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Monocytes directly contribute to atherosclerosis development by their
recruitment to plaques in which they differentiate into macrophages. In the
present study, we ask how modulating monocyte glucose metabolism could
affect their homeostasis and their impact on atherosclerosis. Here we inves-
tigate how circulating metabolites control monocyte behavior in blood, bone
marrow and peripheral tissues of mice. We find that serum glucose con-
centrations correlate with monocyte numbers. In diet-restricted mice, mono-
cytes fail to metabolically reprogram from glycolysis to fatty acid oxidation,
leading to reduced monocyte numbers in the blood. Mechanistically, Glutl-
dependent glucose metabolism helps maintain CD115 membrane expression
on monocytes and their progenitors, and regulates monocyte migratory
capacity by modulating CCR2 expression. Results from genetic models and
pharmacological inhibitors further depict the relative contribution of different
metabolic pathways to the regulation of CD115 and CCR2 expression. Mean-
while, Glutl inhibition does not impact atherosclerotic plaque development in
mouse models despite dramatically reducing blood monocyte numbers,
potentially due to the remaining monocytes having increased migratory
capacity. Together, these data emphasize the role of glucose uptake and
intracellular glucose metabolism in controlling monocyte homeostasis and
functions.

Monocytes are innate immune cells generated in the bone marrow
compartment™>. Monocytes differentiate from hematopoietic stem
cells (HSCs) in a multistep tightly regulated process. In murine blood,
two major monocyte populations have been distinguished according
to their expression of the marker of unknown function Ly6C>. Inflam-
matory Ly6C"8" monocytes, also called classical monocytes, highly
express the chemokine receptor CCR2 and can infiltrate peripheral
tissues to maintain macrophage pool homeostasis'®. Patrolling
Ly6C* monocytes, also known as non-classical monocytes, sample
and heal blood vessels’®. Counterparts of murine classical and non-

classical monocytes are also found in humans and are identified as
CD14" CD16 and CD14 CD16", respectively. Both monocyte subsets
express CDI115 (CSFIR) which binds M-CSF (CSF1) and IL-34, the main
cytokines responsible for maintenance of tissue macrophages. The
mechanisms controlling CDI115 and CCR2 expression on monocytes
are yet to be fully understood.

Monocytes play central roles during acute and chronic
inflammation’. Their recruitment to the site of inflammation and
subsequent differentiation into different subsets of tissue macro-
phages prevent or amplify inflammation depending on the local
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microenvironment. High blood monocyte counts positively associate
with atherosclerosis progression in humans®. Thus, controlling
monocyte numbers and fate decisions is of critical importance during
infections and cardio-metabolic diseases. In pre-clinical models,
monocytes contribute to atherosclerotic plaque growth after being
recruited via chemokine receptors such as CCR2, CCR5 and CX3CR1"
and differentiating into macrophages. Mice lacking CSF1 barely form
plaques, suggesting a crucial role of the CSF1-CSFIR axis in plaque
formation. Controlling monocyte numbers and their plaque recruit-
ment represent attractive therapeutical strategies.

During the past decade, intracellular metabolism emerged as a
key regulator of macrophage and dendritic cell (DC) functions®. Glu-
cose metabolism controls key macrophage functions including effer-
ocytosis and cytokine release'* ', Most recently, it was demonstrated
that amino acid metabolism is also crucial to sustaining optimal mac-
rophage efferocytosis'>?’. However, less is known regarding how
metabolism modulates monocyte numbers and functions. Ablation of
Glutl, the main glucose transporter, in myeloid cells prevented
hyperglycemia-induced increase in blood monocyte counts®. A pre-
vious study demonstrated that fasting for short (4h) or longer
(20-24 h) periods, induced decreased blood monocyte numbers due
to their retention in the bone marrow compartment®-*, Importantly,
the authors observed that carbohydrate and protein supplementation,
but not fatty acids, restored normal blood monocyte numbers?. How
precisely glucose flux and intracellular rewiring of respective meta-
bolic pathways affect monocyte survival, proliferation and migration is
yet to be defined. Thus, a better understating of how metabolism
controls monocyte homeostasis might provide new tools to regulate
their numbers and functions in the context of metabolic diseases and
their cardiovascular complications, such as atherosclerosis. In the
present study, we sought to explore how monocyte intracellular
metabolism might affect their functions at steady state and during
atherosclerosis progression. We found that Glutl-dependent glucose
uptake regulated monocyte generation and survival. Interestingly,
systemic inhibition of Glutl did not impact atherosclerotic plaque
formation despite a drastic reduction of blood monocyte numbers, as
remaining monocytes had an enhanced capacity to migrate to plaques.
At a cell-autonomous level, Glutl-dependent glucose uptake regulated
CCR2 through glycolysis and CD115 expression through hexosamine
biosynthetic pathway-dependent glycosylation.

