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Aging is characterized by chronic systemic inflammation and metabolic

changes. We compare the metabolic status of B cells from young and elderly
donors and found that aging is associated with higher oxygen consumption
rates, and especially higher extracellular acidification rates, measures of oxi-
dative phosphorylation and of anaerobic glycolysis, respectively. Importantly,
this higher metabolic status, which reflects age-associated expansion of pro-
inflammatory B cells, is found associated with higher secretion of lactate and
autoimmune antibodies after in vitro stimulation. B cells from elderly indivi-
duals induce in vitro polarization of CD4+ T cells from young individuals into
pro-inflammatory CD4+ T cells through metabolic pathways mediated by
lactate, which can be inhibited by targeting lactate enzymes and transporters,
as well as signaling pathways supporting anaerobic glycolysis. Lactate also
induces immunosenescent B cells that are glycolytic, express transcripts for
multiple pro-inflammatory molecules, and are characterized by a higher
metabolic status. These results altogether may have relevant clinical implica-

tions and suggest alternative targets for therapeutic interventions in the
elderly and patients with inflammatory conditions and diseases.

Lactate, the end product of anaerobic glycolysis, has been considered
for long time a discarded metabolic compound, secreted under
hypoxic conditions, with various harmful effects. However, increasing
evidence indicates that lactate is an active metabolite in cell signaling
and has a potent immunoregulatory role, especially at sites of
inflammation where its accumulation is a common feature of
inflammatory-based diseases including cancer'™. In healthy condi-
tions, lactate is synthesized and consumed in almost every cell of the
body, with the goal of keeping its blood concentration constant
(1-3 mMol)>. However, in inflamed tissues [obese adipose tissue, tumor
microenvironment, synovial tissue of rheumatoid arthritis (RA)
patients, atherosclerotic plaques], as well as in the blood of patients
with autoimmune diseases (Multiple Sclerosis, Sjogren’s)®’, its con-
centration can rise significantly, reaching 10-fold higher levels. Lactate

effects are due to either signaling through its specific receptor, G
protein-coupled receptor 81%, or to transport into cells through
monocarboxylate transporters’.

Effects of lactate on immune cells have been described, with the
majority of the findings showing pro-inflammatory rather than anti-
inflammatory  effects in  dendritic cells™”, monocytes®?,
macrophages” ™, myeloid-derived suppressor cells (MDSCs)'*", CDS+
T cells', CD4+ T cells® and mast cells”. To our knowledge, effects on B
cells have not been described yet. In this study, we have identified for
the first time a key role for lactate in the regulation of B cell function
and antibody production. We show that aging induces hyper-
metabolic B cells that are highly glycolytic and secrete large
amounts of lactate. Lactate induces inflammatory B cells able to
express multiple transcripts for markers of the senescence-associated
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Fig. 1| Aging induces hyper-metabolic B cells. B cells, isolated from the per-
ipheral blood of young and elderly individuals using magnetic beads, were left
unstimulated. B cells were seeded into the wells of an extracellular flux analyzer at
the concentration of 2 x 10%/well in triplicate and run in a mitostress test. a OCR
results representative of 5 independent experiments. b Maximal OCR. ¢ Spare
respiratory capacity (calculated subtracting basal OCR from maximal OCR values).
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d ECAR results representative of five independent experiments. e Maximal ECAR.
f OCR:ECAR at maximal respiration. Resuls show mean + Standard Error (SE) (with
the exeption of the experiments shown in a and d. Source data are provided as a
Source Data file. Mean comparisons between groups were performed by unpaired
Student’s t test (two-tailed). *p <0.05, **p < 0.01, ***p < 0.0001.

secretory phenotype (SASP) and to secrete autoimmune pathogenic
antibodies. Moreover, we show that B cells from elderly individuals
induce in vitro polarization of CD4+ T cells from young individuals into
pro-inflammatory CD4+ T cells, and this occurs through metabolic
pathways mediated by lactate secretion. Finally, we show that phar-
macologic targeting of lactate enzymes and transporters, as well
as of signaling pathways supporting anaerobic glycolysis, in B cells
from elderly individuals inhibits their polarizing function, suggesting
an alternative approach to target B cell-mediated inflammation. The
effects of lactate described herein recapitulate key features of B cells
that infiltrate inflammatory tissues, where lactate-induced signaling
may promote many pathogenic features and persistence of the B cell
infiltrates.

Results

Aging induces hyper-metabolic B cells

We evaluated the metabolic status of B cells isolated from the per-
ipheral blood of young and elderly healthy individuals. Briefly, B cells
were enriched from PBMC using CD19 magnetic beads. B cells were left
unstimulated because we have previously shown that the status of
unstimulated B cells is associated with their capacity to respond after
in vivo or in vitro stimulation?’. We used Seahorse technology and the
mitostress test that allow real-time evaluations of oxygen consump-
tion rates (OCR), measures of oxidative phosphorylation (OXPHOS)
and mitochondrial fitness, and extracellular acidification rates (ECAR),
measures of anaerobic glycolysis and lactate secretion. In the mitos-
tress test, the sequential addition of pharmacological drugs such as
oligomycin (that blocks ATP synthase), FCCP (fluoro-carbonyl cyanide

phenylhydrazone, an uncoupling agent that allows maximal respira-
tion) and Rotenone/Antimycin (that block maximal respiratory activ-
ity) alters the bioenergetic profile of the mitochondria. Results in Fig. 1
show higher OCR (a), higher maximal respiration (b) and higher spare
respiratory capacity (c) in B cells from elderly versus young individuals.
The differences in ECAR in B cells from elderly as compared to those
from younger individuals are even bigger than those in OCR (d), with
higher maximal ECAR (e) and lower ratio OCR:ECAR under maximal
respiratory conditions (f). Collectively, these findings indicate that B
cells from elderly individuals are able to switch more readily from
OXPHOS to anaerobic glycolysis after ATP synthase is blocked by the
addition of oligomycin in the mitostress test. No differences were
observed in the other measures performed during the mitostress test
(non mitochondrial respiration, coupling efficiency, proton leak, ATP
production).

