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Abstract

The development of long-lived immune memory cells against pathogens is critical for the success
of vaccines to establish protection against future infections. However, the mechanisms governing
the long-term survival of immune memory cells remain to be elucidated. Here we show that the
maintenance mitochondrial homeostasis by autophagy is critical for restricting metabolic functions
to protect 1IgG memory B cell survival. Knockout of mitochondrial autophagy genes, Nix and
Bnip3, leads to mitochondrial accumulation, and increases in oxidative phosphorylation and fatty
acid synthesis, resulting in the loss of IgG* memory B cells in mice. Inhibiting fatty acid synthesis
or silencing necroptosis gene Ripk3 rescued Nix7/-Bnip3~~ IgG memory B cells, indicating that
mitochondrial autophagy is important for limiting metabolic functions to prevent cell death. Our
results suggest a critical role for mitochondrial autophagy in the maintenance of immunological
memory by protecting the metabolic quiescence and longevity of memory B cells.

Introduction

The immune system can develop long-term memory after encountering pathogens from
infections or vaccination (1). Stimulation by antigens from pathogens induces the activation
and significant expansion of lymphocytes. Most of these activated lymphocytes are cleared
by programmed cell death during and after the clearance of pathogens (2). However, a small
number of these cells can develop into long-lived memory cells, including memory B cells
(3-5) and memory T cells (6, 7). Memory B cells can arise from both germinal center
(GCs) dependent and independent pathways, and comprise of a heterogeneous population
of metabolically quiescent, antigen-experienced, long-lived B cells that mediate humoral
immunological memory (4, 8, 9). The T cell-dependent memory B cells arise from the

GCs through interactions between antigen-activated B cells and T cells. In response to
previously encountered pathogens, memory B cells rapidly proliferate and either re-seed
GCs or directly differentiate into antibody-producing cells.
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The long-term survival of immune memory cells is critical for the maintenance of
immunological memory against infections. In comparison with activated GC B cells that
are short-lived (10, 11), memory B cells are quiescent and can survive for prolonged
durations in the absence of their cognate antigens (12). Memory B cells express high levels
of anti-apoptotic Bcl-2, which protects them from caspase-dependent apoptosis (11, 13,
14). Autophagy, a cellular process for the sequestration of cytoplasmic components into
double-membraned autophagosomes for degradation (15), plays an important role in the
protection of lymphocyte survival (16-19). It has been shown that autophagy is essential
for the maintenance of memory B cells, memory T cells, and long-lived plasma cells (11,
20-24). Autophagy also protects the survival of autoantigen-specific memory B cells for
persistent autoantibody production (25). Blocking Atg7-dependent autophagy in memory B
cells results in mitochondrial dysfunction, oxidative stress and lipid peroxidation-induced
cell death (11). This suggests that autophagy protects memory B cells in part by clearing
damaged mitochondria to prevent oxidative stress.

It has been shown that memory T cells undergo a metabolic switch to support their
development that involves the regulation of mitochondrial homeostasis (26, 27). Memory T
cells can oxidize fatty acids in the mitochondria to fulfill their energy need, while promoting
fatty acid oxidation further enhances T cell memory (28). Whether metabolic programming
is involved in the development and maintenance of memory B cells remains to be elucidated.
Interestingly, it has been shown that AMPK, an important regulator for cellular metabolic
functions and autophagy, is required for the development and maintenance of memory

B cells (29). Whether the homeostasis and functions of mitochondria are critical for the
regulation of metabolic function in memory B cells remains to be investigated.

Two BH3-only proteins of the Bcl-2 family located on the outer mitochondrial membrane,
Nix and Bnip3, are functionally overlapping in promoting mitochondrial autophagy (30—
32). Nix- and Bnip3-mediated mitochondrial autophagy are required for the protection of
precursors of memory NK cells (30). Nix is also required for the protection of precursors

of CD8™ effector memory T cells (33, 34). The mitochondrial kinase Pinkl and the
ubiquitin ligase Parkin regulate the targeting of damaged mitochondria to autophagosomes
for degradation (35). Nix and Bnip3 can mediate mitochondrial autophagy independently of
Pink1/Parkin (36-39). In this study, we show that Nix- and Bnip3-mediated mitochondrial
autophagy is important for the maintenance of mitochondrial homeostasis and restriction of
metabolic functions, thereby protecting the quiescence and longevity of memory B cells.

Materials and Methods

Mice

Aicda-Cre (AID-Cre) mice (The Jackson Laboratory) were crossed with Nixf1°% mice

and Bnip3~/~ mice (from Gerald Dorn, Washington University at St. Louis, crossed to
C57BL/6 background for more than 10 generations) to generate AID-Cre*Nix"fBnip3~/~
mice with double knockouts of Nix and Bnip3 in B cells (DKO). For experiments involving
Nix”~ or DKO mice, AID-Cre*/~ age-matched mice as appropriate were used as wild-type
controls. CD45.1 mice (The Jackson Laboratory) were used as recipients for adoptive
transfer experiments. All mice were maintained on a C57BL/6J background. Mice of both
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genders, ranging from 6 weeks to 3 months old, were used in this study, but were sex and
age-matched for all experiments. Mice were immunized with 100 pg NP-KLH (Biosearch
Technologies) precipitated in an equal volume of Imject alum adjuvant (Thermo Scientific),
or 100 pl of 10% sheep red blood cell suspension (MP Biomedicals) intraperitoneally (i.p.).
Experiments were performed according to federal and institutional guidelines, and with the
approval of the Institutional Animal Care and Use Committee of the Houston Methodist
Research Institute and Baylor College of Medicine.

Flow cytometry and cell sorting

For flow cytometry, single cell suspensions were prepared from spleens of mice

and subjected to ACK lysis to remove red blood cells. Cells were then incubated

with Fc blocker (anti-CD16/CD32) for 10 min on ice to reduce background staining.
Subsequently, cells were stained with appropriate fluorophore-conjugated antibodies on
ice, protected from light, for 15 min. After staining, DAPI was added where appropriate

to mark dead cells. Splenocytes were stained with antibodies against IgM, IgD, CD138,
CD11b, CD11c, Gr-1, CD4, and CD8a (DUMP markers), B220, IgG, GL-7, and CD38.
DUMP~B220*IgG*GL-7*CD38~ GC B cells or DUMP~B220*1gG*GL-7"CD38"* memory
B cells were analyzed using an LSR-I1 or sorted using a FACSAria (BD Biosciences). Data
were analyzed on FlowJo (TreeStar).

The following antibodies or conjugated molecules were used for staining of cell

surface markers: biotin-anti-lgD (405734), biotin-anti-lgM (406504), biotin-anti-CD138
(142512), biotin-anti-CD11b (101204), biotin-anti-CD11c (117304), biotin-anti-Gr-1
(108404), biotin-anti-CD4 (100404), biotin-anti-CD8a (100704), PE-anti-lgD (405706),
PE-anti-lgM (406508), PE-anti-CD138 (142504), PE-anti-CD11b (101208), PE-anti-CD11c
(117308), PE-anti-Gr-1 (108408), PE-anti-CD4 (100408), PE-anti-CD8a (100708), PE-
anti-CD38 (102708), PE-anti-CD62L (104408), BV421-anti-lgM (406518), BV421-anti-
CD138 (142508), Pacific Blue-anti-1gD (405712), Pacific Blue-anti-CD11b (101224),
Pacific Blue-anti-CD11c (117322), Pacific Blue-anti-Gr-1 (108430), Pacific Blue-anti-

CD4 (100428), Pacific Blue-anti-CD8a (100725), Pacific Blue-anti-CD38 (102720), APC/
Fire-750-anti-B220 (103260), PerCP/Cy5.5-anti-B220 (103236), PerCP/Cy5.5-anti-CD38
(102722), PerCP/Cy5.5-anti-GL-7 (144610), PE/Cy7-anti-B220 (103222), PE/Cy7-anti-
CD38 (102718), PE/Cy7-anti-CD4 (100422), anti-CD16/CD32 (101302), Alexa Fluor 647-
anti-GL-7 (144606), Alexa Fluor 647-anti-IgG1 (406618), Alexa Fluor 647-anti-lgG2a
(407116), APC-anti-1gG2b (406712), APC-anti-1gG (405308), APC-anti-CD44 (103012),
APC-anti-CD21 (123412), Alexa Fluor 488-anti-IgG1 (406626), Alexa Fluor 488-anti-GL-7
(144612) and FITC-anti-lgM (406506) were obtained from BioLegend. FITC-anti-TCRpB
(553171) from BD Bioscience and APC-anti-lgG3 (1100-31) from SouthernBiotech were
also used. NP-PE (N-5070-1) was obtained from Biosearch.

