(CD45.2°CD138"B220'""") in females than males, indicating a stronger immune response
in females. Notably, DGK{"" B cells generated significantly fewer plasma cells than WT
CD45.2* B cells (Figure 5B), consistent with previous findings from our group?®. Further
characterization revealed that DGK{”- plasma cells expressed significantly lower levels
of CD138 and 04fB7 integrin than WT plasma cells, while CD98 expression was
significantly higher (Figure 5C). The class-switched IgG1" plasma cell population was
diminished in DGK{™" cells, although this did not reach statistical significance (Figure
5D). To assess antigen specificity, we stained plasma cells with fluorophore-conjugated
NP antigen, finding that NP* plasma cell numbers were lower in the DGK{~ population
than in the WT population together with lower staining levels, suggesting defects not only
in plasma cell differentiation but also in affinity maturation (Figure 5E). Similar results
were observed in the bone marrow plasma cell compartment (Figure S5B). No differences
were found in the CD45.1" plasma cell population generated in host mice transferred with

WT B cells compared with those transferred with DGK- B cells (Figures S5C-E). In
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contrast, the CD45.2% MBCs (B220"CD95GL71gDCD38") were increased in the
DGKC( ™ population (Figure S5F).

We found no differences in the generation of germinal center cells
(CD45.2"B220"GL7"CD95") between DGK({’- and WT B cells. However, DGK{”
germinal center cells displayed an immature phenotype, characterized by IgDPeh NPlow
staining (Figure 5F). To further investigate germinal center maturation, we analyzed
CD38 and IgD expression, as described!'®. While the frequencies of pre- (CD38*IgD") and
mature- (CD381gD'"%) germinal center subpopulations were similar between the two
genotypes, mature-germinal center DGK ™ cells failed to downregulate IgD (Figure 5G).
Notably, the host CD45.1" germinal center population showed no differences in IgD
levels or NP staining between DGK{7"- and WT-transferred mice (Figures S5G-H). We
also examined the expression of other proteins related to germinal center maturation
(CCR6, CXCR4, CD86) in these populations and at earlier stages: follicular (FO) B cells
(CD45.2"B220"GL7-CD95) and early activated FO B cells (CD45.2"B220*GL7"°¥CD95"
; FOSLY) (Figure S5F)!®. CXCR4 and CCR6 upregulation from the FOSL7 to the pre-GC
stage was similarly detected in both genotypes, with higher CD86 expression in DGK{ ™
pre-germinal center cells than in WT cells (Figure SH), indicative of increased activation.
The transition from the pre- to the mature-germinal center stage is associated with CCR6
downregulation'®, and this was likewise detected in DGK{”~ and WT cells (Figure 5H).
No differences were observed in the centrocyte/centroblast populations (Figure S5J).
Taken together, these findings indicate that DGKC™~ B cells can enter the germinal center
pathway but experience impaired progression or blockage at the mature stage, reducing

plasma cell generation.

DGKC drives F-actin polymerization and LFA-1-mediated adhesion at the CD40-
mediated synapse-like contact

The CD40 signaling pathway is activated at the immune synapse, where antigen-
experienced B cells initially interact with Tth cells at the B/T border of the follicle. To
investigate the molecular events triggered by CD40 stimulation within the B/T synapse
and the role of DGKC, we adapted our previous experimental model of artificial planar
lipid bilayers used for BCR-mediated synapse studies®®. We tethered anti-CD40

antibodies to the artificial membranes as surrogate CD40L (su-CD40L) via a biotin-
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streptavidin bridge (Figure S6A). To simulate physiological conditions, we estimated the
density of CD40L molecules expressed at the surface of activated CD4" T cells using
calibrated beads, finding a range of CD40L expression up to 500 molecules/um? (Figure
S6B). We subsequently employed two su-CD40L densities (100 and 500 molecules/um?)
on the artificial membranes. Using WT B cells, we monitored su-CD40L aggregation and
the area of the established contact by confocal fluorescence microscopy and interference
reflection microscopy (IRM), respectively (Figure S6C). Quantitative analysis revealed a
direct correlation between su-CD40L density and the frequency of B cell contacts, their
area and su-CD40L aggregation (Figure S6D). The incorporation of GPI-linked ICAM-1
adhesion molecules into the artificial membranes enhanced the contact area without
affecting contact frequency or su-CD40L aggregation (Figure S6C, D). CD40 stimulation
in B cells thus activates LFA-1 integrin, promoting adhesion through ICAM-1.

We next compared the behavior of DGK{”- and WT B cells on the lipid bilayers
containing [ICAM-1 and tethered su-CD40L (Figure 6A). In the absence of DGKC, B cells
formed more and larger synaptic contacts (Figures 6B-C), with slightly increased su-
CDA40L aggregation (Figure 6D). Notably, half of the B cells analyzed from both
genotypes exhibited plasma membrane ruffling during the recording period, suggesting
enhanced actin remodeling in response to CD40 stimulation (Figure 6E; Movie S1). We
fixed the B cells and examined F-actin filament distribution, observing a defined cluster
of F-actin co-localizing with the su-CD40L aggregates, as well as F-actin-enriched
peripheral structures (Figure 6F). Quantification of the F-actin detected at the contact
plane revealed lower F-actin polymerization downstream of CD40 signaling in DGK{™
B cells than in WT cells (Figure 6F). To further explore the specific contributions of
DGK( and its different domains in these events, we used A20 B cells transfected with the
GFP-fused DGKC constructs. Following CD40 stimulation, A20 cells displayed increased
adhesion to the artificial membrane, accompanied by an increase in the size of synaptic
contacts in the presence of ICAM-1, as found in primary B cells (Figure S6E). While
ectopic expression of the DGK( constructs had no effect on the frequency of cell-bilayer
contacts (Figure SOF), it altered the shape and decreased the area of these contacts
(Figures 6G-H). su-CD40L aggregation decreased with the expression of DGKE-WT, but
recovered with KD- or APDZbm-mutant expression (Figure 61). Time-lapse analysis of

cell dynamics revealed a significant reduction in membrane ruffling and migratory
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behavior in DGKC-WT-expressing cells compared with GFP- control cells. This effect
was less pronounced in cells expressing the KD- and APDZbm-mutants (Figure 6J; Movie
S2). These findings were corroborated by immunofluorescence analysis, which revealed
decreased F-actin-enriched filopodia in DGKC-WT-expressing cells, and a partial
recovery in mutant-expressing cells (Figures S6G-H). Quantification of total F-actin
accumulation located at the su-CD40L cluster showed no differences between DGKC-WT
or -KD expression when compared with GFP- control cells, however, the APDZbm-

mutant significantly reduced F-actin accumulation (Figure S6I).

Overall, the data indicate that CD40 engagement by su-CD40L tethered to the 2D, fluid
surface triggers the formation of a CD40 cluster accompanied by an F-actin enriched
domain beneath and surrounding LFA-1/ICAM-1 adhesions, resembling an immune
synapse. Additionally, it induces the extension of exploratory membrane ruffles. DGK{Z
modulates these events in several ways: it elevates the threshold of CD40 stimulation
needed to establish the synapse-like platform; it restricts the amount of CD40/su-CD40L
accumulated at the cluster; and it diminishes the exploratory behavior of the B cell. These

functions rely on both its kinase activity and its adaptor role through the PDZbm.