The composition of the circulating B cell pool changes with age as
we and others have previously shown, with a significant expansion of
the subsets of naive B cells and of Double Negative (DN) B cells, which
is the most pro-inflammatory B cell subset, a decrease in the subset of
switched memory B cells and no changes in IgM memory B cells” .
Therefore, we wanted to investigate the contribution of the B cell
subsets that expand with age to the metabolic status of the B cell pool.
The composition of the circulating B cell pool of the recruited young
and elderly individuals is shown in Supplementary Fig. 1a-c. We sorted
naive and DN B cell subsets and we measured OCR and ECAR using the
mitostress test. Results show higher OCR and ECAR measures in both
naive (Supplementary Fig. 2a-f) and DN (Supplementary Fig. 2g-I) B
cell subsets from elderly individuals, with the higher values being
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Fig. 2 | Aging induces higher glucose uptake in unstimulated B cells. B cells,
isolated as in Fig. 1, were left unstimulated. a mRNA expression of the glucose
transporter Glutl measured by qPCR. Results show gPCR values (27°"), mean + SE.
b Representative flow cytometry histograms from one young and one elderly
individual of glucose uptake measured by flow cytometry using the glucose

fluorescent analog 2-NBDG. Results show MFI (mean fluorescence intensity).

¢ 2-NBDG MFlI results from all individuals, mean + SE. Source data are provided as a
Source Data file. Mean comparisons between groups were performed by unpaired
Student’s t test (two-tailed). ***p < 0.0001.

observed in DN versus naive B cells, clearly indicating that the meta-
bolic status of the B cell pool of elderly individuals is mainly associated
with the expansion of the DN B cell subset.

Aging induces glycolytic B cells

We wanted to confirm the above results by measuring by qPCR the
expression of transcripts for enzymes involved in metabolic pathways
associated with OCR and ECAR. In particular, we measured the
expression of a member of the pyruvate dehydrogenase (PDH) com-
plex, PDHX, that converts pyruvate into Acetyl CoA and therefore
represents a link between glycolysis and Kreb’s cycle, the production
of reactive oxygen species, ROS, and the expression of lactate dehy-
drogenase A (LDHA), that converts pyruvate into lactate.

First, we measured by qPCR the expression of the transcript for
glucose transporter 1 (Glutl), the major glucose transporter of human
circulating B cells. Figure 2a shows higher expression of Glutl RNA in
unstimulated B cells from elderly individuals, as compared to those
from younger controls. In a few young and elderly individuals, we
compared RNA expression of the other Gluts (Glutl, Glut2, Glut3,
Glut4). We found that human B cells also express higher levels of
transcripts for Glut4, albeit at lower levels as compared to those for
Glutl, and more in B cells from elderly versus young individuals. No age
differences were found in transcripts for Glut2 and Glut3, both
expressed at extremely low levels (Supplementary Fig. 3a-e). Sorted
naive B cells show age differences in the expression of transcripts for
Glutl and Glut4 (Glut2 and Glut3 were undetectable, Supplementary
Fig. 3f-i) but at significantly lower levels as compared to DN B cells
(Supplementary Fig. 3j-m). We also measured glucose uptake by flow
cytometry and the glucose fluorescent analog [2-(N-(7-Nitrobenz-2-
oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose], 2-NBDG. Figure 2b, c
shows higher glucose uptake in unstimulated B cells from elderly
versus young individuals, confirming the gPCR results on Glutl
expression. In both sorted naive and DN B cells, glucose uptake is lower
in both B cell subsets from young individuals as compared to those
from elderly individuals, with glucose uptake being higher in DN B cells
versus naive B cells (Supplementary Fig. 3n—-q). These results alto-
gether demonstrate that DN B cells represent the cell type mainly if
not exclusively responsible for the expression of transcripts for
glucose transporters and for glucose uptake in the circulating B
cell pool.

We then evaluated PDHX RNA expression and found it higher in
unstimulated B cells from elderly versus young individuals (Fig. 3a), as
well as the expression of cytosolic ROS, that reflects almost exclusively

mitochondrial ROS, as evaluated by flow cytometry and CellROX
staining (Fig. 3b, c¢). Mitochondrial ROS was also measured in some
individuals by flow cytometry and MitoSOX staining, with results
showing similar age differences as those above (Fig. 3d). Moreover, B
cells from young and elderly individuals show comparable total
mitochondrial mass, as evaluated by flow cytometry and the mito-
chondrial probe MitoTracker Green (Fig. 3e, f), but increased mRNA
expression of the peroxisome proliferator-activated receptor-y coac-
tivator 1« (PPARGCla) (Fig. 3g), a co-transcriptional regulator involved
in mitochondrial biogenesis*. When we evaluated mitochondrial
markers in sorted naive and DN B cell subsets, PDHX expression and
cytosolic ROS (Supplementary Fig. 4a—-f), as well as mitochondrial mass
and PPARGCla (Supplementary Fig. 4g-I), were found lower in both
subsets from young versus elderly individuals, with values higher in DN
B cells versus naive B cells.