For intracellular staining, cells were fixed with 1% methanol-free formaldehyde for 15

min on ice and permeabilized using Perm/Wash Buffer from Cytofix/Cytoperm Kit (BD
Biosciences). Cells were labeled with unconjugated primary antibodies against the desired
intracellular markers and then stained with fluorophore-conjugated secondary antibodies.
Cells were analyzed by flow cytometry. The following antibodies were used for intracellular
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flow cytometry: phospho-Ripk3 (Thr231/Ser232) (91702); phospho-Ripk3 (Thr231/Ser232)
(57220), anti-active caspase-9 (cat. no. 9509); anti-Gapdh (2118) were from Cell Signaling
Technology; Alexa Fluor 647-anti-TOM20 was from Abcam; anti-Nix (cat. no. AF4030)
were obtained from R&D Biosystem; anti-Pink1 (7859) was from ProSci; anti-Parkin
(PA-13399), anti-TFAM (PA5-80107), FITC-mouse anti-rabbit 1gG (31584), Alexa Fluor
647-donkey anti-goat 1gG (A-21447) were from ThermoFisher Scientific.

For sorting of memory B cells, splenocytes were harvested from pooled spleens of

wild type and DKO mice 8 weeks after NP-KLH immunization. Cells were subjected

to negative selection prior to fluorescent antibody staining, to remove unwanted

cells. Briefly, cells were labeled with biotinylated DUMP antibodies listed above,
incubated with BioMag Streptavidin beads (QIAGEN), and then placed in a magnet

stand. The negative fraction was collected and stained with fluorophore-conjugated
antibodies as indicated above. DUMP~NP*B220*IgG1*GL-7"CD38* memory B cells and
DUMP~NP*B220*IgG1*GL-7*CD38~ GC B cells were sorted using a FACSAria (BD
Biosciences). In some experiments, B220*CD23*CD21*1gD*IgM* naive follicular B cells
were also sorted for experiments.

Immunocytochemistry and deconvolution microscopy

Cells were attached to poly-L-lysine-coated slides by cytospin and fixed with 4%
formaldehyde for 15 min. The cells were then permeabilized using 0.1% Triton-X in 0.1%
Tween-20 for 10 min and blocked using Image-iT FX Signal Enhancer (Invitrogen) for

30 min. Cells were labeled with unconjugated primary antibodies (1:100 dilution) at 4°C
overnight in a humidified chamber and then stained with Alexa Fluor-conjugated secondary
antibodies (1:250 dilution) for 2 h at room temperature. Nuclei were counterstained with
DAPI. 0.1% Tween-20 was used for all washing steps. Slides were mounted with ProLong
Gold (Life Technologies) and allowed to cure at room temperature. Images were acquired
using a 100x oil objective lens on a DeltaVision Elite deconvolution microscope (GE
Healthcare Life Sciences) and analyzed using the ImageJ software. Pearson’s correlation
coefficient (40) for LC3 and COXIV co-localization was quantified using the SoftWoRx
software (GE Healthcare Life Sciences).

Detection of lipid droplets

For flow cytometric analysis of lipid droplets, cells were surface stained and incubated with
Live/Dead Fixable Violet Dead Cell Stain. Cells were incubated with HCS LipidTOX Red or
Deep Red Neutral Lipid Stain (Invitrogen) for 30 min, at room temperature and analyzed by
flow cytometry. For deconvolution microscopy analysis of lipid droplets, sorted cells were
attached to poly-L-lysine-coated slides by cytospin, fixed using 4% formaldehyde for 15
min, and incubated with HCS LipidTOX Deep Red Neutral Lipid Stain for 30 min, at room
temperature. Nuclei were counterstained with DAPI.

Measurement of mitochondrial membrane potential, mitochondrial ROS and BODIPY FL

C16 uptake

WT and DKO memory B cells were incubated in RPMI 1640 complete medium containing
25 nM TMRM (Invitrogen) or 5 UM MitoSOX Red (Invitrogen) for 30 min at 37°C and 5%
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COsy. Cells were analyzed by deconvolution microscopy or flow cytometry. To measure fatty
uptake, memory B cells were incubated in RPMI 1640 complete medium containing 1 pM
BODIPY FL C16 (ThermoFisher) for 30 min at 37°C and 5% CO,. Cells were then surface
stained and analyzed by flow cytometry.

Transmission electron microscopy

Sorted WT and DKO memory B cells were fixed and embedded in Spurr’s low viscosity
resin, and sections were cut using a U6 ultramicrotome (Leica), stained with saturated uranyl
acetate, and counterstained with Reynold’s lead citrate (31). Images (5,000X or 12,000X
magnification) were acquired using a H-7500 transmission electron microscope (Hitachi).

Adoptive transfer of NP-specific memory B cells

NP-specific memory B cells were sorted from pooled spleens of WT and DKO mice on a
CD45.2 background, 6 weeks after immunization with NP-KLH. WT or DKO NP-specific
memory B cells (5x10%) were mixed with congenic CD45.1* Naive B cells (1:10) as filler
cells to minimize cell loss. The cells were injected into each CD45.1 recipient mouse
retro-orbitally. The spleen cells of recipients was analyzed by flow cytometry 4 weeks later.
B220*DUMP- cells were gated and transferred CD45.2*CD45.1 NP*1gG*CD38* memory
B cells were quantified. In parallel experiments, mice with or without adoptive transfer of
memory B cells (5x10* memory B cells/recipient) were challenged with soluble NP-KLH
without adjuvants the day after adoptive transfer. Sera were then collected and anti-NP 1gG
levels were measured by ELISA 5 days after transfer. Antibody titers were quantified by
ELISA similar to described procedures (11, 41).

Real-time guantitative RT-PCR (qRT-PCR)

To measure gene expression, RNA was prepared from sorted cells using TRIzol

LS (ThermoFisher Scientific) or a MagMAX 96 Blood RNA Isolation Kit (Applied
Biosystems). RNA was reverse transcribed to cDNA using a SuperScript VILO cDNA
Synthesis Kit (Invitrogen). A master mix consisting of iTag Universal SYBR Green
Supermix (Bio-Rad) and pre-designed primers (0.9 uM) against target genes (Sigma-Aldrich
or Harvard Primer Bank) was prepared. Each reaction consisted of 5.5 pl of master mix

and 4.5 pl of cDNA diluted 9-fold in nuclease-free water. Real-time PCR was performed

in 384-well PCR plates (Applied Biosystems) on a QuantStudio 5 Real-Time PCR System
(Applied Biosystems). Cycling conditions were as follows: 50°C for 2 min, 95°C for 10 min,
then 40 cycles of 95°C for 15 s and 60°C for 1 min, and a melt curve stage consisting of
95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. Actb was used as an internal control. The
following primers were used: Actb forward (GATGTATGAAGGCTTTGGTC) and reverse
(TGTGCACTTTTATTGGTCTC); Tfam forward (ATTCCGAAGTGTTTTTCCAGCA)

and reverse (TCTGAAAGTTTTGCATCTGGGT); Bnip3forward
(ACCACAAGATACCAACAGAG) and reverse (AATCTTCCTCAGACAGAGTG);