CD40 stimulation drives microtubule-organizing center and organelle translocation
to the immune synapse in a DGK{-dependent manner

We next explored other molecular events, such as organelle translocation, that might
accompany the establishment of the synapse driven by CD40 stimulation and contribute
to its function. To simplify the visualization and quantification of organelle transport to
the contact site, we employed 5-um diameter streptavidin-coated silica beads, which
mimic the size of T lymphocytes. These beads were either incubated with biotinylated-
su-CD40L or left untreated as a control. We mixed these beads with B cells at a 1:1 ratio,
allowed them to form conjugates for up to 30 min, fixed the cells, and performed
immunofluorescence. Specifically, we stained the microtubule network and determined
the position of the microtubule-organizing center (MTOC) in relation to the synapse-like
contact by measuring distances (Figure S7A). The majority of WT cells exhibited MTOC
translocation to the contact zone in response to CD40 stimulation, whereas DGK{™~ B
cells did not (Figures 7A-B). We calculated a polarity index (PI) for each cell and
categorized cells based on MTOC position (PI<0.4, near the contact; PI 0.4-0.8, in the
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mid-cell; PI>0.8, opposite the contact; Figure S7B). The distribution of DGK{™~ B cells
based on PI values was similar for both uncoated and su-CD40L-coated beads, indicating
that MTOC polarization in response to CD40 stimulation was impaired in these cells
(Figure 7B). To further investigate this defect, we performed these assays in the presence
of exogenous PA, finding that PA restored the ability of DGKE™- B cells to translocate the
MTOC to the synapse-like contact (Figure 7B). We also performed these experiments in
A20 cells transfected with the different DGKC constructs. Results showed that both the
kinase activity and the PDZbm of DGK( were essential for the optimal translocation of

the MTOC to the CD40-mediated synapse contact (Figures S7C-D).

Finally, we investigated the role of mitochondrial and lysosomal trafficking in the
formation and function of su-CD40L-mediated synapse-like contacts. WT B cells
demonstrated robust recruitment of mitochondria and lysosomes to the contact zone with
su-CD40L-coated beads, as evidenced by immunofluorescence staining for TOMM22 (a
component of the outer mitochondria membrane) and LAMP1 (lysosomal compartment),
respectively, whereas DGKE™* B cells exhibited impaired recruitment of both organelles
(Figures 7C-F). Notably, exogenous PA supplementation restored lysosome trafficking in
DGK(E- B cells (Figure 7F). To explore the downstream consequences of impaired
organelle trafficking, we focused on mTORCI activation, which requires its recruitment
from the cytosol to the lysosomal compartment. To question whether the reduced
mTORC1 activation detected in DGKE™- B cells downstream of CD40 signaling could be
related to impaired mTORC1/lysosomal association, we co-stained the conjugates for
mTORC1 and LAMP-1 and measured the co-localization coefficient. The
mTORC1/lysosome co-localization values were higher for WT B cells forming
conjugates with su-CD40L-coated beads than for those with uncoated-beads, and this was
markedly reduced in DGK{- B cells (Figures 7G-H). Supplementation with exogenous
PA restored mTORC1/lysosome co-localization in DGKE™- B cells to levels resembling
those of WT cells (Figure 7H). We also observed that PA increased the
mTORC1/lysosome association rate in WT B cells stimulated with su-CD40L-coated
beads (Figure 7H). These findings indicate that DGKC( is essential for the efficient
trafficking of mitochondria, lysosomes and mTORCI1 to the CD40-synapse. Its product,
PA, appears to be important for these processes. The impaired lysosomal transport in

DGKC(" B cells likely contributes to the reduced mTORCI1 activation observed upon
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CDA40 stimulation. Overall, our results highlight the importance of DGKZ-mediated PA
signaling in regulating cellular metabolism and immune responses through the

coordinated trafficking of organelles and signaling molecules.

DISCUSSION

Our data establish DGKC as a crucial mediator of CD40 signaling in B cells by attenuating
the activation of downstream effectors such as PKCP and Akt. Concurrently, its local
production of PA is essential for mTORC]1 activation and organelle reorganization in
response to CD40 signaling. PKCp-deficient B cells exhibit impaired mTORCI1
activation, mitochondrial remodeling and cell polarity, leading to muted germinal center
responses and compromised plasma cell differentiation'®. Given that PKCp activates
DGK( through phosphorylation?, we propose that part of the PKCB-deficient phenotype
in B cells arises from the absence of DGKC-pathway activation. The intermediate
metabolite heme, which promotes plasma cell differentiation by inhibiting BACH2, is
synthesized less efficiently under conditions of high ROS!3. As DGK( deficiency reduces
CD40-induced ROS production in B cells, the heme/BACH2/Blimp-1 axis is likely
unaffected and not responsible for the decreased plasma cell generation detected in
DGKE- B cells. The PI3K/Akt axis is well established in mTORCI1 activation
downstream of CD40 signaling in B cells?*!2, Despite increased Akt activation in
CD40-stimulated DGKC-deficient B cells, mTORCI activation was dampened. These
findings suggest that DGK( is required to couple Akt/RHEB with mTORCI activation,
potentially through the regulation of CD40-synapse formation and polarized lysosome

trafficking.

Our findings from PA-reconstitution assays and using the DGKC-KD mutant indicate that
DGKCE-derived PA is essential for optimal mTORCI activation downstream of CD40
signaling in B cells. In addition to its kinase activity, its adaptor function through PDZbm
is also required. DGK( associates with sortin nexin 27 (SNX27) through a PDZbm/PDZ
interaction®. SNX27 is an adaptor protein involved in intracellular trafficking and
endosomal signaling through its association with the retromer complex. In T
lymphocytes, SNX27 is crucial for polarized trafficking of endosomal compartments to

the immune synapse, and its silencing leads to defects in cytoskeleton organization and
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DGK( translocation to the synapse®*°, Impaired retromer function in B cells results in
lysosomal dysfunction®®. B cells deficient for SNX5, another SNX family member,
exhibit compromised lysosomal integrity and function at the BCR-driven synapse,
affecting antigen extraction’’. We propose that, downstream of CD40 signaling, the
DGKE/SNX27 interaction positions DGKC and PA production at endolysosomal

membranes, facilitating mTORCI activation.

CDA40 stimulation in the absence of DGK( significantly reduced plasma cell generation,
primarily due to decreased expression of the genes Irf4 and Prdml. Reduced B cell
proliferation, protein translation and mTORCI1 activity in CD40-stimulated DGKC-
deficient B cells indicated impaired anabolism and cell growth. Additionally,
mitochondria activation was weakened in DGK{”" B cells. This contrasted with an
increased in OxPhos capacity and mitochondrial-related gene expression, potentially
representing a mechanism to address defects in anabolism and energy demands. B cell-
specific TFAM-deficient mouse models have demonstrated that optimal mitochondrial
function is crucial for B cells to participate in the germinal center response, and is also
involved in actin cytoskeleton and lysosomal compartment remodeling!”!8. In vivo
analysis revealed that DGKC-deficient B cells were stalled in the germinal center,
exhibiting phenotypic characteristics (IgD" NP!*%) indicative of impaired progression and
reduced plasma cell generation. We hypothesize that the compromised anabolism and
mitochondrial activity of DGK{-deficient B cells following CD40 stimulation, triggered

by cognate interactions with Tth cells, may underlie these defects.