Although PDHX RNA expression and ROS production were sig-
nificantly higher in unstimulated B cells from elderly as compared to
those from younger individuals, the biggest difference was observed in
RNA expression of LDHA (Fig. 4a) and lactate secretion (Fig. 4b). LDHA
transcripts were evaluated in unstimulated B cells whereas lactate
secretion was quantified by ELISA after B cell stimulation for 48 hrs
with the mitogen CpG. Autoimmune antibody secretion was evaluated
in the same CpG-stimulated B cell cultures after 7 days (Fig. 4c). We
demonstrated that secretion of double strand (ds)DNA-specific IgG
autoimmune antibodies is induced by lactate which promotes RNA
expression of tbx21, T-bet, the transcription factor for autoimmune
antibodies™? (Fig. 4d). Antibodies were positively and significantly
associated with lactate (Fig. 4e). Dose-response experiments showed
that 10 mM was the optimal dose to induce in vitro secretion of
autoimmune antibodies (Supplementary Fig. 5a). Other autoimmune
specificities were also measured (Supplementary Fig. 5b-e). These
results are to our knowledge the first to show that lactate induces
autoimmune pathogenic B cells and is a stimulus for autoimmune
antibody secretion. When we evaluated markers of anaerobic glyco-
lysis in sorted naive and DN B cell subsets, we found LDHA expression,
lactate and autoimmune antibody secretion lower in both subsets
from young versus elderly individuals. Again, values were higher in DN
B cells versus naive B cells (Supplementary Fig. 6a-f), with auto-
immune antibodies and lactate being positively and significantly
associated only in DN B cells (Supplementary Fig. 6g, h). Not only
LDHA, but also other enzymes in anaerobic glycolysis pathways, were
found expressed at higher levels in DN B cells from elderly versus
young individuals (Supplementary Fig. 6i).
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Fig. 3 | Aging increases mitochondrial function in unstimulated B cells. B cells,
isolated as in Fig. 1, were left unstimulated. a mRNA expression of PDHX. Results
show gPCR values (2°*“), mean = SE. b Representative flow cytometry histograms
from one young and one elderly individual of cytoplasmic ROS staining using the
fluorescent compound CellROX. ¢ Cytoplasmic ROS MFI results from all indivi-
duals, mean + SE. d Mitochondrial ROS MFI results from all individuals after staining
with the fluorescent compound MitoSOX, mean + SE. e Representative flow
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cytometry histograms from one young and one elderly individual of mitochondrial
mass staining using the MitoTracker Green probe. f MitoTracker Green MFI results
from all individuals, mean + SE. g mRNA expression of PPARGCla. Results show
qPCR values (27°“"), mean + SE. Source data are provided as a Source Data file. Mean
comparisons between groups were performed by unpaired Student’s t test (two-
tailed). *p < 0.05.

Metabolic measures in the 4 sorted B cells subsets from young
and elderly individuals are shown in Supplementary Table 1. Seahorse
OCR and ECAR results on maximal respiration are shown in Supple-
mentary Table 2 for the subset of swig memory B cells only, as the
number of IgM memory B cells, as we have shown in Supplementary
Fig. 1, is too low to perform the mitostress test.

B cells from elderly individuals induce pro-inflammatory CD4+
T cells through metabolic pathways

We then evaluated if hyper-metabolic B cells from elderly individuals
were also capable to polarize CD4+ T cells from young individuals
making them hyper-metabolic, inflammatory and pathogenic. To do
S0, we set up co-cultures in which CD4+ T cells from young individuals
were positioned in the top part of a transwell, whereas B cells from
young or elderly individuals were positioned at the bottom of the
transwell (Supplementary Fig. 7a). After 24 hrs, CD4+ T cells were
harvested and evaluated by qPCR for the expression of transcripts for
Glutl, LDHA and PDHX, whereas after 48 hrs, supernatants were tested
for the presence of the T cell-derived pro-inflammatory cytokines IL-
17A and IFN-y. Figure 5a shows that CD4+ T cells from young indivi-
duals were able to up-regulate the expression of transcripts for Glutl
and LDHA, and to a lesser extent for PDHX, only in the presence of B
cells from elderly individuals, whereas no effect was observed if B cells
were from young individuals. Figure 5b shows that supernatants from
co-cultures of young CD4+ T cells with B cells from elderly but not
young individuals were enriched in the T cell-derived pro-inflamma-
tory cytokines IL-17A and IFN-y at 48 hrs. In these supernatants other
pro-inflammatory cytokines (IL-6 and TNF-a), as well as IL-10, were also

enriched but to a lesser extent (Supplementary Fig. 7b-d), whereas no
changes were observed for IL-2 and IL-4 (Supplementary Fig. 7e, ). To
confirm the above findings showing that B cells from young individuals
were not able to polarize CD4+ T cells towards a pro-inflammatory
phenotype, in a few experiments we co-cultured B cells from young
individuals with CD4+ T cells from both young and elderly individuals.
Results show that secretion of IL-17A and IFN-y in elderly CD4+ T cells
co-cultured with young B cells were comparable to that of elderly
CD4+ T cells cultured alone without any B cells. Moreover, secretion in
elderly CD4+ T cells co-cultured with elderly B cells (or with elderly DN
B cells) was found to be higher than that in young CD4+ T cells co-
cultured with elderly B cells (Supplementary Table 3).

CD4+ T cells from young individuals, co-cultured with B cells from
elderly individuals, showed higher OCR and ECAR profiles when tested
in a mitostress test as compared to those co-cultured with B cell from
young individuals (Fig. 5c, d). Co-culture supernatants were also tested
for the presence of lactate (Fig. 5e). We found lactate only in co-
cultures set up in the presence of B cells from elderly individuals. In
these conditions, lactate comes exclusively from B cells, as CD4+
T cells need to be heavily stimulated with the mitogens PMA and
lonomycin to secrete lactate. Moreover, the amount of lactate in these
co-cultures is much less than that measured in CpG-stimulated B cells
(see Fig. 4b). CD4+ T cells from young individuals co-cultured with B
cells from elderly individuals show NF-kB activation, measured by the
translocation from the cytoplasm to the nucleus of RelA/p65, as
compared to those that are co-cultured with B cells from young indi-
viduals (Fig. 5f), suggesting that the lactate induction of pro-
inflammatory cytokine secretion occurs through NF-kB, as also
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Fig. 4 | Aging increases anaerobic glycolysis in unstimulated B cells. B cells,
isolated as in Fig. 1, were left unstimulated. a mRNA expression of LDHA. Results
show gPCR values (27*“"), mean + SE. b Lactate secretion in culture supernatants of
CpG-stimulated B cells (48 hrs) measured by ELISA, mean + SE. ¢ Anti-dsDNA
autoimmune IgG antibodies in culture supernatants of CpG-stimulated B cells

(7 days) measured by ELISA, mean + SE. d mRNA expression of tbx21 in CpG-

Lactate (uM)

stimulated B cells (24 hrs) in the absence or presence of lactate (10 mM). Results
show @PCR values (272“), mean + SE. e Correlation of lactate and autoimmune IgG.
Pearson’s r and p values are shown at the bottom of the figure. Source data are
provided as a Source Data file. Mean comparisons between groups were performed
by unpaired Student’s t test (two-tailed). ***p < 0.001, ***p < 0.0001.

previously shown in our mouse experiments®. In the same co-cultures,
we also measured by flow cytometry levels of phosphorylated STAT3
(signal transducer and activator of transcription 3, p-STAT3), a con-
stitutive activator of NF-kB*’ (Fig. 5g). Results show increased p-STAT3
levels in CD4+ T cells co-cultured with B cells as compared with those
cultured alone, with p-STAT3 significantly higher in CD4+ T cells co-
cultured with B cells from elderly versus young individuals. Moreover,
the polarizing function of B cells from elderly individuals in these co-
cultures, is due to the subset of DN B cells, as naive B cells from elderly
individuals show no polarizing effect and all pro-inflammatory cyto-
kines were undetected (Supplementary Fig. 7g, h).