Nix forward (GAAATGGAACTCTTTGGGTG) and reverse
(CAGAAGAAGAAGTTGTAGAAGG); Sdhc forward (CTTTGTATCAGAAATGCTGC)
and reverse (AGATAGTCAAATGGGGAGAC); Sdhaf2 forward
(CATTCTCCTTAGCCTGTTTG) and reverse (GTTAATCAGGCGATCATAGAG); Srebfl
forward (GCAGCCACCATCTAGCCTG) and reverse (CAGCAGTGAGTCTGCCTTGAT);
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Slc25a1 forward (GAGGCATCGAAATCTGCATCA) and reverse
(GGATGGAGCCGTAGAGCAA); Acly forward (CAGCCAAGGCAATTTCAGAGC)
and reverse (CTCGACGTTTGATTAACTGGTCT); Acaca forward
(CTGTATGAGAAAGGCTATGTG) and reverse (AACCTGTCTGAAGAGGTTAQG); Fasn
forward (GATTCAGGGAGTGGATATTG) and reverse (CATTCAGAATCGTGGCATAG);
Bcel2forward (ATGCCTTTGTGGAACTATATGGC) and reverse
(GGTATGCACCCAGAGTGATGC). Real-time PCR for autophagy gene was performed
using Tagman Universal PCR Master Mix with specific primers from the TagMan Gene
Expression Assay Kit (ThermoFisher Scientific) as described (11). The assay IDs for the
primers of the analyzed genes are as follows: Mm01265461 m1 (Becnl), Mm00504340_m1
(Atg5) and Mm00512209_m1 (Atg7).

To measure mtDNA content, sorted WT and DKO memory B cells were lysed in TRIzol

LS (ThermoFisher). Chloroform was added at a 1:1 v/v ratio to partition all nucleic acids
into the aqueous layer. Nucleic acids were isolated from the aqueous layer according to the
manufacturer’s protocol. Real-time PCR was carried out as above, but with primers specific
to mtDNA or genomic Actb DNA. Data was normalized to Actb DNA. The following
primers were used: mtDNA forward (ACCATTTGCAGACGCCATAA) and reverse
(TGAAATTGTTTGGGCTACGG); Actb DNA forward (TGTTCCCTTCCACAGGGTGT)
and reverse (TCCCAGTTGGTAACAATGCCA).

In vivo drug treatment

WT and DKO mice were immunized with NP-KLH and drug treatments were started at 2
weeks post-immunization. For the NAC treatment experiment, mice were given i.p. injection
of NAC (A7250, Sigma-Aldrich; 100 mg/kg) or DPBS vehicle control once every 2 d for

4 weeks. For the CTPI-2 treatment experiment, mice were given i.p. injection of CTPI-2
(52968, Selleck Chemicals; 50 mg/kg) or DMSO vehicle control daily for 4 weeks.

In vitro analysis of apoptosis and necroptosis signaling

For analysis of apoptosis signaling, WT or DKO splenocytes were incubated for 6 h in
RPMI 1640 complete medium with 0.1% FBS at 37°C and 5% CO,. Cells were then
subjected to surface staining for GC and memory B cell markers, followed by intracellular
staining for cleaved caspase-9 (9509) or caspase-3 (9661) (Cell Signaling Technology). The
cells were then incubated with secondary antibodies and analyzed by flow cytometry. For
analysis of necroptosis signaling, WT or DKO splenocytes were first pre-incubated with

20 uM z-VAD-FMK (ALX-260-020-M001, ENZO Life Sciences) for 1 h in RPMI 1640
medium containing 10% FBS at 37°C and 5% CO5. 1 SM-164 (1 uM; S7089, Selleckchem)
was then added to the cells, and incubation was continued for 10 h at 37°C and 5% COs.
Cells were then subjected to surface staining for GC and memory B cell markers, followed
by intracellular staining for phospho-Ripk3 (Thr231/Ser232) (Cell Signaling Technology)
and analyzed by flow cytometry.

siRNA transfection and adoptive transfer of memory B cells

IgG*CD38* memory B cells were sorted from spleens of 20 WT or B/Nix~Bnip3~'~ mice 2
weeks after immunization with SRBCs and mixed with naive B cells (1:10) as carriers. The
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cells were transfected with non-targeting control siRNA (ThermoFisher Scientific) or Ripk3
SiRNA (Santa Cruz Biotechnology) using the Neon Transfection System (ThermoFisher
Scientific) and adoptively transferred into CD45.1 recipient mice intravenously (5x10%/
mouse). Seven days later, recipient spleen cells were analyzed by flow cytometry. DUMP~
cells were gated and transferred CD45.2*CD45.1~ memory B cells were quantified. For
Western blot analysis, the transfected B cells were cultured for 48 h in the presence

of 5 ug/mL anti-CD40 (102811), 5 pg/mL anti-CD180 (11709) and 20 ng/mL IL-4 (all
from BioLegend). Cells were then lysed in lysis buffer consisting of 1% Triton X-100,

50 mM Tris pH 8.0, 150 mM sodium chloride, 10 mM sodium fluoride, 1 mM sodium
orthovanadate, and 1x protease inhibitor mixture (Roche Applied Science). Lysates were
used for Western blot by probing with rabbit anti-mouse Ripk3 (US Biologicals cat. no.
351904), followed with HRP-conjugated goat anti-rabbit IgG (Abcam). The blots were also
probed with HRP-conjugated anti-mouse Gapdh (Cell Signaling Technology cat. no. 3683).
The blots were developed with Clarity Western ECL Substrate (Bio-Rad), followed by
chemiluminescence image acquisition on a Bio-Rad ChemiDoc Touch Imaging System.

Extracellular flux analysis

An XFe96 plate (Seahorse Bioscience) was coated with Cell-Tak Cell and Tissue Adhesive
(5 pg/ml, Agilent). Sorted WT and DKO memory B cells were seeded on the plate at 3x10°
cells/well, in XF Base Medium (Seahorse Bioscience) supplemented with sodium pyruvate
(1 mM) and L-glutamine (2 mM). The plate was centrifuged and cells were allowed to
attach to the wells in a non-CO» incubator at 37°C for 30 min. The OCR and ECAR were
measured on an XFe96 Analyzer (Seahorse Bioscience) at baseline and upon sequential
addition of 0.2 uM oligomycin, 0.1 pM FCCP, 50 uM etomoxir, and antimycin A+rotenone
(0.5 uM each).

RNA-sequencing

Statistics

QIlAseq FX Single Cell RNA Library Kit (QIAGEN) was used to extract RNA from

~1000 sorted WT and DKO memory B cells and prepare cDNA libraries enriched for
polyadenylated RNAs, according to manufacturer’s instructions. Library cleanup was
performed using GeneRead Size Selection Kit (QIAGEN). Libraries were sent to Novogene
Corporation (Sacramento, California), where sequencing was performed on a HiSeq 4000
instrument (Illumina) with paired-end 150 bp reads. Raw sequencing data were processed by
Novogene and converted into read counts per gene. R software (version 3.6.0) was used for
subsequent analysis of the data. The edgeR package in R was used to identify differentially
expressed genes (false discovery rate (FDR)-adjusted P value < 0.05). Expression values for
selected differentially expressed genes (DEGs) were log,-transformed (after addition of a
pseudocount of 1) and plotted on a heatmap generated using the R package pheatmap. DEGs
are shown in Supplemental Table 1. Functional classification of differentially expressed
genes was performed using PANTHER GO-slim.

Data are presented as mean + s.e.m and statistical analysis was performed using Prism 8.1.2
(GraphPad) as follows: Populations were compared using unpaired two-tailed Student’s or
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Welch’s t-tests. P values of < 0.05 were considered statistically significant. *£< 0.05, **P<

0.01, ns = not statistically significant.

Maintenance of mitochondrial homeostasis in IgG™ memory B cells by mitochondrial

autophagy.