In the present study, we explore how metabolic cues regulate
monocyte biology and report that Glutl-dependent glucose uptake is
crucial in maintaining monocyte generation and survival. While
monocytes heavily contribute to atherosclerosis development, redu-
cing blood monocyte numbers through Glutl inhibition does not
prevent plaque formation due to increased chemotaxis of few
remaining monocytes. Mechanistically, glucose regulates CCR2
expression through glycolysis while the hexosamine biosynthetic
pathway regulates CDI15 expression in both murine and human
monocytes. Our observations thus suggest that targeting monocyte
intracellular glucose metabolism, rather than their glucose uptake or
systemic glucose levels, could offer opportunities to finely tune
monocyte recruitment and fate as macrophages.

Results

Fasting and refeeding regulate blood monocyte numbers and
their expression of CD115 and CCR2

We sought to determine the influence of metabolic fluctuations on
monocyte dynamics in blood and peripheral tissues. An elegant study
demonstrated that food deprivation provoked a decrease in peripheral
blood monocyte numbers due to their bone marrow retention®. We
thus designed a protocol of overnight starvation followed by refeeding
and a second round of starvation (Fig. 1A) in order to explore whether
monocytes would respond similarly to repeated metabolic challenge.
In this setting, the first round of starvation induced a massive

generation of ketone bodies (Fig. 1B). B-hydroxybutyrate (BOH) and
acetoacetate (AcAc) levels were both increased in starved animals in
comparison to fed controls (Figs. 1B and S1A). Refeeding mice with
chow diet diminished ketone body serum concentration to basal levels
(Figs. 1B and S1A). BOH mobilization was dampened during the second
round of starvation (Fig. 1B). Carnitine serum concentration decreased
after the first starvation and was restored following refeeding. How-
ever, the second starvation failed to diminish serum carnitine con-
centration (Fig. S1B). Glucose levels were significantly lower in mice
starved for 12h (Fig. 1C). Non-esterified fatty acids (NEFA) levels
increased following the first starvation but were not modulated by the
second starvation cycle (Fig. 1D). Triglyceride serum concentration
diminished after the first round of starvation and was further
decreased following the second starvation cycle (Fig. S1C). Therefore,
starving mice induced a specific metabolic reprogramming that
translated into a modified serum metabolite profile following the
second round of starvation. As expected, glucose levels were
decreased after starvation while levels of NEFAs and ketone bodies
were increased.

We next sought to determine whether fluctuations in serum
metabolites induced a specific blood immune cell pattern. Analysis of
blood leukocyte content (Figs. 1E, S2A and SID) revealed that mono-
cyte numbers strongly diminished following starvation (Fig. 1E, F).
Refeeding rapidly restored blood monocyte counts while the second
starvation triggered monocyte decrease, to an extent similar to the
first round of starvation (Fig. 1E, F). Detailed analysis of monocyte
subsets revealed that those fluctuations mainly occurred in Ly6CM
monocytes, while effects on Ly6C'* monocytes were mostly not sta-
tistically significant (Fig. SIE). Neutrophils displayed the opposite
pattern, characterized by increased numbers after starvation
(Figs. 1E and SIF). Importantly, blood monocyte numbers strongly
correlated with plasma glucose concentration but not NEFAs (Fig. 1G).
These data suggested that monocytes might rely on glucose for their
maintenance.