We next tried to block lactate using specific inhibitors as shown in
Supplementary Fig. 7i, j and evaluate if blocking lactate was reducing
IL-17A and IFN-y secretion. We used three different lactate inhibitors:
FX11, [3-dihydroxy-6-methyl-7-(phenylmethyl)-4-propylnaphthalene-1-
carboxylic acid], a small molecule that blocks the enzyme LDHA; anti-
SLC5A12, a polyclonal antibody that inhibits the lactate transporter
SLC5A12 acting as an electroneutral and low affinity sodium-
dependent solute transporter that catalyzes the transport across the
membrane of many monocarboxylates including lactate; anti-ICOSL,
an antibody that inhibits the interaction between B cells expressing the
ligand for the inducible T cell costimulatory molecule (ICOSL) and
CD4+ T cells expressing ICOS. This interaction has been shown to
induce glucose uptake and activation of anaerobic glycolysis, leading
to the generation of pro-inflammatory T cells®°. Figure 6a shows that
pre-inclubation of B cells from elderly individuals with FX11 before the
co-culture significantly inhibits the secretion of IL-17A. However, when
we used the anti-SLC5A12 antibody (Fig. 6b) or the anti-ICOSL antibody
(Fig. 6¢), the inhibition was even more effective (Fig. 6b, c). Similar

results were obtained for IFN-y secretion (Fig. 6d-f). All treatments
were able to significantly decrease lactate secretion by B cells from
elderly individuals in these co-cultures, with a better effect of anti-
SLC5A12 anti-ICOSL as compared to FX11 (Fig. 6g-i). IL-6, TNF-ac and IL-
10 were also decreased in the co-cultures set-up in the presence of B
cells from elderly individuals pre-treated with FX11, anti-SLC5A12 and
anti-ICOSL, with more inhibition being observed when B cells were pre-
treated with anti-SLC5A12 and anti-ICOSL as compared to FX1l,
whereas no effects of lactate inhibitors were observed for IL-2 and IL-4
secretion, as shown in Source Data file.

Lactate induces immunosenescent B cells that are hyper-
glycolytic and hyper-inflammatory

Next, we wanted to examine if lactate was also able to induce pro-
inflammatory B cells, similar to what we have described above for
CD4+ T cells. Briefly, B cells from young individuals were stimulated
overnight with GpG in the presence or absence of lactate. Then, cul-
tures were harvested and cells loaded on a glycolytic test in Seahorse
performed with sequential addition of glucose, olygomycin and 2-DG.
Figure 7a shows that lactate induces a hyper-glycolytic phenotype in B
cells from young individuals which is confirmed by expression of Glutl
and LDHA transcripts and, to a lesser extent, of PDHX (Fig. 7b). B cells
stimulated overnight in the presence of lactate look indistinguishable
from B cells from elderly individuals, clearly indicating that lactate
induces immunosenescence in B cells from young individuals. Lactate
increases expression of transcripts for multiple inflammatory markers,
many of which are members of the SASP, Fig. 7c. These include pro-
inflammatory cytokines and chemokines (TNF, IL-6, IL-8), pro-
inflammtory microRNAs (miRs) involved in class switch and antibody
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Fig. 5 | B cells from elderly individuals induce pro-inflammatory CD4+ T cells
through metabolic and inflammatory pathways. B cells from young (white
symbols) and elderly (blue symbols) individuals were cultured at the bottom of
transwells together with CD4+ T cells, sorted from young individuals, placed at the
top of transwells. After 24 hrs, CD4+ T cells were harvested, mRNA extracted and
gPCR performed. a Fold-change in RNA expression of metabolic markers (Glutl/
LDHA/PDHX). Fold-change is the ratio of RNA expression in CD4+ T cells co-
cultured with B cells (from either young or elderly individuals)/RNA expression in
CD4+ T cells co-cultured without B cells. Results show mean + SE. b Fold-change in
cytokine secretion (IL-17A/IFN-y) measured by CBA. Fold-change is the ratio of IL-
17A and IFN-y in co-cultures with B cells (from either young or elderly individuals)/
IL-17A and IFN-y in co-cultures without B cells (only CD4+ T cells). Results show
mean + SE. ¢, d CD4+ T cells from co-cultures with B cells from young or elderly
individuals were run at the concentration of 2 x 10/well in triplicate in a mitostress

(arbitrary units)

test. OCR and ECAR results are representative of two independent experiments.
e Lactate measured in co-cultures of B cells from young or elderly individuals after
48 hrs by ELISA, mean + SE. f Cytoplasmic (CE) and nuclear (NE) protein extracts
(5 pg/lane) from CD4+ T cells from young individuals, co-cultured with B cells from
young or elderly individuals, were blotted with the indicated antibodies. Results are
representative of 3 independent experiments. Densitometric analyses of p65 nor-
malized to UBC9 are shown for these samples below the images, mean +SE. g Top,
representative flow cytometry histograms of p-STAT3 in CD4+ T cells after co-
culture with B cells from either young (black) or elderly (blue) individuals, as
compared to CD4+ T cells alone (gray), same individuals in f. Bottom, MFI results
from all 3 individuals, mean + SE (MFI from CD4+ T cells alone =349 + 33). Source
data are provided as a Source Data file. Mean comparisons between groups were
performed by unpaired Student’s t test (two-tailed). **p < 0.01, **p < 0.001,

**115 < 0.0001.

secretion (miR-155, miR-16), markers of immune activation (TLR2,
TLR4) and cell cycle inhibitors (p16™*2, p219PYWA™) In line with the
expression of SASP transcripts, B cells from young individuals CpG-
stimulated overnight with lactate were positively stained with the
marker of immunosenescence [3-Galactosidase, similar to B cells from
elderly individuals (Fig. 7d). After 48 hrs of CpG stimulation in the
presence of lactate, B cells from young individuals, similar to those
from elderly individuals, secrete IL-6 and TNF-a in culture super-
natants (Fig. 7e, f), and after 7 days also secrete autoimmune patho-
genic antibodies (Fig. 7g).