The regulation of mitochondrial homeostasis is critical for metabolic rewiring and the
development of memory T cells (26, 27). To determine whether mitochondrial changes play
a functional role in memory B cell homeostasis, we examined mitochondrial content in
memory B cells. We generated class-switched germinal center (GC) and memory B cells
from the mice immunized with a T cell-dependent antigen, 4-hydroxy-3-nitrophenylacetyl
(NP) conjugated to keyhole limpet hemocyanin (KLH) (11, 42) (Fig. 1a and Supplemental
Fig. 1). Compared to GC B cells, memory B cells had less mitochondrial content as shown
by intracellular staining of mitochondrial import receptor subunit Tom20 (Fig. 1A), or by
Mitotracker green (43) staining (Fig. 1B). These data indicate that memory B cells have
reduced mitochondrial content in comparison with GC B cells.

Autophagy plays an important role in the regulation of mitochondrial homeostasis (44).

We found that memory B cells had increased expression of autophagy genes Beclin

1, Atg5 and Atg7 compared to GC B cells (Fig. 1C). In addition, Nix and Bnip3,

two functionally overlapping molecules for mitochondrial autophagy (30-33, 45), were
increasingly expressed in memory B cells compared to GC B cells (Fig. 1D). In contrast,

the levels of Pink1 and Parkin that regulate mitochondrial autophagy independent of Nix and
Bnip3 (38, 46), were comparable between memory and GC B cells (Supplemental Fig. 2A).
We therefore determined whether Nix and Bnip3 might be important for the regulation of
mitochondrial autophagy during memory B cell development.

We crossed Nixf°% mice with AID-Cre mice with the expression of Cre controlled by the
promoter/enhancer of activation-induced cytidine deaminase, a gene expressed in GC B cells
(47). Such expression of AID-Cre allows the deletion of the floxed genes at GC B cell

stage and in cell types subsequently differentiated from GC B cells, including GC-derived
memory B cells and plasma cells. AID-Cre/Nix°% mice were then crossed to Bnip3~/~ mice
to generate mice with double knockout of Nix and Bnip3 (DKO) starting from GC B cell
stage. We observed deletion of Nix in memory B cells but not memory T cells or dendritic
cells from AID-Cre/Nix"1°% mice (Supplemental Fig. 2B). We observed that NP-specific
memory B cell numbers 8 weeks after immunization were comparable between wild-type
(WT), B/Nix~"~ and Bnip3”~ mice (Fig. 1E). However, NP-specific memory B cells were
significantly reduced in DKO mice, suggesting that Nix and Bnip3 are required for memory
B cell generation or survival (Fig. 1E). Total T cells, total B cells and the percentages

of naiive follicular and marginal zone (MZ) B cell subsets (48) were normal in B/Nix -
Bnip3”~ mice (Supplemental Fig. 3). These results suggests that Nix/Bnip3-dependent
mitochondrial autophagy specifically affects the IgG* memory B cell compartment but not
naive or GC B cells.
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Normal formation but impaired persistence of Nix/"Bnip3~~ memory B cells

Next, we examined whether formation or maintenance was defective in Nix"‘BnipS"‘
memory B cells. At 2 weeks after immunization with NP-KLH, NP-specific GC and
memory B cells were comparable between DKO mice and wild type controls (Fig. 2A).
These data suggest that primary antibody responses and memory B cell formation were
normal in DKO mice. By 6 weeks post immunization, however, NP-specific memory B cells
in DKO mice were substantially reduced (Fig. 2B), indicating that memory B cells cannot
persist in the absence of Nix and Bnip3.

It has been shown that limiting nutrients or cytokines may cause stress and trigger
autophagy in lymphocytes to sustain cell survival (16, 49). Adoptive transfer of memory

B cells to unimmunized mice would put memory B cells under stress in such a local
microenvironment. To test whether the failure of memory B cells deficient in Nix and
Bnip3 depended on extrinsic factors elicited by prior immunization, we performed adoptive
transfer of sorted memory B cells into unimmunized congenic recipients according to the
established procedures (50, 51). We could detect transferred wild type CD45.2*CD45.1~
memory B cells in the recipient mice (Fig. 2C). However, the number of transferred Nix~
Bnip3~'~ memory B cells were significantly lower in the recipients (Fig. 2C). These data
suggest that Nix7-Bnip3~~ IgG1* memory B cells are defective in long-term survival.

We next examined whether Nix-Bnip3~— memory B cells with decreased survival potential
were also defective in mounting antibody recall responses. Although antigens alone without
adjuvants cannot induce immune response efficiently, it has been shown that NP-KLH
without adjuvants can stimulate adoptively transferred memory B cells to become antibody-
producing cells (8). To measure antibody recall responses, equal numbers of wild type

and Nix7~Bnip3~~ memory B cells were adoptive transferred into recipient mice, followed
by challenge of recipient mice with soluble NP-KLH. We detected the production of 1gG
anti-NP in mice transferred with wild type memory B cells, but not in mice that did not
receive memory B cells after challenge with soluble NP-KLH (Fig. 2D). Interestingly,

mice transferred with Nix~Bnip3”~ memory B cells showed much lower secondary
antibody responses (Fig. 2D). These data suggest that NIX~"BNIP3~/~ memory B cells
with decreased survival potential are defective in mounting antibody recall responses.

Nix™~Bnip3~~ memory B cells have impaired mitochondrial autophagy and accumulate
mitochondria

Since Nix and Bnip3 mediate mitochondrial autophagy (31-33, 52), we next examined
whether they affect the mitochondrial compartment in memory B cells by transmission
electron microscopy (TEM) studies. Because of significantly reduced number of NP*IgG1*
memory B cells in DKO mice (Fig. 1E), we sorted DUMP~B220*IgG*GL-7"CD38*
memory B cells, which contain both NP-specific and non-specific memory B cells, to obtain
sufficient number of cells for TEM studies. TEM showed the accumulation of mitochondria
in Nix”~Bnip37~ IgG* memory B cells (Fig. 3A, yellow arrows). Autophagosomes could

be detected in both wild type and Nix~Bnip37~ memory B cells (Fig. 3A, red arrows).
However, degrading mitochondria can only be found in autophagosomes in wild type but not
Nix~Bnip37~ 1gG* memory B cells (Fig. 3A). Immunocytochemistry analyses showed
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more staining for mitochondrial protein CoxIV in NP-specific Nix~Bnip37~ memory

B cells (Fig. 3B). Mitochondrial accumulation can induce mitochondrial fusion (53).
Interestingly, many accumulated mitochondria were potentially linked or fused together

in the TEM sections of Nix/~Bnip3”~ memory B cells (Fig. 3A). Moreover, increased
mitochondrial DNA (mtDNA) was detected in Nix”~-Bnip37~ memory B cells (Fig. 3C).
These data suggest that excessive mitochondria are accumulated in Nix~~Bnip37~ memory
B cells. We also found that Nix7~-Bnip3”~ memory B cells and wild type controls had
similar expression of the mitochondrial biogenesis gene TFAM (Fig. 3D), indicating that the
accumulation of mitochondria in Nix/-Bnip37~ IgG* memory B cells is not due to elevated
mitochondrial biogenesis.

To determine whether mitochondrial autophagy is defective in Nix~Bnip3”~ memory B
cells, we examined the staining of LC3 puncta that are characteristic of the formation

of autophagosome during active autophagy (54, 55), and mitochondrial protein, CoxIV.
We found that LC3 puncta were comparable in wild type and Nix/~Bnip37~ memory

B cells (Fig. 3E), suggesting that autophagosomal formation is normal in Nix/-Bnip37~
memory B cells. In areas where LC3 were present, the colocalization between LC3 puncta
and CoxIV was significantly reduced in Nix”~Bnip3”~ memory B cells, as measured by
decreased Pearson’s correlation coefficient (40) for LC3 and CoxIV staining (Fig. 3E).
These data suggest that the targeting of mitochondria to autophagosomes was defective in
Nix7~Bnip3”~ 1gG* memory B cells, resulting in the failure of maintaining mitochondrial
homeostasis.