Unexpectedly, the remaining Ly6C"s", but not Ly6C"*", blood
monocytes in starved mice displayed a higher membrane CCR2
expression (Fig. 1H). This expression pattern seemed restricted to
CCR2 since the membrane expression of CX3CR1 and CXCR4, two
other chemotactic receptors expressed by monocytes, were not
affected by starvation and refeeding (Fig. S1G, H). Furthermore, star-
vation reduced CDI115 (CSFIR) expression on blood monocytes and
refeeding rapidly restored its basal expression (Fig. 1I). We next
investigated whether monocyte numbers were regulated in a similar
way in the spleen, a well-established reservoir for monocytes. Spleen
weight considerably decreased following the first starvation (Fig. S1I).
After refeeding, the spleen regained its initial weight which decreased
rapidly following the second starvation (Fig. S1lI). These data demon-
strated that the spleen swiftly adapted to the host’s metabolic status by
modulating its content. Splenic monocytes showed oscillations similar
to their blood counterparts (Figs. 1) and S2B). Indeed, there was
starvation-induced decrease in splenic monocyte numbers, which
recovered back to steady-state level following refeeding (Fig. 1)). As
previously reported?, serum levels of CCL2, the main ligand for CCR2,
attracting monocytes from bone marrow and into tissues, were also
modulated by the host’'s metabolic status. Starvation tended to
decrease CCL2 serum concentration while refeeding restored the
steady-state levels (Fig. S1)). CCL2 levels also diminished significantly
after the second starvation (Fig. S1J). Whether this is due to decreased
secretion or increased consumption, or elimination remains to be
established.

Glutl-dependent glucose uptake regulates monocyte survival
and CD115 expression

Food deprivation was shown to trigger reduction of blood monocyte
numbers due to their bone marrow retention”. In our experimental
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Fig. 1| Impact of starvation on peripheral monocytes and neutrophils.

A Experimental scheme. Age-matched CX3CR1%* mice were randomly assigned to
control (C), starvation (S), starvation-refeeding (S-F) and starvation-refeeding-
starvation (S-F-S) groups. For starvation, mice were moved to a clean cage and food
was completely removed at ZT10. For refeeding, food was made available again at
ZTO the next day. For each experiment, all four groups were analyzed on the same
day at ZTO. B-D Quantification of serum B-hydroxybutyrate (C n=10,S n=13, S-F
n=12, S-F-S n=12) (B), glucose (Cn=8,Sn=8,S-Fn=7,S-F-Sn=7) (C) and non-
esterified fatty acids (Cn=11, S n=12,S-F n=13, S-F-S n=9) (D). Data pooled from
three independent experiments. E Dimensional reduction of flow cytometry data to
illustrate blood leukocyte subset proportions depending on experimental condi-
tions. F Quantification of blood monocyte numbers using flow cytometry (Cn=8,S

n=8,S-Fn=7,S-F-S n=8). Data pooled from two independent experiments.

G Correlation between blood monocyte numbers and serum glucose or NEFA
levels. H Quantification of surface CCR2 expression on blood Ly6C"e" and Ly6C'"*
monocytes (n=4 mice per condition). Data representative of two independent
experiments. I Measurement of surface CD115 expression on blood monocytes (C
n=11,S n=11, S-F n=8, S-F-S n=7). Data pooled from two independent experi-
ments. J Quantification of spleen monocytes (C n=12,S n=13, S-F n=12, S-F-S
n=12). Data pooled from 3 independent experiments. One-way ANOVA with
Tukey’s multiple comparison tests were used for statistical analysis in (B-D), (F),
and (1, J). A two-way ANOVA with Tukey’s multiple comparison test was used for
statistical analysis in (H). Data are presented as mean values +/- SEM. See also
Fig. S1. Source data are provided as a Source data file.

protocol, we observed that starvation and refeeding did not influence
bone marrow mature monocyte and neutrophil numbers (Fig. S1K).
Hematopoiesis and myelopoiesis seemed unaffected in these experi-
mental conditions as hematopoietic stem cells (Lin" Scal® cKit*, named
LSK), GMP (granulocyte monocyte progenitor) and CMP (common
myeloid progenitor) numbers remained similar in starved and refed
mice (Fig. SIL). These data suggested that loss of blood monocytes
during starvation was likely not linked to altered myelopoiesis or their
bone marrow retention. Rather, circulating blood monocyte numbers
appeared regulated by glucose availability.