The effects of lactate on B cells from elderly individuals occur
because B cells express the lactate tranporter SLC5A12, as shown in
Supplementary Fig 8a. The expression is low but detectable on CpG-
stimulated B cells from young individuals and is upregulated by the
overnight stimulation in the presence of lactate. In this condition,
SLC5A12 expression is comparable to what is observed in CpG-
stimulated B cells from elderly individuals. SLC5A12 expression can be
effectively inhibited after a short incubation of B cells with the

neutralizing antibody specific for the transporter, and higher is the
expression of SLC5A12 higher is the level of inhibition (Supplementary
Fig 8b). In the presence of the anti-SLC5A12 neutralizing antibody,
secretion of IL-6 and TNF-a as well of autoimmune pathogenic anti-
bodies is inhibited in B cells from young individuals incubated in the
presence of lactate (Fig. 8a-c), and in B cells from elderly individuals
(Fig. 8d-f).

Discussion

Results in this paper show that B cells from elderly individuals are
hyper-metabolic and hyper-inflammatory, as compared to those from
younger controls, with a higher OCR and especially a higher ECAR
status, clearly indicating that they can effectively switch from OXPHOS
to anaerobic glycolysis after ATP synthase is blocked in the mitostress
test. Due to their hyper-glycolytic status, B cells from elderly indivi-
duals synthesize lactate after in vitro stimulation with the mitogen CpG
and secrete pathogenic autoimmune antibodies. Lactate secreted by B
cells from elderly individuals is at least one of the crucial players in the
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Fig. 6 | Lactate inhibition decreases the polarizing effect of B cells from elderly
individuals. B cells from elderly individuals were cultured at the bottom of trans-
wells together with CD4+ T cells from young individuals, placed at the top of
transwells. B cells were left untreated or pre-treated overnight with FX11 (10 mM/
10° B cells), or with anti-SLC5A12 (1:500 dilution), or with anti-ICOSL (10 pg/mL),
before CD4+ T cells were added at the top of the transwell. Supernatants were
collected after 48 hrs to measure IL-17A and IFN-y secretion by CBA. Results show

fold-change in IL-17A secretion (a-c), or in IFN-y secretion (d-f), calculated as the
ratio of IL-17A or IFN-y in co-cultures with B cells from elderly individuals, either
untreated or treated/IL-17A, IFN-y in co-cultures without B cells (only CD4+ T cells).
Results are mean + SE. g-i Lactate measured in co-cultures of B cells untreated or
treated with FX11, anti-SLC5A12 or anti-ICOSL, mean + SE. Source data are provided
as a Source Data file. Mean comparisons between groups were performed by paired
Student’s t test (two-tailed). **p < 0.01, **p < 0.001.

polarization of CD4+ T cells from young individuals into pro-
inflammatory CD4+ T cells, in agreement with the observation that
inhibition of lactate enzymes and transporters decreases the pro-
inflammatory phenotype of CD4+ T cells by decreasing IL-17A and IFN-
y secretion. These lactate-induced polarizing effects confirm pre-
viously published observations showing that sustained enzymatic
activity of LDHA is necessary for the secretion of pro-inflammatory
cytokines by CD4+ T cells, and inhibition of LDHA significantly
decreases glucose uptake and promotes a shift to OXPHOS while
reducing pro-inflammatory cytokine secretion®.

These polarizing effects of B cells from elderly but not from
young individuals are particularly significant in inflamed tissues
where lactate accumulates (obese adipose tissue, inflamed RA
joints, tumor microenvironment). Lactate in fact induces up-
regulation of the SLC5A12 transporter, which in turn induces lac-
tate uptake, activating a local series of events and a positive loop of
inflammation. Here we show the expression of the SLC5A12 trans-
porter on B cells from young individuals and to a higher level of
expression on B cells from elderly individuals. The expression of the
transporter is higher in B cells as compared to CD4+ T cells®. Tar-
geting the SLC5A12 transporter has already shown promising results

in a pre-clinical model of RA in which SLC5A12 expression correlates
with disease activity’. Not only lactate enzymes and transporters,
but also signaling pathways that support anaerobic glycolysis, can
be targeted to improve local inflammatory conditions. It has indeed
been shown that inflamed synovial joints of RA patients are enri-
ched in ICOS + T cells interacting with ICOSL + B cells*°, with ICOS-
ICOSL signaling being able to enhance glucose uptake and anaero-
bic glycolysis, leading to the generation of pro-inflammatory T cells.
Blocking ICOSL on B cells dramatically reduces the expression of
chemokine receptors involved in the B cell-driven recruitment of
T cells to inflamed tissues, whereas blocking ICOS signal on T cells
successfully inhibits the expression of glycolytic enzymes and the
secretion of pro-inflammatory cytokines such as IL-17A and IFN-y*.
Our findings herein, together with this aforementioned study,
suggest that B cell-specific therapies, such as anti-CD20 antibodies
in patients with autoimmune diseases may successfully be
used not only to reduce tissue damage due to the secretion of
pathogenic autoimmune antibodies, but also to block their polar-
izing capacity.