Nix~~Bnip3~~ memory B cells contain more active mitochondria

Increased mitochondrial content can lead to greater production of mitochondrial reactive
oxygen species (ROS) (56). Staining with MitoSOX Red (57) indicated elevated levels of
mitochondrial ROS in Nix7~Bnip37~ memory B cells (Fig. 4A). The increased ROS in
Nix~-Bnip3”~ memory B cells could be caused by increased total mitochondrial content or
accumulation of dysfunctional mitochondria. To determine whether ROS could account for
the loss of Nix”~Bnip3”~ memory B cells, we treated WT and AID/Nix~Bnip3”~ mice
with N-acetylcysteine (NAC), a ROS scavenger (11, 30, 33). We started NAC treatment

at 2 weeks post-immunization, when normal formation of memory B cells was observed
(Fig. 2A). However, we did not observe the rescue of Nix”~Bnip37~ memory B cells by
NAC treatment (Fig. 4B). These data suggest that inhibition of oxidative stress alone is not
sufficient to protect Nix~Bnip37~ 1gG* memory B cells. Additional mechanisms likely
exist to account for the loss of these cells.

Mitochondrial retention due to defective mitochondrial autophagy may lead to accumulation
of damaged mitochondria with reduced membrane potential (30, 33, 58). We therefore
stained Nix~Bnip3”~ memory B cells with tetramethyl rhodamine methyl ester (TMRM)
to measure mitochondrial membrane potential (59). In addition to increased mitochondrial
content by TOM20 staining, Nix~~Bnip37~ memory B cells exhibited increased TMRM
staining compared to wild type controls (Fig. 4C). These results indicate that Nix/-Bnip37~
IgG*™ memory B cells contained more functional mitochondria.
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We next examined whether the accumulation of active mitochondria could lead to increased
metabolic functions in Nix~Bnip3”~ memory B cells. We measured oxygen consumption
rate (OCR), a readout of oxidative phosphorylation, in Nix-Bnip3”~ memory B cells and
wild type controls at baseline and after sequential addition of oligomycin (inhibits ATP
synthase), FCCP (uncouples ATP synthesis from the electron transport chain), etomoxir
(inhibits mitochondrial fatty acid oxidation), and rotenone plus antimycin (inhibit complex
I and 111, respectively) (60, 61). Nix'~Bnip37~ memory B cells showed higher OCR at the
basal level (Fig. 4D). OCR was also significantly higher in Nix”-Bnip37~ memory B cells
after the addition of FCCP (Fig. 4D), suggesting the increase in the maximum potential of
oxidative phosphorylation. Inhibition of oxidation of endogenous fatty acids with etomoxir
(62) showed suppression of OCR in both Nix”~Bnip37~ IgG* memory B cells and wild type
controls (Fig. 4D). Together, these data suggest that Nix~Bnip37~ 1gG* memory B cells
containing more active mitochondria have increases in oxidative phosphorylation.

We next examined whether altered metabolism in Nix~~Bnip3”~ memory B cells might
contribute cell loss. It has been shown that AMPK, a key regulator for cellular metabolic
functions and autophagy, is important for the development and maintenance of memory

B cells (29). Loss of AMPKal resulted in decreased mitochondrial respiratory activity,
decreased mitophagy, and increased lipid peroxidation. Because metformin can activate
AMPK in vivo (63), we next examined whether AMPK activated mitophagy pathway
depends on Nix and Bnip3 in memory B cells by treating mice with metformin.
Interestingly, we found that treatments with metformin partially rescued Nix”/-Bnip37~
IgG*™ memory B cells /n vivo (Fig. 4E). These results are consistent with the possibility that
dysregulated metabolic functions in Nix~Bnip37~ 1gG* memory B cells contribute to the
reduction in memory B cells.

Elevated expression of de novo fatty acid synthesis genes in Nix"Bnip3~~ memory B

cells

To determine potential transcriptional changes due to the loss of Nix and Bnip3, we
performed RNA-sequencing (RNA-seq) analyses of 1IgG* WT and Nix”~Bnip37~ memory
B cells. We found 204 differentially expressed genes (DEGs) in 1gG* Nix/~Bnip3~~
memory B cells (Supplemental Table 1). Functional classification using PANTHER GO-slim
annotations indicated that most of the DEGs were related to cellular and metabolic processes
(Fig. 5A). The oxidative phosphorylation genes Sdhicand Sadhaf2 (succinate dehydrogenase
complex) (64) were among the DEGs elevated in Nix”/~Bnip37~ IgG* memory B cells (Fig.
5, A and B), indicating that Nix”~Bnip37~ memory B cells may have increased oxidative
phosphorylation capacity.

Interestingly, de novo fatty acid synthesis genes, including Acly, Acss2, and Acsf3 (32, 65,
66), were also among the DEGs enriched in Nix~~Bnip37~ memory B cells (Fig. 5A). it
has been shown that active mitochondria can stimulate de novo fatty acid synthesis (64,

67). In exchange for cytosolic malate, the mitochondrial citrate transporter (Slc25al) diverts
citrate from the Krebs cycle to the cytosol where it can be used as a substrate for de novo
fatty acid synthesis (64, 68) (Fig. 5B). De novo fatty acid synthesis proceeds in a series

of reactions mediated sequentially by ATP citrate lyase (Acly), acetyl-coA carboxylase
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1 (Acaca/Accl), and fatty acid synthase (Fasn) (64, 68). The transcription factor Srebfl

is a master regulator of de novo fatty acid synthesis genes (32, 69). Real-time RT-PCR
confirmed the upregulation of SrebfI and its targets S/c25a1, Acly, Acaca, and Fasn (32,
69) in memory but not GC B cells in the absence of Nix and Bnip3 (Fig. 5C). Since
Nix~Bnip37~ 1gG* memory B cells accumulate active mitochondria, enhanced Slc25a1-
dependent mitochondrial citrate export may lead to increases in de novo fatty acid synthesis.

Nix~~Bnip3~~ IgG memory B cells are rescued in vivo by inhibiting de novo fatty acid
synthesis

Elevated de novo fatty acid synthesis can lead to increased storage of fatty acids in lipid
droplets if there is no decrease in exogenous fatty acid uptake or increase in fatty acid
oxidation (70). Staining with LipidTOX (71) revealed that Nix-Bnip37~ memory but
not GC B cells accumulated lipid droplets by microscopy (Fig. 6A) or flow cytometry
analyses (Fig. 6B). We also observed that Nix~~Bnip37~ memory B cells and wild type
controls acquired similar amounts of exogenous fatty acids as measured by the uptake of
a fluorescently-labeled form of fatty acid, BODIPY FL C16 (72) (Fig. 6C), indicating that
increased lipid droplets in Nix~Bnip37~ memory B cells is not due to elevated fatty acid
uptake.

It has been shown that increases in mitochondrial content can stimulate de novo fatty

acid synthesis (64, 67). We observed that the loss of Nix and Bnip3 resulted in elevated
expression of Slc25al (Fig. 5C). Mitochondrial accumulation in Nix/-Bnip3”~ memory B
cells may lead to increased export of citrate via Slc25al to fuel excessive de novo fatty acid
synthesis. Therefore, we next examined whether blocking mitochondrial citrate export with a
highly specific Slc25a1 inhibitor, CTPI-2 (68), could rescue Nix”-Bnip3”~ memory B cells.
We found that administration of CTPI-2 reduced lipid droplets in Nix/~Bnip37~ memory

B cells, and rescued their survival /n vivo (Fig. 6, D and E). These data are consistent with
the possibility that accumulation of active mitochondria leads to abnormal de novo fatty acid
synthesis and lipid accumulation, resulting in the loss of Nix7-Bnip3”~ memory B cells.