Effective communication between B cells and Tth cells is crucial for a successful
germinal center response. This interaction involves the assembly of an immune synapse
platform, where CD40 signaling plays an important role. Wataru Ise and colleagues
demonstrated that the fate of plasma cells is influenced by the strength of CD40 signaling,
and they proposed that more stable contacts with Tth cells facilitate this*®. Also, Zhixin
Jing and colleagues demonstrated that CD40 signal strength is directly proportional to the
peptide-MHC class II density expressed by B cells, and determines the magnitude of the
germinal center expansion but not plasmablast differentiation®”. B cell deficiency in
DOCKS impairs the stability of the B cell-Tth conjugate, leading to inadequate

costimulation and a subsequent failure of the humoral immune response*’. Recent studies
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have shown that CD40 functions as a mechanoreceptor, receiving and sensing CD40L
signals, with the magnitude of these forces influencing CD40 signaling and the B cell
response*!. The actin-myosin cytoskeleton was found to play an important role in these
forces, and the authors discussed the implication of adhesion molecules. We observed that
CD40 stimulation activates LFA-1 adhesion to ICAM-1, induces the formation of a su-
CDA4OL cluster enriched in F-actin and promotes the generation of membrane ruffles. This
su-CD40L cluster located usually at the edge of the B cell, combined with peripheral
LFA-1-mediated adhesion and F-actin polymerization, suggests a motile or exploratory
behavior in B cells upon CD40 stimulation. This aligns with in vivo observations of B-T
conjugates at the follicular border, where B cells actively migrate carrying attached Tth
cells>. At the CD40-synapse, we found that DGK( promotes actin polymerization
primarily beneath the su-CD40L cluster while reducing F-actin-enriched membrane
ruffles and peripheral LFA-1 adhesion that support cell exploratory behavior. These
effects were dependent on both its kinase activity and its PDZbm adaptor functions.
Additionally, DGKC influences cell polarity events at the CD40-synapse: lysosome
translocation facilitates the assembly of signaling platforms such as mTORCI, and
mitochondria might provide the necessary energy. We propose that DGKC acts as a sensor
of CD40 signal quality, coordinating actin rearrangements, integrin clustering and cell
polarity events for optimal CD40 mechanotransduction and signaling at the B-Tth
synapse. Insufficient CD40 signaling or defects in synapse assembly can hinder effective

B cell integration of T cell help, ultimately impairing the germinal center response.

We found it intriguing that CD40-stimulated B cells deficient in DGKC exhibited
enhanced OxPhos capacity, an enlarged mitochondrial compartment and an upregulation
of gene sets associated with mitochondrial metabolism. This could be a compensatory
mechanism linked to the increased activation of PKCp and Akt observed in those cells.
Whether the accumulation of these molecular events in B cells paused at the progression
of the germinal center has deleterious consequences and contributes to disease will need
further investigation. The clinical targeting of DGK( is currently being explored*>#*. The
primary rationale behind this approach is to enhance DAG signaling to overcome T cell
immunosuppression in tumors. However, DGK( deficiency has been shown to impair B
cell immune response in mouse models, affecting both BCR?® and CD40 signaling (this

study). Given that CD40 and DGKC are also expressed in macrophages and dendritic
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cells, the impact of pharmacological DGKC inhibition on CD40 functions in these cells
requires further investigation. Therefore, when designing therapeutic strategies targeting

DGKU, it will be crucial to consider both its PA- and adaptor-related functions.
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FIGURE LEGENDS

Figure 1. DGKE promotes mTORC1 activity and plasma cell generation
downstream CD40. A-C, B cells were stimulated with anti-CD40 antibody. A,
Immunoblots for the phosphorylated forms (p-) of PKCB (S660), FOXO1 (T24), S6K1
(T389) and Akt (S473); actin, loading control. B, Quantification of band intensities in A,
normalized to actin. Data are the mean+SEM (n=3-5 mice). C, Profiles of the p-S6
(S235/236) and quantification of the mean fluorescence intensity (MFI) values in
arbitrary units (AU) over time; each dot corresponds to one mouse. Dotted line, isotype
control. D, as in C but adding phosphatidic acid (PA) or rapamycin to the assay. Data are
the mean+SEM (n=3 mice). Dotted line, isotype control. E-H, B cells were cultured with
anti-CD40/IL-4/IL-5 for 96 h and analyzed by flow cytometry (see Figure S1G);
supernatants were used for IgM/IgG detection by ELISA. Each dot corresponds to one
mouse. E, CD138/B220 contour-plots showing the plasma cell population (PC;
CD138"B220"°); percentages are indicated. Quantification of PC frequency and CD138
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MFTI values. F, Quantification of IgM and IgG production; absorbance (ABS) values were
normalized to that of un-stimulated cells supernatants. G, [gG1/CD138 contour-plots
showing IgG1® MBCs, IgGl" and IgM* PC, and frequency values. Bar-graphs,
mean+=SEM. Statistical analysis: two-tailed unpaired (B, D, F) or paired (C, E, G, H)
parametric Student’s t-test. *, p<0.05; **, p<0.01; *** p<0.001; **** p<(0.0001.

Figure 2. DGKC is essential for the expression of transcription factors involved in
plasma cell fate. A, B cells freshly isolated (Oh) or cultured with anti-CD40/IL-4/IL-5
were analyzed for expression of indicated transcription factors by RT-qPCR; obtained
values were normalized to actin expression. B, B cells cultured as in A for 48 h were
analyzed by RNA-seq. Heatmap and bar-plot illustrating the expression profiles (TPM,
transcript per million mapped reads) and differential gene expression (log2FoldChange)
of selected transcription factors and DNA repair genes. Data from n=4 mice per genotype.
FDR, the Benjamini-Hochberg False Discovery Rate; n.d., not determined. C, Contour-
plots to monitor in vitro generation of the IRF4"PAX5'°Y population; percentages are
indicated. Bar-graph, percentages of the IRF4MPAX5'% population from live cells. D, As
in C but for the BLIMP1"PAX5""% population. Each dot corresponds to one mouse;
mean+=SEM is shown. Statistical analysis: two-tailed paired (A) and unpaired (C, D)
parametric Student’s t-test and edgeR (B). *, p<0.05; **, p<0.01; ***,  p<0.001.

Figure 3. DGKC promotes anabolism and cell proliferation downstream CD40
signaling. A, CTV-proliferation profiles of B cells cultured with anti-CD40/IL-4/IL-5 for
96 h, and percentages of the C1 (non-proliferated cells) and C5 (>5 cell divisions)
populations. B, B cells stimulated as in A for 48 h and collected for cell cycle analysis by
propidium iodide (PI) staining. Cell cycle profiles (GO/G1 phase, blue; S phase, dark
green; G2/M phase, light green) and percentages for each cell cycle phase. C, GSEA
analysis using MH: hallmark gene sets, Mouse MSigDB Collections, for cell cycle related
gene-sets in the RNA-seq data obtained from 48 h-stimulated B cells (n=4 mice per
genotype). D, Heatmap and bar-plot illustrating the expression profiles (TPM, transcript
per million mapped reads) and differential gene expression (logoFoldChange) of selected
cell cycle-related genes obtained by RNA-seq, as in C (n=4 mice per genotype). E-G, B
cells cultured as in A and analyzed by flow cytometry. E, Phosphorylated-S6 protein (p-
S6) levels; MFI, mean fluorescence intensity; AU, arbitrary units (see Figure S3A). Data

are the merge of n=5-6 mice per genotype. F, Protein translation rate measured by anti-
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puromycin staining of cells at 24- and 48-h post-stimulation. G, MFI values of the
metabolite transporters GLUT1, CD71, CD98 and CD36 over time; data are the merge of
n=3-5 mice per genotype. Each dot in A, B, F, corresponds to one mouse. Statistical
analysis: two-tailed unpaired (A, E) and paired (B, F, G) parametric Student’s t-test,
GSEA (C) and edgeR (D). *, p<0.05; **, p<0.01. Data in graphs are the mean £+SEM.