Our results herein also address for the first time the effects of
lactate on the generation of immunosenescent, inflammatory,
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Fig. 7 | Lactate induces immunosenescent B cells that are hyper-glycolytic and
hyper-inflammatory. B cells from young (By) and elderly (Bg) individuals, isolated
as in Fig. 1, were stimulated overnight with CpG (5 ug/10° cells). B cells from young
individuals were also stimulated with CpG+lactate (10 mM/10° B cells). a Cells were
seeded into the wells of an extracellular flux analyzer at the concentration of

2 x10%/well and run in a glycolytic test. b Expression of transcripts for metabolic
markers. ¢ Expression of transcripts for pro-inflammatory markers. Heapmaps in
b, ¢ show qPCR values (2*“) of multiple pro-inflammatory markers, normalized to
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GAPDH. d Staining with -Galactosidase. Results show MFI from one representative
experiment (values from all individuals, mean + SE, are: 130 + 5, young; 243 +29,
young-+lactate; 296 + 35, elderly no lactate). e IL-6 in culture supernatants after
48 hrs measured by CBA, mean + SE. f TNF-a in culture supernatants after 48 hrs
measured by CBA, mean + SE. g Autoimmune IgG antibodies after 7 days measured
by ELISA, mean + SE. Source data are provided as a Source Data file. Mean com-
parisons were performed by two-way ANOVA. **p < 0.001.

pathogenic B cells. It is already known that anaerobic glycolysis and
lactate secretion, together with the enzyme LDHA, are upregulated in
many types of non immune and immunosenescent cells. These path-
ways are needed for the secretion of markers of the SASP*, cell and
endoplasmic reticulum enlargement, that occur concomitantly with
NF-kB signaling and activation. The induction of immunosenescent B
cells by lactate, which is present at high concentration in inflamed
tissues, such as the joints of RA patients*”, the tumor
microenvironment®**, the obese adipose tissue**, has a significant
pathological role as immunosenescent B cells not only secrete
inflammatory mediators and pathogenic antibodies, but they can also
induce senescence in other immune cell types that infiltrate the
inflamed tissue through the SASP. Therefore, targeting lactate may
significantly reduce not only the pathogenicity of B cells, but also
lactate effects on other immune (T cells, macrophages, monocytes,
dendritic cells, MDSCs) and non immune cell types (endothelial cells,
synoviocytes, tumor cells), leading to decreased secretion of inflam-
matory mediators and amelioration of local inflammatory conditions.

In conclusion, our results show that the pathogenic function of B
cells in elderly individuals is metabolically supported. These findings
are particularly relevant for conditions and diseases in which B cells
interact in a cell-to-cell way with other cell types, as in inflamed tissues,
turning them into pro-inflammatory cells that contribute to local
inflammatory pathways and pathogenicity. Our findings offer a ratio-
nale for the development of therapies that selectively target B cell
metabolic products involved in the generation of inflammatory,
immunosenescent, pathogenic immune cells.

Methods

Subjects

Participants were young (30-45 years) and elderly (=65 years), all
recruited at the University of Miami Miller School of Medicine. Parti-
cipants were healthy and were not taking medications affecting the
immune system. Subjects with type-2 diabetes mellitus, autoimmune
diseases, congestive heart failure, cardiovascular disease, chronic renal
failure, malignancies, renal or hepatic diseases, infectious disease,
trauma or surgery, pregnancy, or under substance and/or alcohol
abuse were excluded.

All participants signed an informed consent. The study was
reviewed and approved by our Institutional Review Board (IRB, pro-
tocols #20070481 and #20160542), which reviews all human research
conducted under the auspices of the University of Miami. Character-
istics of the recruited participants (age, gender, serum metabolic
measures) are shown in Supplementary Table 4. Briefly, young parti-
cipants are 30-45 year-old, whereas elderly participants are >65 year-
old. Participants are 50% males and 50% females. In every experiment,
same numbers of male and female participants have been evaluated.

PBMC collection

Blood was drawn in Vacutainer CPT tubes (BD 362761), then PBMC
were isolated and cryopreserved. PBMC were thawed and cultured at
the concentration of 1x10%mL in complete medium (c-RPMI) [RPMI
1640 (Gibco ThermoFisher 11875-093), supplemented with 10% FBS
(Gibco 10437-028), 100 U/mL Penicillin-Streptomycin (Gibco 15140-
122), and 2 mM L-glutamine Gibco 25030-081)]. FBS was certified to be
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Fig. 8 | The effects of lactate on B cells from young individuals, as well as on
those from elderly individuals, are decreased by inhibition of the lactate
transporter. B cells from young and elderly individuals, isolated as in Fig. 1, were
stimulated overnight with CpG (5 ug/10° cells). B cells from young individuals were
stimulated with CpG in the presence of lactate (10 mM/10° cells) and secretion of IL-

6, TNF-a and autoimmune IgG was measured in cultures of B cells from young
individuals+lactate (a-c) or in those from elderly (d-f) individuals. Results show
mean + SE. Source data are provided as a Source Data file. Mean comparisons
between groups were performed by paired Student’s t test (two-tailed). *p < 0.05,
**p < 0.001, ****p < 0.0001.

endotoxin-free. After thawing, viability of the PBMC was checked by
trypan blue counting and samples were discarded if viability was <75%.

B cell isolation and in vitro stimulation

B cells were isolated from thawed PBMC by magnetic sorting using
CD19 Microbeads (Miltenyi Biotec 130-121-301) according to the
MiniMACS protocol (20 uL Microbeads + 80 uL PBS, for 107 cells). Cell
preparations were typically >95% pure, as evaluated by flow cytometry.

B cells at the concentration of 10°/mL of c-RPMI were left unsti-
mulated or were stimulated 2-7 days with 5pg/10° cells of CpG (ODN
2006 InVivogen). In glycolytic experiments, B cells were stimulated
overnight with CpG (5ug/10° cells), in the absence or presence of
lactate (Na-Lactate, SIGMA 98867-56-1, 10 mM/10° cells). In dose-
response experiments, lactate was used at concentrations of 1-20 mM/
10° B cells.

To evaluate RNA expression of molecules involved in metabolic
pathways, the mRNA was extracted from unstimulated or stimulated B
cells with u/MACS mRNA isolation kit (Miltenyi Biotec), eluted into 75 uL
of pre-heated (65 °C) elution buffer, and stored at -80 °C until use.

To evaluate the expression of inflammatory markers, unstimu-
lated or stimulated B cells were resuspended in TRIzol (Ambion) (10°
cells/100 pl), then RNA extracted for qPCR. Total RNA was isolated
according to the manufacturer’s protocol, eluted into 10 ul of pre-
heated elution buffer and stored at —80 °C until use.