Increased necroptosis signaling in Nix/~Bnip3~/~ IgG memory B cells

We next investigated mechanisms for the loss of Nix/-Bnip37~ memory B cells. In contrast
to adipocytes, non-adipose cells typically have a limited capacity to store excess fatty acid.
Fatty acid overload may result in cellular dysfunction or cell death, a phenomenon known
as lipotoxicity (73, 74). Therefore, we next examined whether Nix~~Bnip3”~ memory B
cells underwent accelerated apoptosis. We have previously shown that /n vitro culture with
reduced serum induces caspase activation and apoptosis in GC but not memory B cells

(11, 75). We first examined caspase-9, the initiator caspase in the mitochondrion-dependent
apoptosis pathway (76) in Nix/~-Bnip37~ GC and memory B cells. While caspase-9 could
be activated in Nix/~Bnip37~ GC B cells and wild type controls, we did not find significant
caspase-9 activation in wild type or Nix”~Bnip37~ memory B cells by intracellular staining
of the active cleaved form of caspase-9 (Fig. 7A, upper panels). Similarly, a downstream
effector, caspase-3, could be activated in GC B cells but not memory B cells (Fig. 7A,

lower panels). Moreover, Nix/Bnip3-deficiency did not cause increased caspase-3 activation
in Nix7~Bnip37~ memory B cells, as shown by intracellular staining of the active cleaved
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form of caspase-3 (Fig. 7A, lower panels). In addition, anti-apoptotic Bcl-2 that is highly
expressed in memory B cells (11, 77), was also comparable between WT and Nix7-Bnip37~
memory B cells (Fig. 7B). These data suggest that Nix"Bnip3”~ memory B cells do not
have elevated apoptosis signaling.

We have previously observed that caspase-9-deficient GC B cells spontaneously undergo
necroptotic cell death, but can be rescued by deletion of Ripk3 (75). It has been reported that
accumulation of fatty acids from de novo fatty acid synthesis induces lipotoxicity through
necroptosis (78, 79). Therefore, we tested whether Nix/~Bnip37~ memory B cells that
displayed increases in de novo fatty acid synthesis also underwent necroptosis. It has been
shown that activation of Ripk3 by phosphorylation is required for necroptotic signaling (80).
Inhibition of caspases can typically increase necroptosis signaling (81, 82). We therefore
cultured wild type and memory B cells in the presence of a pan-caspase inhibitor, zZVAD-
FMK. We found that Nix/-Bnip3”~ memory B cells displayed increased phosphorylation
of Ripk3, which was enhanced after culture with zZVAD (Fig. 7C), suggesting that Nix/~
Bnip3”~ memory B cells display active necroptosis signaling.

We next determined whether the loss of Nix”-Bnip37~ memory B cells is due to
necroptosis. It has been shown that memory B cell formation during GC responses peaks at
days 6-8 after immunization (42). We have observed that the formation of memory B cells
at 2 weeks are not decreased in the absence of Nix/Bnip3 (Fig. 2A). To determine whether
these cells could be rescued by inhibiting cell death, we used memory B cells at 2 weeks
after immunization before significant cell loss is expected to take place. We purified memory
B cells from DKO mice and wild type controls after immunization with sheep red blood
cells (SRBCs), which have been shown to induce robust GC and memory B cell generation
(83). Sorted memory B cells were mixed with naive B cells as carriers and transfected

with siRNAs targeting Ripk3, and then transferred into congenic CD45.1* recipient mice.
Seven days later, we examined the CD45.2¥CD45.1 transferred Nix-Bnip37~ memory

B cells in recipient mice (Fig. 7D). Consistent with the observation of decreased survival
of transferred NP-specific Nix~Bnip37~ memory B cells (Fig. 2C), SRBC-induced Nix~'~
Bnip37~ memory B cells transfected with non-targeting siRNA also showed reduced
survival /n vivo compared to wild type controls (Fig. 7D). Interestingly, transfection with
Ripk3 siRNA rescued Nix~Bnip3”~ memory B cells (Fig. 7D). In comparison, Ripk3
siRNA did not have any effect on wild type memory B cells (Fig. 7D). These data indicate
that the loss of Nix/~Bnip37~ memory B cells involves Ripk3-dependent necroptosis.

Discussion

Here we demonstrate that Nix- and Bnip3-mediated mitochondrial autophagy (also

called mitophagy) plays an important role in the protection of 1gG* memory B cells

by maintaining mitochondrial homeostasis. Deficiency in Nix- and Bnip3-dependent
mitochondrial autophagy leads to mitochondria accumulation and increases in oxidative
phosphorylation and fatty acid synthesis in memory B cells, resulting in increased lipid
droplets in the cytoplasm and cell loss. Silencing of the necroptosis mediator Ripk3
protected Nix”~Bnip3”~ memory B cells, indicating that the loss of these cells is due to
necroptosis. These results suggest that Nix- and Bnip3-mediated mitochondrial autophagy
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is required for maintaining mitochondrial homeostasis, thereby limiting excessive glucose
and fatty acid metabolism to prevent lipotoxicity and cell death. Our study suggests that
restriction of cellular metabolism by mitochondrial autophagy is critical for the protection of
quiescence and longevity of memory B cells.

Our results indicate that Nix and Bnip3 are upregulated in IgG* memory B cells and may
therefore be uniquely important for the maintenance of these cells. In CD8* T cells, Nix is
upregulated after antigen stimulation, while Bnip3 is downregulated (33). Nix but not Bnip3
plays an important role in the protection of CD8™ effector memory T cell precursors from
cell death by clearing damaged mitochondria (33). In NK cells, Nix and Bnip3 are both
upregulated during the effector to memory transition (30). Loss of either Nix or Bnip3 leads
to the loss of memory NK cell precursors (30). Nix and Bnip3 can mediate mitochondrial
autophagy independently of Pink1 and Parkin (36—39). Nix/Bnip3 but not Pink1/Parkin

are upregulated in memory B cells, suggesting a unique role for Nix and Bnip3-mediated
mitochondrial autophagy in memory B cells. Our results indicate that Nix and Bnip3 are
functionally overlapping in the regulation of mitochondrial homeostasis in memory B cells.

Results from adoptive transfer experiments showed that Nix/~-Bnip3~~ 1gG* memory B
cells had a poor survival potential after adoptive transfer. We have previously shown that
Atg7-dependent canonical autophagy removes damaged mitochondria to protect memory

B cells from ROS-induced cell death (11, 24). Although the loss of Nix and Bnip3

causes increased mitochondrial ROS in memory B cells, inhibition of ROS did not rescue
these cells. This indicates that Nix/Bnip3 and Atg7 regulate mitophagy with partially
overlapping and partially distinct mechanisms, and additional mechanisms other than
increased mitochondrial ROS are likely involved in the loss of Nix”~-Bnip3~'~ memory

B cells. It has been reported that Atg5/Atg7-independent noncanonical autophagy could be
induced in mammalian cells in response to some stress stimuli (84, 85). While Atg5 and
Atg7 are not essential for mitophagy in red blood cells (84, 86, 87), Nix is required for this
process (31, 84). Therefore, Nix likely interacts with both canonical and non-canonical
autophagy pathways to regulate mitophagy in memory B cells. Since Nix”-Bnip3~/~
memory B cells have increased mitochondrial membrane potential and mitochondrial mass,
Nix- and Bnip3-mediated mitochondrial autophagy may play an especially important role in
maintaining mitochondrial homeostasis by preventing the accumulation of actively respiring
mitochondria, thereby suppressing lipid accumulation and preventing lipotoxicity in memory
B cells.

It has been well established that metabolic switches are important for supporting the
development of memory T cells (26). In contrast, studies of metabolic programming in
memory B cells are still scarce. Interestingly, it has been shown that AMPKal that plays
diverse roles in the regulation of metabolism, autophagy and cell growth differentiation,

is important for protecting the longevity of NP*IgD~GL7-CD38* memory B cells, which
include unswitched IgM™* and switched IgG* memory B cells (29, 88). Loss of AMPKal
resulted in decreased mitochondrial respiratory activity, decreased mitophagy, and increased
lipid peroxidation (29, 88). These important studies of signaling nodes in metabolism
pathways open a very promising avenue of investigation regarding metabolic regulation

of mitophagy and memory B cells. Our research comes from a different angle to study
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how mitophagy signaling molecules regulate metabolic functions to support the persistence
of 1gG* memory B cells. Our results support and extend from these previous studies and
implicate a possible crosstalk between AMPKal and Nix/Bnip3 mediated mitochondrial
autophagy. Nix/Bnip3 have been shown to mediate mitophagy via Atg5/7-dependent
canonical autophagy, as well as Atg5/7-independent and Ulk1-dependent noncanonical
autophagy in several tissues. Future studies will be required to determine whether Nix/Bnip3
mediates mitochondrial autophagy via noncanonical autophagy in memory B cells, and if
so, whether this noncanonical mitophagy pathway could be regulated by AMPK in memory
B cells. Studies from different angles will enable the elucidation of the role of metabolic
programming in the development and long-term maintenance of memory B cells.