Figure 4. DGKC( is essential for optimal mitochondrial function downstream of CD40
signaling in B cells. A-D, B cells were stimulated with anti-CD40/IL-4/IL-5 and analyzed
for mitochondrial parameters by flow cytometry. A, Mitochondrial mass (MitoTracker
Green) and B, mitochondria membrane potential (CMXROS) measured over time. Mean
Fluorescence Intensity (MFI) values in arbitrary units (AU) (see Figure S4A); data are
the merge of n=5 mice per genotype. C, Profiles and MFI values per mouse of the total
ROS content at 48 h. D, as in C but for mitochondrial ROS content (MitoSOX); dotted
histogram, unstained cells. E, Mitochondrial content analysis of B cells freshly isolated
(Oh) and at 24-h post-stimulation. Electron microscopy images, quantification of the
number of mitochondria (mito) per cell, and the mean-area per mitochondria in each cell
are shown; each dot represents one cell (>40 cells analyzed per genotype and time point).
Data are the merge of n=3 mice per genotype. F-G, Extracellular flux assays performed
at the indicated time points (TO, freshly isolated; 24h post-stimulation). F, Profiles of
oxygen consumption rate (OCR; in picomoles (pmol)/min) at TO (grey line) and 24 h
(black line). G, OCR values for parameters related to mitochondrial respiration (each dot
corresponds to one mouse), and mean values of ATP production rate from glycolytic
(Glyc; dark color) and mitochondrial (Mit; light color) pathways. H, GSEA analysis using
MitoCarta3.0 of the RNA-seq data obtained from 48 h-stimulated WT and DGK{™- B
cells. I, Heatmap and bar-plot illustrating the expression profiles (TPM, transcript per
million mapped reads) and differential gene expression (logzFoldChange) of selected
mitochondrial genes obtained by RNA-seq, as in H. Data analysis in H, I, performed with
n=4 mice per genotype. Statistical analysis: two-tailed paired parametric Student’s t-test
(A-D, G), unpaired non-parametric Kolmogorov-Smirnov test (E, left graph), One-Way
ANOVA (E, right graph), GSEA (H) and edgeR (I). Bar-graphs, mean=SEM. *, p<0.05;
** p<0.01.
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Figure 5. DGKC is needed for B cell progression in the germinal center response. A,
Experimental design for studying the in vivo response of CD45.2* WT and DGK({™~ B
cells in immunocompetent CD45.1" host mice (see Figure S5A). B, Contour-plots of the
CD45.2" plasma cell population (PC; CD138"B220'"; percentages are indicated). PC
percentages for male and female, separately, and also normalized to CD45.2* WT values.
C, Mean fluorescence intensity (MFI) values of CD138, CD98, CXCR4, a4p7 for the
CD45.2" PC population. D, IgM/IgG1 contour-plots and IgG1" PC percentages for the
CD45.2* PCs. E, NP-antigen/CD138 contour-plots in CD45.2" PC. Graphs, frequencies
of NP* PC and MFI values of NP. F, GL7/CD95 contour-plots for gated CD45.2* cells,
indicating the germinal center (GC; GL7°CD95") and non-GC (GL7-CD95") populations;
percentages are depicted. Right, GC percentages per mouse. Bottom, MFI values of IgD
and NP in CD45.2" GC B cells. G, Overlayed CD38/IgD counter-plots for WT (grey) and
DGKC{ ' (blue) GC B cells; gating of the pre-GC (CD38"IgD") and mature-GC (CD38"
IgD") populations is shown. Right, percentages of both populations. Bottom, MFI values
of IgD and NP in CD45.2" mature-GC B cells. H, Profiles and MFI values of CD86,
CXCR4 and CCR6 in the follicular (FO), FO GL7", pre-GC and mature-GC populations.
Statistical analysis: one sample #-test (B) and two-tailed paired (C, F, G, H) and unpaired
(D, E) parametric Student’s #-test. *, p<0.05; **, p<0.01; *** p<0.001. Bar-graphs,

meant SEM; each dot corresponds to one mouse.

Figure 6. DGKC drives F-actin polymerization and LFA-1-mediated adhesion at the
CD40-mediated synapse-like contact. A-F, B cells were in contact with ICAM-1/su-
CDA40L-containing membranes (30 min, 37°C) and then imaged or fixed for
immunofluorescence. A, DIC, IRM and fluorescence su-CD40L images at the contact
plane of cells with a synapse-like contact (su-CD40L 500 molecules/um?). B, Percentage
of cells exhibiting a CD40-mediated synapse, estimated by IRM and fluorescence. C,
Values of contact area (detected by IRM). D, Total su-CD40L fluorescence (FL) intensity,
in arbitrary units (AU), at the synapse-like contact. E, Percentages of cells that showed
migration (dark grey), were immobile but displaying membrane ruffling (light grey), or
were immobile and without membrane ruffles (non-active; white). F, DIC, fluorescence
F-actin and su-CD40L images of cells and quantification of the total F-actin FL intensity
at the contact plane. G-I, A20 B cells transfected with the GFP-tagged WT, KD or
APDZbm DGKC constructs assessed for CD40-mediated synapse formation, as above
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(su-CD40L 500 molecules/um?). Electroporated cells negative for the expression of the
construct (GFP") were used as control (None). G, DIC, IRM, and fluorescence su-CD40L
images at the contact plane of cells with a synapse-like contact. H, Values of contact area
and I, of total su-CD40L FL intensity (in AU) at the synapse. J, as in E but for the
specified A20 cells. Each dot in B corresponds to an imaged field, and to a single cell in
the remaining. Data in B are the merged of n=6 experiments, in C, D, F corresponds to
one representative experiment (n=6), and in E, H-J are the merge of n=3 experiments.
Graphs, mean+=SEM. Scale bar 2.5 um. Statistical analysis: two-tailed unpaired (B, C, D)
Student’s #-test, One-way (H, I) and two-way (E, J) ANOVA. *, p<0.05; **, p<0.01; ***,
p<0.001; **** p<0.0001.

Figure 7. CD40 stimulation drives organelle translocation to the immune synapse in
a DGKC(-dependent manner. B cells were mixed with unloaded (none) or su-CD40L-
loaded beads in the absence or presence of phosphatidic acid (PA), and then fixed for
immunofluorescence. A, Fluorescence alpha-tubulin (o-Tub) and DIC/fluorescence
merge images of B cell-bead conjugates. White dashed-line circle, bead. B, Distance
values of the MTOC to the synapse per cell and frequency of B cells distributed in each
polarity index (PI) group (see Figure S7A, B). PI was calculated as the ratio of the MTOC-
synapse distance and the diameter of the B cell. C, As in A but for TOMM22 staining, to
detect mitochondria. D, As in B but for the mitochondria center-of-mass distance to the
synapse and distribution in PI groups. E, As in A but for LAMP1 staining, to detect
lysosomes. F, As in B but for the lysosomes center-of-mass distance to the synapse and
distribution in PI groups. G, As in A but staining for lysosomes (LAMPI, red) and
mTORC (green). H, Values of Mander’s coefficient for mTORC overlapping with
LAMPI (co-localization). Scale bar, 2.5 um. Data shown in B, D, F and H corresponds
to the merge of n=3 experiments; the mean+SEM is included. Statistical analysis: One-
way (B, D, F, left graphs; H) and two-way (B, D, F, right graphs) ANOVA. *, p<0.05; **,
p<0.01; *** p<0.001; **** p<0.0001.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
CD138-PE Biolegend Cat#142504
B220-PB Biolegend Cat#103227
IgM-AF647 Jackson Cat#115-607-020