Next, we sought to determine how starvation impacted intra-
cellular monocyte metabolism. The phosphorylation of AKT and
mTOR was reduced on monocytes in starved mice in comparison to
fed mice, highlighting their altered metabolic status (Fig. 2A). To
analyze modulations in monocyte metabolism, we performed single-
cell metabolic profiling using flow cytometry”. To apprehend if

monocytes were metabolically heterogeneous at steady state, this
method was used in conjunction with a panel of antibodies allowing
to identify the full blood monocyte differentiation and maturation
spectrum (Figs. 2B and S3A). As previously described, Ly6C'"
monocytes highly expressed CX3CR1, while CCR2 expression was
higher on Ly6C"e" blood monocytes (Fig. 2B). Puromycin incor-
poration, reflecting protein translation and acting as a surrogate
marker of metabolic activity, was found to be higher in Ly6C"e"
monocytes in comparison to Ly6C"°" monocytes and correlated with
CCR2 expression (Fig. 2B, C). On the other hand, the marker of
monocyte longevity Treml4 which is highly expressed on Ly6C'"
monocytes*, correlated poorly with CCR2 expression (Figs. 2B
and S3A). We then compared the metabolic demands of blood
Ly6C"e" monocytes obtained from fed and starved mice. We
observed that Ly6C"e" monocytes isolated from fed mice incorpo-
rated higher puromycin levels when compared to the same
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Fig. 2 | Glucose metabolism is essential for Ly6C"s" monocyte maintenance.
A Quantification of mTOR and AKT phosphorylation in Ly6C"8" monocytes from
fed (n=>5) and starved (n =7) mice. Data pooled from two independent experi-
ments. B, C tSNE plots showing B identification of blood monocyte subsets and
C puromycin® cells in C57BL6/) mice at steady state. (D) Analysis of puromycin
incorporation in monocytes from fed (n =12) or starved (n=10) mice. E Analysis of
the metabolic profile of Ly6C"8" monocytes from fed (n =7) or starved (n=9) mice
using SCENITH. F Quantification of surface CDI115 expression in Ly6C"¢" monocytes
from fed (n=38) or starved (n=10) mice after ex vivo treatment with vehicle, oli-
gomycin or 2-DG. D-F: Data pooled from three independent experiments.

G Quantification of blood Ly6C"&" and Ly6C'" monocytes from CX3CRI1°® mice
treated with vehicle (n=4) or 4.5 mg/kg/day BAY-876 (n=5) for 4 days.

H, I Quantification of blood Ly6C"€" monocyte CD115 MFI (H) and viability (I) after a
4-day treatment with vehicle (n=4) or 4.5 mg/kg/day BAY-876 (BAY) (n=5) in
C57BL6/) mice. Data from one experiment. For statistical analysis, two-sided
Mann-Whitney tests were used in (A), (D), (E), (H) and (I), and two-way ANOVA with
Sidak’s multiple comparisons tests were used in (F) and (G). Data are presented as
mean values +/- SEM. See also Fig. S2. Source data are provided as a Source

data file.

monocyte subset in starved animals, indicating a more active
metabolic state (Fig. 2D).

Monocyte metabolic activity was previously shown to mainly rely
on glucose at steady state”’. We thus investigated whether Ly6Che"
monocytes underwent metabolic reprogramming during starvation to
adapt to lower glucose and higher NEFA concentrations. We found that
Ly6C"e" monocytes obtained from starved mice had significantly lower
glucose dependence in comparison to Ly6C"e" monocytes in fed mice
(Fig. 2E). However, their mitochondrial dependence was similar in both

groups, suggesting that Ly6C"s" monocytes from starved mice
reduced their glucose dependence but did not shift their metabolism
towards mitochondria-dependent pathways (Fig. 2E). Moreover,
monocyte glycolytic capacity remained similar, indicating that Ly6C"e"
monocytes from starved mice were still able to utilize glucose to fuel
their metabolism, even though glucose availability was decreased
(Fig. 2E). Importantly, CD115 expression on Ly6C"" monocytes was
decreased by 2-Deoxy-D-Glucose (2-DG) treatment, revealing a key role
of glucose metabolism for optimal membrane CDI15 expression
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(Fig. 2F). In contrast, oligomycin had no major effect on CDI15
monocyte expression, further suggesting that glucose incorporation,
rather than mitochondrial metabolism, is involved in the maintenance
of expression of this growth factor receptor (Fig. 2F).