Culture supernatants were collected at day 2 of CpG stimulation
to measure the secretion of pro- and anti-inflammmatory cytokines by
BD™ Cytometric Bead Array, CBA (BD 560484) human TH1/TH2/TH17
kit, or lactate using the L-lactate assay kit (Cayman Chemicals 700510),
following manufacturer’s instructions. Day-7 supernatants were eval-
uated for autoimmune IgG antibodies by ELISA (MyBioSource
MBS390120).

B cell:CD4+ T cell co-cultures

B cells, sorted from young or elderly individuals, were cultured at the
bottom of transwells (Costar 3396) together with CD4+ T cells, sorted
from young individuals, placed at the top of transwells. CD4+ T cells
were also cultured in transwell without B cells. The ratio B:CD4+ T cells
was reflecting the ratio of these cell types in ex vivo isolated PBMC.
After 24 hrs, CD4+ T cells were harvested, mRNA extracted and qPCR
performed. Supernatants were also collected after 48 hrs for cytokine
and lactate secretion measured by CBA and ELISA, respectively.

In some co-cultures, B cells were left untreated or were pre-
treated overnight with the small molecule FX11 [3-dihydroxy-6-methyl-
7-(phenylmethyl)-4-propylnaphthalene-1- carboxylic acid] that inhibits
the enzyme LDHA (EMD Millipore 427218), or with a polyclonal anti-
body blocking the lactate transporter SLC5A12 (ThermoFisher Invi-
trogen PA5-110389), or with an anti-ICOSL antibody (ThermoFisher
Invitrogen 16-5889-82), before CD4+ T cells were added to the top of
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the transwell. Lactate inhibitors were used as follows: 10 mM/10° B cells
(FX11), 1:500 dilution (anti-SLC5A12), 10 pg/10° B cells (anti-ICOSL).

Flow cytometry

PBMC (2 x10%/mL) were membrane stained for 20 min at room tem-
perature with Live/Dead kit and with the following antibodies: anti-
CD45 (Biolegend 368540), anti-CD19 (BD 555415), anti-CD27 (BD
555441) and anti-IgD (BD 555778) to measure naive (IgD+CD27-), IgM
memory (IgD+CD27+), switched memory (IgD-CD27+), and DN (IgD-
CD27-) B cells.

For the evaluation of glucose uptake, cytosolic ROS, mitochon-
drial ROS and mitochondrial mass, PBMC were initially stained with the
metabolic reagents and then with Live/Dead kit and the antibodies
above (anti-CD45/CD19/CD27/IgD). For glucose uptake we used the
fluorescent glucose analog (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)
Amino)-2-Deoxyglucose) (2-NBDG, Thermo Fisher N13195). For cyto-
solic ROS we used CellROX® Deep Red Reagent (Thermo Fisher
C10422), whereas for mitochondrial ROS we used with MitoSOX™ Red
(mitochondrial superoxide indicators, Thermo Fisher M36009). For
mitochondrial mass we used MitoTracker Green (Thermo Fisher
M7514). Working concentrations were recommended by the manu-
facturers. Staining was at room temperature for 30 minutes. Cells were
then washed twice with FACS buffer, and then membrane stained for
20 minutes at room temperature. For phosphorylated STAT3 (p-
STAT3), CD4+ T cells were membrane stained initially with Live/Dead
kit and anti-CD4 (Biolegend 317410), then fixed, permeabilized with
PBS-0.2% Tween, then stained for additional 20 min at room tem-
perature with anti-phosho-STAT3 antibody (Tyr 705, Cell Signaling
4113S), followed by an anti-IgG (H + L) secondary conjugated antibody
(Thermo Fisher A11029). For (-Galactosidase staining, we used the
Cellular Senescence detection kit SPIiDER -Gal (Dojindo Molecular
Technologies SG04) at concentrations recommended by the manu-
facturer, but after membrane staining. In every experiment we
acquired up to 10° events in the B cell gate on a LSR-Fortessa (BD).
Results were analyzed using FlowJo 10.5.3 software. Single color con-
trols were included in every experiment for compensation. Isotype
controls were also used in every experiment to set up the gates.

Sorting of the B cell subsets

B cell subsets were sorted in a Sony SH800 cell sorter using anti-CD45,
anti-CD19, anti-CD27 and anti-IgD antibodies. Cell preparations were
typically >98% pure. naive and DN B cells were stimulated with CpG
(5 pg/10° cells) in the presence of an AffiniPure F(ab’), fragment of goat
anti-human IgG+IgM (anti-lg) (2 pg/10° cells; Jackson ImmunoResearch
Laboratories 109-006-127), the anti-Ig antibody being necessary for
optimal stimulation of naive B cells.

Reverse Transcriptase (RT) and quantitative (q)PCR

RT reactions were performed in a Mastercycler Eppendorf Thermo-
cycler to obtain cDNA. Briefly, 10 ul of mRNA from freshly isolated
cells, or 2 ul of total RNA (from Trizol, Ambion) at the concentration of
0.5 ug/uL, were used as template for cDNA synthesis in the RT reaction.
For miR quantification, RNA was reverse transcribed in the presence of
specific primers (provided together with the qPCR primers).

Five uL of cDNA were used for qPCR. Reactions were conducted in
MicroAmp 96-well plates and run in the ABI 7500 machine. Calculations
were made with ABI software. For calculations, we determined the cycle
number at which transcripts reached a significant threshold (Ct) for
target genes and GAPDH (control). The difference in Ct values between
GAPDH and the target gene was calculated as ACt. Then the relative
amount of the target gene was expressed as 2°“ and indicated as qPCR
values. All reagents were from Thermo Fisher. Tagman primers were:
GAPDH, Hs99999905 m1; Glutl/SLC2A1, Hs00892681; Glut2/SLC2A2,
Hs01096908 m1; Glut3/SLC2A3, Hs00359840_ml; Glut4/SLC2A4,
Hs00168966 ml; Hexokinase 1, HK1, Hs00175976 ml; Hexokinase 2,

HK2, Hs006086 ml; 6-phosphofructo-2-kinase/fructose-2,6-bipho-
sphatase 1, PFKB1, HS00997227 m1; Enolase 1, ENO1, Hs00361415_m1;
Enolase 2, ENO2, Hs00157360_ml; Pyruvate kinase M1/2, PKM,
Hs00761782_s1; LDHA, Hs01378790_g1; LDHB, Hs00929956_m1; PDHX,
Hs00185790_m1; PPARGClx, Hs00173304_m1; SLC5A12, Hs01054645;
tbx21, Hs00894392 m1; TNF, Hs01113624 _g1; IL-6, Hs00985639_m1; IL-
8, Hs00174103 ml; TLR2, Hs02621280 sl; TLR4, Hs00152939 mil;
pl6™* (CDKN2A), Hs00923894 ml; p2I°PYWARL Hs00355782 mi; U6,
001973; miR-155, 002623; miR-16, 000391.