While memory B cells exhibited increased lipid accumulation and impaired survival in
the absence of Nix and Bnip3, we did not observe these effects in Nix~Bnip3”~ GC

B cells. This may be explained by metabolic and lifespan differences between GC and
memory B cells. GC B cells have a high rate of fatty acid oxidation (89), suggesting that
they are resistant to lipid accumulation. Since GC B cells are short-lived, they may not
persist long enough to experience deleterious consequences from the absence of Nix and
Bnip3. We observed that memory B cells contained more lipid droplets than GC B cells
despite smaller size, suggesting a tendency to store, rather than immediately oxidize fatty
acids. In addition to the maintenance of protective memory B cells against infections (11),
autophagy is also required for the persistence of autoantigen-specific memory B cells and
autoantibody responses (25). Interestingly, autophagy has also been shown to be important
for the protection of long-lived plasma cells and autoantibody responses (23, 90). It will
be interesting to determine whether Nix and Bnip3-dependent mitochondrial autophagy
regulates mitochondrial homeostasis, fatty acid synthesis or other metabolic functions in
long-lived and autoimmune memory B cells and plasma cells, and could be targeted to
regulate autoimmune responses.

De novo fatty acid synthesis takes place in the cytosol and requires the conversion of citrate
to acetyl-CoA by Acly (64, 68). Citrate is produced by active mitochondria as part of the
Krebs cycle, and can be redirected to the cytosol via the mitochondrial citrate transporter,
Slc25al (68). Thus, increased numbers of viable mitochondria could represent a greater
source of citrate to drive de novo fatty acid synthesis. Indeed, isolated mitochondria can

be used to replace citrate in soluble enzyme systems in order to stimulate de novo fatty

acid synthesis (67). In support of this possibility, we found that a specific inhibitor for
Slc25al, CTPI-2 (68), prevented lipid accumulation and rescued Nix~/~Bnip3”~ memory B
cells /n vivo. Our data suggest that elevated de novo fatty acid synthesis leads to lipotoxicity-
induced cell death in IgG*™ memory B cells. Interestingly, an integrative transcriptome and
chromatin study reveals that the development of memory B cells is accompanies by the
changes in the landscape of gene expression, including FASN, ACACA and ACLY in the
metabolic pathways (91). It is possible that these metabolism-related genes are important for
the maintenance of memory B cells, but a delicate balance in their expression is critical for
the control of metabolic quiescence in these cells.

Lipotoxicity has been associated with apoptosis in multiple cell types (73). However, we
have observed that memory B cells are resistant to caspase-dependent apoptosis (11). We did
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not detect increases in caspase-9 activation in Nix/"Bnip37~ memory B cells, suggesting
that alternative cell death mechanisms account for their loss. We have previously found

that caspase-9 deficiency leads to increased necroptosis in GC B cells (75). It has been
shown that inhibition of de novo fatty acid synthesis can protect cells from necroptosis

(79). Interestingly, we found that Nix/~Bnip3”~ memory B cells displayed increases in
necroptosis signaling. Silencing of Rjpk3rescued Nix/~Bnip3”~ memory B cells 7 vivo.
Fatty acid accumulation due to de novo fatty acid synthesis has been reported to induce
necroptosis (78, 79). Our results indicate that lipotoxicity due to increased de novo fatty acid
synthesis induces necroptosis in Nix/"Bnip3”~ 1gG* memory B cells.

Memory B cells comprise a heterogeneous population of metabolically quiescent long-lived
B cells, which include not only switched 1gG memory B cells, but also unswitched IgM
memory B cells memory (4, 8, 9). IgM memory B cells play a particular important

role in recall responses against future similar pathogens (92). It will be interesting to
determine whether the survival and maintenance of unswitched IgM memory B cells may
be regulated by different mechanisms from their switched counterparts. Whether Nix and
Bnip3 regulates the maintenance of unswitched IgM memory B cells through affecting
mitochondrial homeostasis and lipid metabolism will be important to study in the future.

Our work reveals a mechanism for the protection of quiescence and longevity of IgG*
memory B cells by mitochondrial autophagy. Accumulation of mitochondria due to
defective mitochondrial autophagy leads to increased oxidative phosphorylation to fuel
excessive de novo synthesis of fatty acids, leading to memory B cell death through
necroptosis. These findings indicate that mitochondrial autophagy is crucial for the
metabolic reprogramming required to protect the long-term survival of memory B cells.
Our results support the role for mitochondrial autophagy in the protection of immunological
memory by the maintenance of mitochondrial homeostasis and restriction of metabolic
functions in memory B cells.
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Key points:

Nix and Bnip3 regulate mitochondrial homeostasis by autophagy in memory
B cells.

Mitochondrial autophagy is required for metabolic quiescence in memory B
cells.

Uncontrolled metabolic function increases cell death in memory B cells.
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FIGURE 1.

Memory B cells have reduced mitochondrial content and require Bnip3 and Nix for
mitochondrial homeostasis. (A) Intracellular staining of Tom20 in GC and memory B
cells. Dashed line: isotype control (n=5 mice per group). Data are representative of three
independent experiments and are presented as mean + s.e.m. **P< 0.01. (B) Flow
cytometry analysis of Mitotracker Green staining in germinal center (GC) and memory

B cells (MBC). Dashed line: isotype control (n=4 mice per group). Data are representative
of three independent experiments and are presented as mean + s.e.m. **P< 0.01. (C, D)
Real-time RT-PCR for Beclin 1, Atg5, Atg7 (C), Nixand Bnip3 (D) in GC and memory B
( n=3). Data are representative of two independent experiments and are presented as mean
+s.e.m. **P<0.01; ns, not significant. (E) Analyses of NP-specific memory B cells 8
weeks after immunization in the spleens of wild type (WT), B/Nix~~, Bnip37~, B/Nix"~
Bnip3™~ (DKO) mice (n=5 mice per group) by flow cytometry. Data are representative
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of three independent experiments and are presented as mean + s.e.m. **£< 0.01; ns, not
significantly different.
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FIGURE 2.
Nix7~Bnip3”~ memory B cells form normally but have impaired maintenance and mediate

defective secondary antibody responses. (A, B) Flow cytometry analyses of NP-specific GC
and memory B cells in the spleens of DKO and wild type control mice at 2 weeks (A) or 6
weeks (B) after immunization with NP-KLH (n=3 mice per group). Data are representative
of five independent experiments and are presented as mean + s.e.m. **P< 0.01; ns,

not significantly different. (C) NP-specific memory B cells (DUMP-B220*NP*IgG*GL-7-
CD38™) were sorted from CD45.2 WT or DKO mice and mixed with congenic CD45.1
naive B cells (1:10) as carriers, followed by adoptive transfer into CD45.1 recipients

(5%10* memory B cells/mouse) retroorbitally (n=5 mice per group). Four weeks later, spleen
cells from recipient mice were analyzed by flow cytometry The DUMP~CD45.2*CD45.1~
NP*1gG*CD38™ transferred memory B cells were quantified. Data are representative of
three independent experiments and are presented as mean + s.e.m. **£<0.01. (D) In parallel
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experiments, the recipient mice as in (C) were injected with soluble NP-KLH. Anti-NP IgG
in serum was measured by ELISA. Data are representative of two independent experiments
and are presented as mean + s.e.m. **P<0.01.
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FIGURE 3.