Immuno

Research
IgGI-FITC BioLegend Cat#406606
B220-BV510 BioLegend Cat#103247
CD138-BV-605 BioLegend Cat#142515
CD95-PECy7 BioLegend Cat#152617
GL7-PB BioLegend Cat#144614
CD71-APC BioLegend Cat#113820
CD98-PECy7 BioLegend Cat#128213
CD36-PE BioLegend Cat#102605
CD45.2-PerCP BioLegend Cat#109826
CD45.1-PB BioLegend Cat#110722
NP-PE Biosearch Cat#N-5070-1
IgD-PECy7 BioLegend Cat#405720
GL7-APC BioLegend Cat#144617
CD86-BV786 BioLegend Cat#105043
CXCR4-PECF59%4 BioLegend Cat#146514
IgD-FITC BioLegend Cat#405704
CD38-AF700 BioLegend Cat#102742
CCR6-BV605 BioLegend Cat#129819
a4p7 BioLegend Cat#120607
B220-PECy7 BioLegend Cat#103222
CD40-APC BioLegend Cat#124611
CDA40 (IgM) BD Pharmingen Cat#553721
CDA40L-APC BioLegend Cat#157009
CD3-PE BioLegend Cat#100311
CD3 BioLegend Cat#100301
CD28 BioLegend Cat#102101
CD16/32 BioLegend Cat#101302
IRF4-PECy7 BioLegend Cat#646413
BLIMP-1-AF647 BioLegend Cat#150003
PAX5-AF488 Cell Signaling Cat#11849S
Phosphorylated S6 protein (S235/236)  Cell Signaling Cat#4858
Puromycin BioLegend Cat#381503
GLUT-1 Bioss Cat#Bs-0472R
TFAM Abcam Cat#AB252432
DGK({ Abcam Cat#AB105195
Phosphorylated AKT (S473) Cell Signaling Cat#4058
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Phosphorylated PKCB (S660)

Phosphorylated FOXO1/FOXO3

(T24/132)
Phosphorylated S6K1 (T389)
Beta actin-HRP

Rabbit Igs-HRP

Alpha tubulin
Pericentrin
LAMP-1-AF59%4
TOMM?22

mTOR

mtCOl1

mtCytB

Rabbit IgG-AF680
Mouse IgG-DyLight 800
Mouse IgG1-AF647
Mouse IgG1-FITC
Rabbit IgG-AF647

Rabbit IgG-AF488

Hamster Igs-FITC

Chemicals and recombinant
proteins

eFluor 780

Propidium Iodide

Rapamycin

Puromycin

Harringtonine

CellTrace Violet
Phalloidin-TRITC

EZ-Link NHS-LC-LC-biotin

Streptavidin-AF647
Recombinant murine IL-4
Recombinant murine IL-5
MitoTracker Green
MitoTracker Red CMXROS
CM-H2DCFDA

MitoSOX

Glucose (11 mM)

Pyruvate (2 mM)

Seahorse Medium
Cell-TAK

NP-OVA

Alhydrogel 2%
Cytofix/Cytoperm Solution

Cell Signaling
Cell Signaling

Cell Signaling
Cell Signaling
DAKO

Sigma

Abcam
BioLegend
Sigma

Cell Signaling
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Biolegend
Biolegend
Thermo Fischer
Scientific
Thermo Fischer
Scientific
Southern
Biotech

Invitrogen
Sigma

Sigma
Calbiochem
Abcam
Invitrogen
Sigma

Thermo
Scientific
Invitrogen
Peprotech
Peprotech
Thermo Fischer
Thermo Fischer
Thermo Fischer
Thermo Fischer
Agilent

Agilent

Agilent
Corning
Biosearch
InvivoGen

BD Biosciences
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Cat#9371
Cat#9464

Cat#9234
Cat#12262
Cat#P0448
Cat#T9026
Cat#AB4448
Cat#121622
Cat#HPA003037
Cat#2983
Cat#459600
Cat#PA5-100740
Cat#A21076
Cat#SAS5-10176
Cat#406618
Cat#406606
Cat#A21245

Cat#A11034

Cat#6061-02

Cat#65-0865-14
Cat#P4864
Cat#553210
Cat#540411
Cat#ab141941
Cat#(C34557
Cat#P1951
Cat#21343

Cat#S21374
Cat#214-14
Cat#215-15
Cat#M7514
Cat#M7512
Cat#C6827
Cat#M36008
Cat#103577-100
Cat#103578-100
Cat#103576-100
Cat#10317081
Cat#N-5051-10
Cat#Vac-alu-250
Cat#554722
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Perm/Wash Buffer BD Biosciences

18:1 Biotinyl Cap PE Avanti Polar
Lipids

18:1 DOPC Avanti Polar
Lipids

18:1 Phosphatidic Acid Avanti Polar
Lipids

Protease inhibitor cocktail tablets Roche

Phosphatase inhibitor cocktail tablets ~ Roche

Nitrocellulose membranes 0.45 um Bio-Rad

ECL Western Blotting Detection Amersham

Streptavidin coated silica Bangs

microspheres (mean diameter 4.8 um)  Laboratories

Fluoromount-G Southern
Biotech

Commercial assays

Seahorse XF T cell Metabolic Agilent

Profiling kit

Seahorse XF Real-time ATP Rate Agilent

Assay kit

Seahorse XF Calibration Solution Agilent

96-well assay plate for Seahorse Agilent

Micro BCA Protein assay kit Thermo
Scientific

EasySep Mouse Pan-B cell Isolation StemCell

kit Technologies

CD4+ T cell isolation kit MACS, Miltenyi
Biotec

NucleoSpin RNA/Protein Macherey-Nagel

PrimeScript RT Reagent Takara

GoTaq qPCR Master Mix Promega

DNeasy kit QIAGEN

384-well PCR plate Thermo Fischer

96-well assay plate for Seahorse Agilent

Quantum Simply Cellular anti-rat IgG ~ Bangs
Laboratories

Oligonucleotides

Actb

F: CCGCCACCAGTTCGCCATG

R: TACAGCCCGGGAGCATCGT
Pax5

F: CCACAGTCCTACCCTATTGTCA
R: GTAATAGTATGGGGAGCCAAGC
Foxol

F: AAGAGCGTGCCCTACTTCAA
R: CTGTTGTTGTCCATGGACGC
Bclo

Sigma

Sigma

Sigma

Sigma
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Cat#554723
Cat#870273C

Cat#850375C

Cat#840875C

Cat#11836170001

Cat#04-906-845-001

Cat#1620115
Cat#RPN2209
Cat#CS01002

Cat#0100-01

Cat#103772-100

Cat#103591-100

Cat#100840-100
Cat#103793-100
Cat#23235

Cat#P19844

Cat#130-104-454

Cat#740933.50
Cat#RR0O37A
Cat#A 6002
Cat#69504
Cat#AB-1384
Cat#103793-100
Cat#817A