Preparation of cytoplasmic and nuclear protein extracts and
Western blot

Proteins were extracted from CD4+ T cells from young individuals
after 48 hrs co-culture without or with B cells from elderly individuals.
Cytoplasmic and nuclear protein extracts were prepared from the
same numbers of cells. Briefly, cells were centrifuged in a 5415C
Eppendorf microfuge (322 g, 5min.). The pellet was resuspended in
20 plL of solution A containing Hepes 10 mM, pH 7.9, KCI1 10 mM, EDTA
1.0 mM, DTT 1 mM, MgCl, 1.5 mM, PMSF 1mM, 1 tablet of protease
inhibitor cocktail (Boeringer Manheim, Germany) (per 20 mL, 1mM
Nas;VO, and Nonidet P-40 (0.1%), briefly vortexed and centrifuged
(5152 x g, S5min, 4°C). The supernatant containing the cytoplasmic
extract (CE) was removed and stored at —80°C. To obtain nuclear
extracts (NE), the pellet containing the nuclei was resuspended in
solution B containing Hepes 20 mM, pH 7.9, EDTA 0.1 mM, DTT 1 mM,
MgCl, 1.5 mM, PMSF 2 mM, 1 tablet of protease inhibitor cocktail (per
20 mL), and glycerol 10%. The lysate was incubated on ice for 20 min,
protein sonicated for a few seconds and centrifuged (15,777 x g, 15 min,
4°C). Aliquots of NE were stored at —80 °C. Protein contents were
determined by Bradford assay®. The amount of protein extracted from
the same number of B cells from both young and elderly individuals is
highly reproducible (90%) from one experiment to another.

CE and NE were electrophoresed in denaturing conditions and
then electro-transferred on nitrocellulose filters. Filters were incu-
bated with the following primary antibodies in PBS-Tween 20 con-
taining 5% milk: mouse monoclonal UBC9 (1:1000 diluted, BD
Bioscience 610748), mouse monoclonal NF-kB p65 (1:200 diluted,
Santa Cruz Biotechnology sc-8008). After overnight incubation with
the primary antibodies, immunoblots were incubated with the sec-
ondary antibody goat anti-mouse IgG (1:50,000 diluted, Jackson
ImmunoResearch Labs 115-035-003) for 3 hrs at room temperature.
Membranes were developed by enzyme chemiluminescence and
exposed to CL-XPosure Film (Pierce). Films were scanned and analyzed
using the Alphalmager Enhanced Resolution Gel Documentation &
Analysis System (Alpha Innotech, San Leandro CA) and images were
quantitated using the AlphaEaseFC 32-bit software. Full scan blots are
shown in Source Data file.

Mitostress test

The metabolic profile of unstimulated B cells from young and elderly
individuals was evaluated by the mitostress test and Seahorse tech-
nology that allows real-time evaluation of changes in oxygen con-
sumption rates (OCR) and extracellular acidification rates (ECAR),
measures of oxidative phosphorylation and of anaerobic glycolysis,
respectively. In some experiments, the metabolic profile of unstimu-
lated CD4+ T cells from young individuals, harvested after co-culture
with B cells from either young or elderly individuals, was also investi-
gated. The mitostress test was conducted in a Seahorse XFp extra-
cellular flux analyzer (Agilent). Briefly, B cells, at the concentration of
2.5 x10%/well, were initially incubated in Seahorse XF DMEM Medium
(Agilent 103575) supplemented with 2 mM glutamine (Agilent 103579),
10 mM glucose (Agilent 103577) and 1 mM pyruvate (Agilent 103578),
(200 pL of each reagent in 20 mL of medium). Maximal respiratory
capacity was measured by treating with Oligomycin (1 M) to block
ATP production, followed by the uncoupling agent FCCP (fluoro-
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carbonyl cyanide phenylhydrazone, 5pM), to dissipate proton gra-
dients and allow electron transport and oxygen consumption to
operate at maximal rate. This elevated OCR is suppressed by Rote-
none/Antimycin (1 pM), showing that respiration is mitochondrial.

Glycolytic test

First, B cells were incubated in Seahorse XF DMEM Medium without
glucose. The first injection is a saturating concentration of glucose
(10 mM). The second injection is oligomycin, at a concentration of
3.5 uM. Oligomycin inhibits mitochondrial ATP production, and shifts
the energy production to glycolysis, with the subsequent increase in
ECAR revealing the cellular maximum glycolytic capacity. The final
injection is 2-deoxy-glucose (2-DG, 20 mM), a glucose analog, that
inhibits glycolysis through competitive binding to glucose hexokinase,
the first enzyme in the glycolytic pathway. The resulting decrease in
ECAR confirms that the ECAR produced in the experiment is due to
glycolysis.

Statistical analyses

To examine differences between 3 groups, two-way ANOVA was used.
Group-wise differences were analyzed afterwards with Bonferroni’s
multiple comparisons test, with p<0.05 set as criterion for sig-
nificance. To examine differences between 2 groups, paired Student’s t
test (two-tailed) was used. To examine relationships between variables,
bivariate Pearson’s correlation analyses were performed. GraphPad
Prism version 10 software was used to construct all graphs.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data and materials supporting this publications are available at
https://www.immport.org/shared/study/SDY2711, https://doi.org/10.
21430/M3RAO0OB6YOQY . Source data are provided with this paper.
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