Our data suggest that glucose metabolism positively controls
CD115 expression and serum glucose concentration strongly correlates
with blood monocyte numbers. To investigate how glucose regulates
monocyte homeostasis in vivo, we injected mice with the Glutl-
selective pharmacological inhibitor BAY-876 (BAY) (Fig. S3B). Glutl,
encoded by Sic2al, is the main glucose transporter in murine myeloid
cells®. BAY-876 decreased monocyte content in a dose-dependent
manner (Fig. S3C). In line with known BAY-876 effects, using 2-NBDG,
we observed that glucose entry in Ly6C"8" monocytes was strongly
diminished in BAY-876 treated mice (Fig. S3D). In bone marrow-
derived macrophages (BMDMs) stimulated with LPS, BAY-876 treat-
ment inhibited ECAR elevation after glucose administration, suggest-
ing a decrease in glycolysis (Fig. S3E, F). In vivo, BAY-876
administration rapidly and selectively diminished blood Ly6Chs"
monocyte numbers, demonstrating that Glutl-dependent glucose
utilization is crucial for their maintenance in physiological conditions
(Fig. 2G). Furthermore, BAY-876 triggered a reduction in CDII15
expression on Ly6C"s" blood monocytes, similarly to the effect of
starvation and 2-DG (Fig. 2H). We also noticed that BAY-876 adminis-
tration decreased viability among blood monocytes (Fig. 2I). Taken
together these data demonstrated that blood monocytes highly rely
on glucose intracellular metabolism for their maintenance and parti-
cularly on Glutl-dependent glucose internalization.

Glutl inhibition reduces monocyte generation by rewiring
myelopoiesis

Monocytosis, high circulating monocyte numbers, is an independent
risk factor during atherosclerosis development. To determine the
pathophysiological significance of our observations, we decided to
investigate whether BAY-876 treatment could impact monocyte
behavior and plaque development during atherosclerosis. This disease
is characterized by lipid and immune cell, mainly monocyte and
macrophage, accumulation inside the vessel intima leading to its nar-
rowing and dysfunction®*. Increased blood monocyte numbers are
associated with atherosclerosis progression and their plaque recruit-
ment is crucial to sustain plaque growth in early and advanced disease
stages™*%, To investigate whether Glutl inhibition modulates mono-
cyte numbers in hypercholesterolemic animals, we administered BAY-
876 daily to high cholesterol diet (HCD)-fed atherogenic LdIR”" mice
for 4 days (Fig. 3A). Similarly to our observations in C57BL/6 mice, BAY-
876 administration strongly reduced blood Ly6C"&" monocyte num-
bers and their membrane CD115 expression in LdIR-deficient animals
(Fig. 3B). Of interest, splenic Ly6C"" monocyte content was also
decreased following BAY-876 injection (Fig. S3G). Their CD115 mem-
brane expression and viability were also reduced in BAY-876 treated
mice in comparison to control mice (Fig. S3G, H). Importantly, we
noticed that mice injected with BAY-876 presented a strong decrease
in bone marrow Ly6C"#" monocytes (Fig. 3C). These cells displayed
lower CD115 surface expression in comparison to vehicle treated mice
(Fig. 3C). Because bone marrow monocyte content was affected by
BAY-876 administration, we decided to determine the impact of Glutl
pharmacological inhibition on hematopoiesis. Using flow cytometry,
we defined several bone marrow progenitor cells and quantified their
numbers in vehicle and BAY-876-injected animals (Fig. S3I). Our ana-
lyses did not reveal a major modification of LSK, CMP, GP, MDP and
cMoP numbers (Fig. 3D). However, GMP numbers tended to be
increased following BAY-876 treatment (Fig. 3D). We noticed that BAY-
876 reduced CD115 expression on cMoPs, while having no detectable
effect on MDPs (Fig. 3E). Taken together, this set of data indicated that
the reduced bone marrow, splenic and blood Ly6C"" monocyte

content was unlikely a consequence of altered myelopoiesis, but rather
a cell-autonomous effect of the compound on mature monocytes.