Nix7~Bnip3”~ memory B cells exhibit impaired mitochondrial autophagy and

accumulate mitochondria. (A) Transmission electron microscopy images (12,000X) of
DUMP~B220*1gG*GL-7"CD38* memory B cells sorted from WT or DKO mice (8 weeks
post-immunization with NP-KLH). Red arrows indicate autophagosomes. Yellow arrows
indicate enlarged mitochondria in DKO memory B cells. Scale bar, 500 nm. Data are
representative of analyses of 21 (WT) or 30 (DKO) sections of different memory B cells.
**pP < 0.01. (B) Deconvolution microscopy analyses of WT and DKO NP-specific memory
B cells sorted as DUMP~B220*NP*IgG1*GL-7"CD38* (WT, n=47 cells; DKO, n=55 cells)
stained for COXIV. Fluorescence level of COXIV staining was determined using ImageJ.
Nuclei were counterstained with DAPI. Scale bar, 3 pm. Data are representative of three
independent experiments and are presented as mean * s.e.m. **P< 0.01. (C) Real-time
PCR for mtDNA in WT or DKO NP-specific memory B cells (n=4 mice per group).
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*P< 0.05. (D) Intracellular staining for TFAM in WT and DKO NP-specific memory B

cells (n=4 mice per group) was analyzed by flow cytometry. Dashed line: isotype control.

ns = not statistically significant. (E) WT and DKO NP-specific memory D cells sorted

as above were stained for LC3 and COXIV and analyzed by deconvolution microscopy.
Nuclei were counterstained with DAPI. Scale bar, 3 um. LC3 puncta per cell were counted.
Pearson’s correlation coefficient for the colocalization between LC3 puncta and COXIV
(WT, 0.73; DKO, 0.33. =0.002). A Pearson’s correlation coefficient value greater than
0.5 is considered to represent colocalization between the two signals. Data are representative
of two independent experiments and are presented as mean + s.e.m. **£< 0.01; ns, not
statistically significant.
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FIGURE 4.
Nix”~Bnip3”~ memory B cells have increased active, functional mitochondria. (A)

Deconvolution microscopy analysis of MitoSOX Red staining in memory B cells from

WT or DKO mice. Nuclei were counterstained with DAPI. Scale bar, 3 um. Fluorescence
level of MitoSOX Red staining was determined using ImageJ. Data are representative of
two independent experiments and are presented as mean = s.e.m. **P< 0.01. (B) WT

and DKO mice were immunized with NP-KLH and treated with vehicle or NAC once

every two days from 2 to 6 weeks post-immunization. Splenic NP-specific memory B

cells were quantified by flow cytometry (n=5 mice/group). Data are representative of two
independent experiments and are presented as mean + s.e.m. ns, not statistically significant.
(C) Deconvolution microscopy analysis of staining with TMRM and anti-TOM20 in NP-
specific memory B cells from WT or DKO mice sorted as above. Nuclei were counterstained
with DAPI. Scale bar, 3 um. The fluorescence intensity of TMRM and TOMZ20 staining per
cell was determined using ImageJ. Data are representative of three independent experiments
and are presented as mean + s.e.m. **£< 0.01. (D) Seahorse extracellular flux analysis of
(left) ECAR and (right) OCR of WT and DKO NP-specific memory B cells sorted as above.
The cells were sequentially treated with the drugs oligomycin (oligo), FCCP, etomoxir (eto),
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antimycin+rotenone (anti+rot) at the indicated time points. Data are representative of two
independent experiments and are presented as mean + s.e.m. *P< 0.05; **P< 0.01.
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FIGURE 5.

Nix”~Bnip3”~ memory B cells upregulate de novo fatty acid synthesis-related genes. (A)
RNA-seq analysis of WT and DKO memory B cells. Left panel: functional classification of
differentially expressed genes (DEGS) on the basis of biological process using PANTHER
GO-slim. Right panel: Heatmap of metabolism-related DEG expression in WT and DKO
MBCs. Data represent the analyses of three independent samples in each group. (B) Real-
time RT-PCR analysis for Saficand Sdhaf2in memory B cells sorted from WT or DKO
mice as above. Relative gene expression was normalized to actin. Data are representative of
two independent experiments and are presented as mean * s.e.m. **P< 0.01. A schematic
diagram shows that the Krebs cycle in the mitochondria is linked to de novo fatty acid
synthesis in the cytosol. In Nix~Bnip37~ memory B cells, excessive de novo fatty acid
synthesis van lead to more lipid storage in the cells or changes in cellular biosynthesis. (C)
gRT-PCR analyses showing the fold of changes for Srebf1, Slc25a1, Acly, Acaca, and Fasn
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in GC or memory B cells sorted from WT or DKO mice as in Fig. 1. Schematic diagram
shows the role for Srebfl in the induction of genes involved in de novo fatty acid synthesis.
Data are representative of four independent experiments and are presented as mean + s.e.m.
**p < 0.01; ns, not statistically significant.
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FIGURE 6.
Accumulation of lipid droplets in Nix”~Bnip37~ memory B cells. (A) Determination

of LipidTOX Deep Red staining in WT and DKO memory B cells by deconvolution
microscopy (WT, n=21 cells; DKO, n=40 cells). Nuclei were counterstained with DAPI.
Scale bar, 5 um. Data are representative of two independent experiments and are presented
as mean * s.e.m. **£<0.01. (B) Flow cytometry analyses of LipidTOX Red staining

in WT and DKO GC and memory B cells (n=4 mice per group). Dashed line: isotype
control. Data are representative of five independent experiments. **P< 0.01. (C) Uptake
of BODIPY FL C16 by WT and DKO memory B cells was analyzed by flow cytometry
(n=4 mice per group). Data are representative of two independent experiments. ns, not
statistically significant. (D, E) WT and DKO mice were immunized with NP-KLH and
treated with vehicle or CTPI-2 every day starting from day 14 post-immunization until
day 28 post-immunization. LipidTOX Red staining (D) and quantification of NP-specific
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memory B cells (E) were determined by flow cytometry (n=5 mice per group). Data are
representative of two independent experiments and are presented as mean + s.e.m. *P<
0.05; **P< 0.01; ns, not statistically significant.
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Nix7~Bnip3”~ memory B cells show increased necroptosis but not apoptosis signaling.

(A) Flow cytometry analysis of active cleaved forms of caspase-9 (upper panels) and

caspase-3 (lower panels) in GC and memory B cells from spleens of WT or DKO mice

after 6 h of in vitro culture under a low serum (1% fetal bovine serum) condition (n=3

mice per group). Dashed line: isotype control. Data are representative of two independent

experiments. ns, not statistically significant. (B) gRT-PCR analysis for Bc/2in GC and

memory B cells sorted from pooled spleens of WT or DKO mice (n=3 mice/group). Data are
representative of two independent experiments and are presented as mean * s.e.m. ns, not
statistically significant. (C) Flow cytometry analysis of intracellular staining for phospho-
Ripk3 (Thr231/Ser232) in memory B cells from spleens of WT and DKO mice (n=4 mice
per group) after 0 or 10 h of /in vitro culture in the presence of zZVAD-FMK. Dashed line:
isotype control. Data are representative of two independent experiments and are presented
as mean + s.e.m. **P< 0.01. (D) DUMP-1gG*CD38* Memory B cells from WT or DKO
mice immunized with SRBCs were sorted and mixed with CD45.1 naive B cells (1:10)

as carriers. After transfected with siRNA targeting Ripk3 or control siRNA, the cells were
adoptively transferred into recipient CD45.1 mice (5x10* memory B cells/mouse). DUMP™
cells were gated to analyze CD45.2*CD45.1-1gG*CD38* transferred memory B cells in

the spleens of recipient mice by flow cytometry (n=5 mice/group). Representative flow
cytometry analyses are show in the right panel. The transfected cells were also stimulated /n
vitro with anti-CD40, anti-CD180 and IL-4 for 2 days and used for Western blot analyses.
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Data are representative of two independent experiments and are presented as mean + s.e.m.
**pP < 0.01; ns, not statistically significant.
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