Doi:10.1084/jem.20161263

Doi:10.1101/gad.240416.114

Doi: 10.1084/jem.20161263

Doi: 10.1084/jem.20091299
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F: CCTGCAACTGGAAGAAGTATAAG
R: AGTATGGAGGCACATCTCTGTAT

Bach2 Sigma Doi:

F: CATCTCTTCCTCTGCCCAGT 10.1016/jimmuni.2013.06.011
R: AGACATGCCGTTCAAACCAT

Irf4 Sigma Doi: 10.1038/n1.2418

F: AGGTCTGCTGAAGCCTTGGC
R: CTTCAGGGCTCGTCGTGGTC

Prdmli Sigma Doi: 10.1038/ncomms. 1475
F: GAACCTGCTTTTCAAGTATGCTG

R:

AGTGTAGACTTCACCGATGATGAGG

Xbpl Sigma Doi:

F: ACATCTTCCCATGGACCTCTG 10.1016/j.cmet.2009.04.009
R: TAGGTCCTTCTGGGTAGACC

mtCOI Sigma Doi:

F: CTGAGCGGGAATAGTGGGTA 10.1016/j.yjmcc.2021.05.004
R: TGGGGCTCCGATTATTAGTG

Sdha Sigma Doi:

F: TACTACAGCCCCAAGTCT 10.1126/scitranslmed.aax8096

R: TGGACCCATCTTCTATGC

Experimental models

Mouse A20 cell line (Balb/c B cell ATCC Cat#TIB-208

lymphoma line)

C57BL/6J mouse strain Wallace®* MGI: 3028467

B6 CD45.1 mouse strain Shen* MGI: 4819849

(B6.SJL-Ptprc® Pepct/Boy.J)

DGKCE - mouse strain (B6.129X1- Zhong*’  MGI: 1278339

ngztm]Gak/J)

Deposit Data

RNA-seq data This paper GEO: GSE283915

Software and

algorithms

FIJI Schindelin®  https://imagej.net/ij/

JACoP plugin Bolte* https://imagej.net/ij/plugins/track/jacob.html

FlowJo 10.10 FLOWIJO, https://www.flowjo.com/solutions/flowjo
LLC

Prism 10.0 GraphPad https://graphpad.com/

RStudio RStudio http://www.rstudio.com

2024.04.2+764 Team (2020)

BWA-MEM 0.7.15 http://biobwa.sourceforge.net
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Picard tools 2.9.0 Broad http://broadinstitute.github.io/picard/
Institute
StringTie 1.3.3 Pertea” http://ccb.jhu.edu/software/stringtie/
edgeR Bioconductor RRDI: SCR 012802
GSEA 4.1.0 UC San https://gsea-msigdb.org
Diego and RRDI: SCR_003199
Broad
Institute
Integrative Genomic Robinson®"  https://igv.org
Viewer (IGV) v2.17.0 RRDI: SCR 011793
Imaris 7.0 BitPlane https://imaris.oxinst.com
Image Lab Bio Rad https://www.bio-rad.com/es-

es/product/image-lab-software

METHODS

Mice and B cells

Primary B lymphocytes were isolated from the spleen of adult (4-7 months old) wild type
(WT) and DGK&7- mice*” on a C57BL/6 genetic background; males and females were
used. Splenic B cells were purified by negative selection with EasySep™ Mouse Pan-B
cells Isolation Kit (StemCell Technologies); we enriched to > 95% B cells. CD4" T cells
were isolated from the spleen of adult WT mice by negative selection using a CD4" T cell
isolation kit (MACS, Miltenyi Biotec). Males and females of adult (3 months old)
CD45.1" mice on a C57BL/6 genetic background were used for in vivo experiments.
Animal procedures were approved by the CNB-CSIC Bioethics Committee and conform
to institutional, national and European Union (EU) regulations. Isolated B cells were
resuspended in complete RPMI 1640 (cRPMI; 10 mM Hepes, 2 mM L-glutamine, 1 mM
Na-Pyruvate, 50 uM B-mercaptoethanol, and 10,000 u/ml Penicillin/Streptomycin)
supplemented with 10% complement-inactivated fetal calf serum (FCS) and either
directly used or culture in p24 multi-well dishes (1.5x10° cells/well and ml) in presence
of hamster anti-mouse CD40 antibody (100 ng/ml), recombinant murine IL-4 and IL-5
(10 ng/ml each) for the indicated times. When required, B cells were labelled with
CellTrace violet (CTV) to monitor cell proliferation by flow cytometry. Before culture,
cells (5-10 x 10% cells/ml) were incubated with 1 uM CTV in PBS (10 min, 37°C, in 15
ml falcon tubes), then a volume of FCS was added to stop the labelling reaction (1 min,

room temperature, RT), the tube was filled with cRPMI 10% FCS for washing (440 g, 5
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min, RT); cells were resuspended in the required medium volume. The A20 mouse B cell
line was transiently transfected with plasmids encoding for GFP protein alone, or GFP-
tagged DGKC-WT, -kinase dead (KD) or -lacking the PDZ binding motif (APDZbm)
constructs®® by electroporation (260 mV, 950 uF) and were used 20 hours later. A20
transfected cells were cultured in cRPMI 10% FCS.

Western blotting

Freshly isolated primary B cells (15 x 10°) were cultured on a p35 plate in depletion
medium (1.5 ml of cRPMI 0.5% FCS) for 1 h, split in 0.5 ml aliquots (5 x 10° cells) and
then stimulated with hamster anti-mouse CD40 antibody (100 ng/ml) for the indicated
times. Cells were lysed in RIPA lysis buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl,
1% NP40, 0.1% SDS, 0.5% Deoxycholate) with proteases and phosphatase inhibitors
(Roche) (30 min, 4°C), lysates were centrifugated (20,000 g, 15 min, 4°C), and the
supernatants were collected and stored at -80°C. Total protein concentration was
quantified by Micro BCA Protein Assay Kit (Thermo Scientific). Proteins (10-20
pg/sample) were resolved by SDS-polyacrylamide gel electrophoresis (PAGE) and
transferred to nitrocellulose membranes (Bio-Rad). Blots were blocked with TBS-T
(10mM tris-HCI, pH 8.0, 150 mM NacCl, 0.1% Tween-20) 5% bovine serum albumin
(BSA) (1 h, RT), incubated with the specified primary antibodies (overnight, 4°C),
washed with TBS-T, incubated with horseradish peroxidase (HRP)-conjugated secondary
antibody (1 h, RT), and finally washed with TBS-T. Signals were detected using the
enhanced chemiluminescence (ECL) detection system (Amersham). Signal intensity
values in arbitrary units (AU) for each protein were quantified with Image Lab software
(Bio-Rad) and normalized to that of loading control (actin). For the detection of the

mitochondrial proteins, the ODYSSEY Infrared Imaging System (LI-COR) was used.