Since atherosclerosis is a chronic inflammatory disease, we deci-
ded to investigate whether BAY-876 treatment could keep constantly
low Ly6C"&" monocyte numbers during a long period of time. LdIR-
deficient mice were injected daily with BAY-876 or vehicle for 4 weeks
(Fig. 3F). In line with our short-term treatment, we detected a very
strong decrease in blood Ly6C"e" monocyte numbers (Fig. 3G). Their
CD115 expression was also reduced (Fig. 3G). Bone marrow Ly6C"e
monocytes were decreased upon BAY-876 treatment and also dis-
played a lower CD115 expression (Fig. 3H). Analysis of bone marrow
myelopoiesis showed that GMPs were increased in the bone marrow of
BAY-876 injected mice (Fig. 3l, J). Furthermore, a clear dichotomy
appeared at the level of GPs, MDPs and cMoPs. BAY-876 administration
led to increased GP numbers and decreased MDPs and cMoPs (Fig. 3I,
)). Early progenitors such as LSK cells and CMPs were not affected by
Glutl pharmacologic inhibition (Fig. 3K). These data demonstrated
that Glutl inhibition skewed myelopoiesis towards granulocyte gen-
eration at the expense of monocytes (Fig. 3I, J). This was also asso-
ciated with a reduced CDI115 expression on MDPs and cMoPs (Fig. 3L).
Thus, upon long-term treatment, preventing Glutl-dependent glucose
entry led to decreased monocyte numbers by affecting both myelo-
poiesis and mature monocyte survival. Importantly, we observed that
Glutl pharmacological inhibition diminished monocyte progenitors
while increasing granulocyte generation.

Glutl inhibition does not affect atherosclerotic plaque
formation and macrophage content despite a major reduction
of monocyte numbers

Monocyte recruitment dominates plaque initiation and early growth
during atherosclerosis. To test whether BAY-876-induced decrease in
blood monocyte content could impact atherosclerosis initiation and
early plaque development, we established a 6-week protocol to induce
this disease (Fig. S4A). LdIR-deficient mice were fed a HCD for 6 weeks,
injected with BAY-876 during the last 4 weeks, and early plaque lesions
were analyzed (Fig. S4A). BAY-876-treated mice displayed similar
serum cholesterol, glucose, NEFA and TG concentrations (Fig. S4B, C).
Surprisingly, plaque area was similar between control and BAY-876-
treated animals despite a sustained reduction of blood monocyte
numbers (Fig. S4D). These data suggest that compensatory mechan-
isms are at play and allow for initiation and early plaque growth despite
very low numbers of circulating blood monocytes.

To determine the impact of Glutl-dependent glucose metabolism
on progression of pre-established plaques, we injected BAY-876 in
atherogenic LdIR-deficient mice with already established plaques
(8 weeks of high cholesterol diet) (Fig. 4A). Mice injected with BAY-876
had similar body weight as vehicle-treated animals (Fig. S4E). However,
the spleen weight of BAY-876-administered mice was dramatically
decreased (Fig. S4F). BAY-876 treatment had no major effect on serum
glucose concentration (Fig. S4G). This observation was not surprising
since the Glut family contains 14 members with distinct cell and tissue
expression. Thus, and despite its essential role in glucose uptake in
myeloid cells, blocking Glutl had no substantial effect on systemic
glucose levels. Plasma cholesterol concentration also remained similar
between the two experimental groups (Fig. S4G).

Histologic analysis showed that plaque area was not modified fol-
lowing BAY-876 administration (Fig. 4B). Plaque macrophage content
was not modulated between vehicle and BAY-876-injected mice
(Fig. 4C). Fibrous cap thickness measurement demonstrated that BAY-
876 administration has no impact on this parameter (Fig. 4D). Finally,
the necrotic core size, a direct consequence of defective intraplaque
apoptotic cell removal, was not affected by the treatment (Fig. 4E).
Using DAPI nuclei staining, we observed that plaque acellular areas were
also similar between control and BAY-876-treated mice (Fig. S4H).

Nature Communications | (2024)15:9027


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53267-5

' ) 0.20 00159 1.5+ .«'g 2.0
LdIR-HCD _ 0o 00159 g
2weeks 2 © 8
< 015 5 % 1.54
. X ° g
é O 5% =
. i e % 5
BAY-876 i.p g on gx £ 101
4d g =z )
ays E 5 3
< 2 s
£ 005 2 2 0.5
Blood g o] I 2
- : ©
Spleen 50 <
0.00- - 0- Vehicle  BAY @ g.0-
Bone Marrow Vehicle ~ BAY lehicle
" 2.0 02222 6 06905 8- 1.0
8 o 0.0556
& n & o) — >0.9999
S 154 2 S 6 %
X k-3 b3 © X o o
X o 4 o b
E ) 3 | 3 3 ¢
2 4 -
g 10 3 34 go.
5 £ £ o s
= = ,]|o0 = =
2 05 2 2 5
o 0.5 24
m é ’g ﬁ m
0.0-— - Al
Vehicle  BAY Vehicle  BAY Vehicle  BAY Vehicle ~ BAY
LdIR--HCD 0.4+ 2.0 2.54
2 weeks _ 00221 00007
=) 0.0006 -
<_ 2 0.34 [0) E 1.5+ oT0 x
X © ° o 38
Py e~ oo 3
.8 3 o £
- [0) 8 O s 8
BAY-8761p % ,,] £% ., o 2§
4 weeks s oo 2K pPry g2
E 5 a5
2 2
5 ) B
Blood ‘8 0.14 % 0.5+ %
Spleen a o
o0
Bone Marrow 001l | KOO 0.0- Al
Vehicle BAY Vehicle ~ BAY Vehicle  BAY
J' 6 4 0.3 1.5
0.0127
0.0426
& — 00293 N 0.0007 a 00
e o % 2 5
= x o X =
g by a0 o 1.0 o
H g ! o) = s [e) I
- O
g I = g -
8 s g £
= 8
H s f X = 054 O
S 2 1 H 5 o
o @ @ o 50

0.

0 Venicie 0" Vericte

BAY

~“Vehicle

0 Vericte

BAY BAY BAY

Fig. 3 | Prolonged BAY-876-mediated Glutl inhibition promotes hematopoietic
skewing towards granulopoiesis. A Experimental scheme applying to (B), (C), (D),
and (E). LdIR”" mice were fed high cholesterol diet for two weeks before receiving a
4-day treatment with vehicle (n=4) or 4.5 mg/kg/day BAY-876 (BAY) (n=5). These
panels represent data from one experiment. B Quantification of blood Ly6C"e"
monocyte numbers and CD115 expression after acute vehicle or BAY-876 treat-
ment. C Quantification of bone marrow Ly6C"8" monocyte numbers and CD115
expression after acute vehicle or BAY-876 treatment. D Quantification of bone
marrow hematopoietic progenitors after acute vehicle or BAY-876 treatment. (E)
Quantification of surface CD115 expression by bone marrow MDPs and cMoPs after
acute vehicle or BAY-876 treatment. F Experimental scheme applying to (G), (H), (),
(), and (K). LdIR”~ mice were fed high cholesterol diet for two weeks before

Vehicle

2 12 Gated on
00317 S 0076 CD45* CD11b* Ly6G- SSClew
e
2 Vehicle
< 4
5.° 00 BAY-876
g 2
2 x
gg
_>f =
z 41
:
= 3
2 o
5
I =
BAY Vehicle BAY
0.4+ 1.0+ _ 8+ 8-
no 0.0317 ﬁo
0.8413 = -
x x
& 04206 & z o o
5 < °© 0 s = 6
= b © 0 07302
5 $ o o a 5 o 5
= 3 o 3
0. 3 0.5 % 44 a
E e H ]
o E o
= = z H
2 e o 2 E
o s S 29 S
@ a = =
2 2
H S
2 o
0 Vemicle  BAY Vehicle  BAY " Vehicle  BAY O Vemicle  BAY

L.
Gated on Lin- CD11b- Sca1- cKit* CD34+ CD16/32*
Vehicle BAY-876

104

@
1

Bone Marrow Ly6C"igh Monocyte
CD115 (MFI x10%)

"Vehicle  BAY

Bone Marrow LSK (x10%)
Bone Marrow MDP CD115 (MFI x10°)

Bone Marrow cMoP CD115 (MFI x10%)

04 A
Vehicle 0 Vehicle

"“Vehicle  BAY 0" Vehicle

BAY BAY BAY
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These panels represent data from one experiment. G Quantification of blood
Ly6C"e" monocyte numbers and CD115 expression after chronic vehicle or BAY-876
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expression after chronic vehicle or BAY-876 treatment. I Flow cytometry plots
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BAY-876 treatment. J, K Quantification of bone marrow hematopoietic progenitors
after chronic vehicle or BAY-876 treatment. L Quantification of surface CD115
expression by bone marrow MDPs and cMoPs after acute vehicle or BAY-876
treatment. Two-sided Mann-Whitney tests were used for statistical analysis. Data
are presented as mean values +/- SEM. See also Fig. S2. Source data are provided as
a Source data file.