Real-time microscopy on planar lipid bilayers

The artificial planar lipid bilayers were assembled in FCS2 chambers (Bioptechs) as
described?. Briefly, unlabeled mouse GPI-linked ICAM-1 containing 1,2-dieloyl-PC
(DOPC) liposomes and DOPC liposomes containing biotinylated lipids were mixed with
DOPC liposomes at distinct ratios to obtain specific molecular densities (ICAM-1 at 200-
300 molecules/um?; biotin lipids as indicated in the figure legends). The artificial

membranes (1 pl/membrane) were assembled on sulphocromic solution-treated
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coverslips, then blocked with phosphate-buffered saline (PBS)/2% FCS (1 h, RT), and
incubated with Alexa Fluor 647-conjugated streptavidin (1:1000 dilution; 30 min, RT),
followed by monobiotinylated hamster anti-mouse CD40 antibody (su-CD40L; 1:100
dilution; 30 min, RT). Monobiotinylation was achieved by labeling the antibody (0.5
mg/ml; 1 ml) with NHS-LC-LC-biotin (1 pg/ml, 30 min, RT, in PBS) followed by dialysis
against PBS and analysis by flow cytometry. We estimated the number of molecules/um?
of GPI-ICAM-1 or su-CD40L at the lipid bilayers by immunofluorometric assay with
anti-ICAM-1 or anti-hamster-IgG antibodies, respectively. We obtained the standard
values from microbeads with distinct calibrated IgG-binding capacities (Bangs

Laboratories). Lipid stock in chloroform were obtained from Avanti Polar Lipids, Inc.

WT and DGKE™~ B cells (5 x 10°) were co-injected into the warmed chamber (37°C) for
imaging. To distinguish them, one cell type was labeled with CTV (0.1 puM, 10 min,
37°C). Confocal fluorescence (1-um optical section), DIC and IRM images were
acquired. Consecutive videos were acquired when needed. Similarly, transfected A20 B
cells (3 x 10°) were injected and imaged. Reagent dilution and cell assays were performed
in chamber buffer (PBS, 0.5% FCS, 0.5 mg/ml D-glucose, 2 mM MgCl, 0.5 mM CacCl,).
Images were acquired on an Axiovert LSM 510 META inverted microscope with a 40x
oil immersion objective (Zeiss) or STELLARIS 5 multispectral confocal system with a

63x oil immersion objective (Leica).

Immunofluorescence

Primary B cells or transfected A20 B cells (3-5 x 10°%) were in contact with ICAM-1 lipid
bilayers containing tethered su-CD40L for 30 min, fixed with 4% paraformaldehyde
(PFA; 10 min, 37°C), permeabilized with PBS 0.1% Triton X-100 (5 min, RT), blocked
with PBS 1% BSA, 0.1% goat serum, 0.05% Tween-20, 50 mM NaCl (overnight, 4°C),
and stained with TRITC-conjugated phalloidin. For organelle translocation analysis, B
cells and A20 B cells (2 x 10°) were mixed with un-loaded or su-CD40L-loaded
streptavidin-coated beads (5 pm diameter; Bangs Laboratories) at a 1:1 ratio, incubated
for 30 min at 37°C (Thermoblock, with shaking at 300 rpm) and then settled on poli-L-
Lys coated slides (5 min) and fixed with 4% PFA (10 min, RT), permeabilized either with
PBS 0.1% Triton X-100 for MTOC staining or PBS 0.05% Saponin 0.5% BSA for
lysosomes and mitochondria staining (10 min, RT), blocked with PBS 1% BSA, 0.1%
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goat serum, 0.05% Tween-20, 50 mM NaCl or PBS 0.05% Saponin, 3% BSA,
respectively (1 h, RT), and stained with anti-a-tubulin, anti-pericentrin, Alexa Fluor 594
conjugated anti-LAMP1, anti-TOMM22, or anti-mTOR followed by incubation with
Alexa Fluor 647- or FITC-conjugated anti-mouse IgG1 or Alexa Fluor 647-conjugated
anti-rabbit IgG. Slides were mounted using Fluoromount-G. For the exogenous PA
assays, we used freshly prepared 10 mM PA stock (in 10 mM Tris-HCI, pH 8.0, 150 mM
NaCl). The assays were performed in the presence of 0.1 mM PA during the stimulation
time. FCS2 chamber and slides were imaged by confocal fluorescence microscopy as

specified above.

Imaging data analysis

The frequency of synapse-like contact formation per imaged field was estimated as
[number of B cells showing a su-CD40L cluster and IRM contact/total number of B cells
(estimated by DIC)] x 100, using FiJi software. We used the IRM confocal image to focus
on the B cell-artificial membrane contact and to define the synapse-like contact plane.
Imaris 7.0 software was used for the quantitative analysis of fluorescence signals, as well
as for cell contact area (IRM area). We set up the fluorescence background of the lipid
bilayer for each su-CD40L density used. To measure cell behavior, we drew the area of
the cell at time O (first frame) and then monitored membrane ruffling activity (plasma
membrane extensions projected out of the drawn area) and migration (the cell moves out
of the drawn area), using FiJi software. MTOC, lysosomes and mitochondria recruitment
to the synapse-like contact in B cell-bead conjugates were quantified by projecting the
distance between the center-of-mass of the fluorescent signal and the B cell-bead contact
region (“a” distance) on the vector defined by the diameter of the cell that connect the
contact region to the distal pole of the B cell (“b” distance) using the formula [“a” x cos-
a] (see Fig S7A). The polarity index (PI) was calculated by dividing the projected
distance [“a” x cos-a] between the diameter of the cell (“b”’). The PI values range from 0
to 1, B cells were classified in three groups according to the PI value (P1<0.4, nearby the
synapse contact; PI 0.4-0.8, in the mid-cell; PI>0.8, opposite to the synapse contact) (Fig
S7B).

RT-qPCR and RNA-seq
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RNA was isolated from naive and cultured B cells in presence of anti-CD40/IL-4/IL-5 for
the indicated time points. The RNA extraction was performed using NucleoSpin
RNA/Protein kit following the manufacturer instructions; purified RNA concentrations
were measured using NanoDrop spectrophotometer. Retro-transcription was performed
with PrimeScript RT Reagent Kit, using 500 ng of total RNA per sample. Quantitative
PCR (qPCR) was performed to analyze each gene expression using the GoTaq qPCR
Master Mix and QuantStudio™ 5 Real-Time PCR System (ThermoFisher); technical
triplicates were done and the obtained values were normalized to actin expression as
house-keeping gene. Primers used are described in the Key Resources Table. For
transcriptome analysis using RNA-seq techniques, total RNA was isolated from B cells
at 48 h after stimulation as mentioned. Libraries were prepared by the Genomics Unit of
the Centro Nacional de Andlisis Genomico (CNAG-CRG, Spain), and sequenced using
NextSeq 2000 as paired-end 50-bp reads. [llumina FastQ files containing >30 million
reads per sample were provided by the CNAG-CRG, who also carried out quality control
of the FastQ files. For the data analysis, see Supplemental Methods.

Mitochondrial DNA content

Mitochondrial DNA content was measured as described”, with modifications. DNA
extraction from B cell pellets was performed by DNeasy kit QIAGEN, and using 0.1 ml
of elution buffer. Nuclear and mitochondrial DNA were amplified by quantitative PCR
with 10 ng of total DNA as template, using specific primers for mitochondrial gene mtCOI
and nuclear gene SDHA, and GoTaq qPCR Master mix. Mitochondrial content was
normalized to nuclear DNA, and was calculated using the equation: ACt = (nucDNA Cr
— mtDNA Cr). Relative mitochondrial DNA copies = 2 x 22T, The primers used are

included in the Key Resources Table.

Adoptive cell transfer and Immunization

Freshly isolated CD45.2" WT or DGK{ ™™ B cells (5 x 10°) were adoptively transferred to
CD45.1" immunocompetent mice by intravenous injection (>0.2 ml/mouse). After 24 h,
the mice were immunized intraperitoneally with NP-OVA (100 ng) complexed with Alum
(100 pl), in PBS (0.2 ml/mouse). Spleen and bone marrow were obtained seven days after
immunization, processed, and total cell suspensions were treated with erythrocyte lysis
buffer to eliminate erythrocytes. Finally, cells were resuspended in FACS buffer (PBS
with 0.5% BSA, 2.5 mM EDTA) for staining and flow cytometry analysis. CD45.2 and
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CD45.1 populations were analyzed separately, and specific panels for plasma cells
(CD138, B220, CXCR4, a4p7, CD98), class-switching (CD138, B220, IgM, IgD, IgG1)
and germinal center populations (B220, GL7, CD95, IgD, CD38, CCR6, CD86 and
CXCR4) were used.

Flow cytometry

We followed the protocols described in >*. In brief, cells were resuspended in FACS buffer
and plated into p96-well conical-bottom plate. For membrane staining, 0.5 x 10° cells (or
3 x 10° for immunization experiments) were plated, incubated with unlabeled anti-
CD16/32 antibody to prevent non-specific staining via Fc receptors (Fc-blocking; 10 min,
4°C) followed by addition of the antibody mix, including also efluor780 probe (1:2000
dilution) to exclude dead cells (30 min, 4°C). For intracellular staining 1 x 10° cells were
plated, incubated with Fc-blocking and efluor780 probe (15 min, 4°C), washed, and fixed
with BD Cytofix/Cytoperm Fixation and Permeabilization Solution (20 min, 4°C). After
washing with permeabilization buffer (BD Perm/Wash Buffer), cells were resuspended in
the antibody mix prepared using the permeabilization buffer (30 min incubation, 4°C).
When secondary antibodies were needed, cells were washed and resuspended in
permeabilization buffer containing the secondary reagent (30 min incubation, 4°C). After
staining, cells were washed, resuspended in FACS buffer and analyzed using a CytoFLEX
flow cytometer (4 lasers; Beckman Coulter). FlowJo Software was used to analyze the
acquired data.

For the analysis of mMTORCI1 activity at early time points, freshly isolated primary B cells
(10 x 10%) were cultured on a p35 plate in depletion medium (1.5 ml of cRPMI 0.5% FCS;
1h), in presence of rapamycin (10 mM) when needed, then split in 0.5 ml aliquots (5 x
106 cells) and stimulated with anti-CD40 antibody (100 ng/ml) and PA (0.1 mM) for the
indicated time points. Then, intracellular staining was performed as above, using rabbit
anti-pS6 antibody followed by Alexa Fluor 647-conjugated anti-rabbit secondary
antibody. For intracellular TFAM detection, we followed the protocol described in 7.
Briefly, cells were incubated with Fc-blocking and ef780 probe as above, then fixed with
4% PFA (15 min, RT), washed, and permeabilized with 90% freezer-cold methanol
(10 min, RT). After washing with FACS buffer, anti-TFAM antibody was incubated in
50 ul FACS buffer supplemented with 2% goat serum (45 min, RT), followed by goat
anti-rabbit secondary antibody (30 min, RT). For protein translation assay, cells were

treated with puromycin (10 pg/ml; 45 min, 37°C); we used Harringtonine, inhibitor of
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protein translation, as a negative control. Then, cells were collected for intracellular
staining using PE-conjugated anti-puromycin antibody (1 h, 4°C). To get the translation
rate, the MFI values obtained for knock-out cells were normalized by those obtained for
WT controls.

For the analysis of the cell cycle phases, cells were permeabilized with saponin 0.5% in
FACS buffer (25 min, 4°C), washed, and stained with propidium iodide (50 pg/ml; 30
min, 4°C). After incubation, cells were directly analyzed at the flow cytometer. Data
analysis performed with FlowJo Cell Cycle probabilistic analysis. For mitochondrial
status assays, naive and CD40-stimulated B cells were incubated with the mitochondrial
probes in RPMI 1640 (20 nM MitoTracker Green; 20 nM MitoTracker Red CMXROS;
1uM CM-H2DCFDA) or in HBSS medium (5uM MitoSox) for 30 min at 37°C, washed
with FACS buffer, and analyzed.

For the quantification of CD40L expression in CD4" T cells, a standard curve was
generated using standard beads with known binding capacity for rat IgG molecules
(Quantum™ Simply Cellular anti-rat IgG; ABC; B=0, 1=4089, 2=20327, 3=98100,
4=243808). Beads were incubated with APC-conjugated rat anti-mouse CD40L antibody.
Purified CD4" T cells (4 x 10°) were cultured in flat-bottom p96 multi-well coated with
anti-mouse CD3¢ antibody (5 pg/ml) and in the presence of soluble anti-mouse CD28
antibody (0.5 pg/ml) for 20 h. Stimulated CD4" T cells were stained with APC-conjugated

rat anti-mouse CD40L. Flow cytometry of beads and cells was performed in a FACS

ABC
4mrr2’

Calibur cytometer. CD40L density was calculated using the equation

Extracellular flux assays

Freshly isolated and CD40-activated B cells were resuspended in Seahorse medium, pH
7.4, supplemented with 11 mM Glucose and 2 mM Pyruvate (Agilent). Cells were seeded
on a 96-well assay plate (Seahorse) coated with Cell-TAK (Corning). The assay was
carried out on the XF96 Extracellular Flux analyzer. Oxygen Consumption Rates (OCR)
were measured before and after the addition of different drugs included in the Seahorse

XF Cell MitoStress kit and Seahorse XF Real-Time ATP Rate Assay kit.
Ultrastructural studies of mitochondria by electron microscopy
The assay was performed in collaboration with the Electron Microscopy Facility at the

CNB-CSIC (Madrid, Spain). Naive and activated B cells were fixed in 2.5%
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glutaraldehyde 1% tannic acid (TAAB laboratories) in HEPES buffer 0.4 M pH 7.2
(Sigma-Aldrich; 2 h, RT), then washed with HEPES 0.4 M pH 7.2 (3 times, 15 min), post-
fixed with 1 % osmium tetroxide (TAAB Laboratories) in potassium ferricyanide 0,8%
(Sigma-Aldrich; 1 h, 4°C), and incubated with 2% aqueous uranyl acetate (Electron
Microscopy Sciences; 1 h, 4°C). After washing with distilled water, samples were
dehydrated with increasing concentrations of acetone (anhydrous, VWR) and embedded
in epoxy resin TAAB 812 (TAAB Laboratories). Polymerization was carried out in epoxy
resin 100% for 2 days, 60°C. Resin blocks were trimmed and ultrathin 70 nm-thick
sections were obtained with the UC6 ultramicrotome (Leica Microsystems), transferred
to 200 mesh nickel grids (Gilder) and stained with saturated aqueous uranyl acetate (20
min, RT) and lead citrate 0.2% (Electron Microscopy Sciences; 1 min, RT). Sections were
visualized on a JEOL 1400 Flash electron microscope (operating at 100 kV). Micrographs
were taken with a Gatan OneView digital camera at various magnifications. Image

analysis was performed with FiJi software (NIH).

Statistical analysis

Graphs and statistical analyses were performed using Prism software (GraphPad). Two-
tailed unpaired and paired Student’s t test, One-way ANOVA and Two-way ANOVA were
applied. *, p<0.05; **, p<0.01; *** p<0.001; **** p<0.0001. For co-localization
analysis, Mander’s overlap coefficients were calculated using the JACoP plugin (Just
Another Co-localization plugin)*® of FIJI software. For RNA-seq data, edgeR was used.
For the n® mitochondrias/cell, unpaired non-parametric Kolmogorov-Smirnov test was

used.
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