Importantly, blood monocyte numbers were 5 times lower in BAY-
876-treated mice showing a dramatic and persistent decrease in blood
monocyte counts over the 4-week period of treatment (Fig. 4F). This
suggested that despite the significant decrease in circulating mono-
cyte numbers, the plaque size and macrophage content were main-
tained constant by alternative compensatory mechanisms. Thus, we
investigated whether BAY-876 triggered increased macrophage pro-
liferation in plaque. Ki67 staining was similar between control and BAY-
876 treatment (Fig. 4G) excluding increased local proliferation rates of
cells as compensatory mechanism to sustain monocyte and macro-
phage counts in the atherosclerotic plaques.

Glutl inhibition alters monocyte recruitment and
differentiation

BAY-876 treatment induced increased plasma CCL2 concentration
while TNFa level remained unchanged (Figs. S5A and S5A). This sug-
gested that monocyte CCR2-dependent chemotaxis could be specifi-
cally modulated by BAY-876 administration, while systemic
inflammation, assessed by TNFa concentration, remained equivalent.
Thus, we decided to investigate monocyte content in tissues using
positron emission tomography and computed tomography (PET/CT)
imaging to non-invasively detect CCR2 expression in vivo using a tar-
geted radiotracer (**Cu-DOTA-ECLI1i)*”. LdIR-deficient mice were fed a
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HCD and injected with BAY-876 for this purpose. Ex vivo biodistribu-
tion studies showed reduced **Cu-DOTA-ECLIi uptake at 1h post tail
vein injection in blood, further confirming the diminished monocyte
counts following BAY-876 injection (Fig. 5B). Several tissues including
spleen, liver, marrow and heart displayed similar patterns (Fig. 5B).
Although BAY-876 treatment did not influence CCR2" cell content in
other tissues such as lung, intestine, adipose tissue, kidney and muscle,
not a single tissue displayed increased monocyte content after BAY-
876 administration (Fig. 5B). Importantly, BAY-876 treatment led to
reduced CCR2 tracer uptake in the aortic arches of LAIR”" mice, where
CCR2" monocytes are recruited to promote the development of
atherosclerotic plaques (Fig. 5C), suggesting that monocyte recruit-
ment could be affected by Glutl pharmacological inhibition. We next
performed spectral flow cytometry analysis of aortas from HCD-fed
LdIR”" mice after BAY-876 treatment. We focused on CD11b* CD14"
myeloid cells in order to characterize monocyte and macrophage
content, identified by Ly6C and CD64 expression respectively
(Figs. 5D and S5B). Similar to our finding using PET/CT, we observed
reduced proportions of Ly6C" monocytes in aortas after BAY-876

treatment (Fig. SE, F). In contrast, proportion of CD64* macrophages
was unaffected by the treatment (Fig. 5F), an observation in agreement
with our histological analysis (Fig. 4C). These results suggest that the
rate at which monocytes are recruited and differentiate into macro-
phages might be affected by BAY-876 treatment, ultimately leading to
similar plaque macrophage content. We next investigated whether
changes in this differentiation pattern could affect the phenotype of
plaque macrophages. Monocytes are predicted to differentiate into
either CD9* foam cells or MHC-II" inflammatory macrophages after
entering plaques®. We thus analyzed CD9 and MHC-II expression in
CDl11b* CD14" aortic cells (Fig. 5G). We identified foam cells as CD11b*
CD14* CD64" CD11c* CD9" cells (Fig. S5B), and their abundance in
aortas was not affected by BAY-876 treatment (Figs. 5G and S5C).
However, MHC-II expression was lower in aortic macrophages from
BAY-876-treated mice (Fig. 5G, H). These results suggest that glucose
metabolism might regulate monocyte fate after recruitment.

To further characterize how BAY-876 treatment affected mono-
cyte maturation in response to inflammation, we performed a perito-
nitis assay based on intraperitoneal inoculation of 10 pg zymosan
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Fig. 5| Distribution of monocytes in BAY-876-treated mice. A Serum CCL2 levels
in LdIR”~ mice fed high cholesterol diet and treated with vehicle (n=10) or 4.5 mg/
kg/day BAY-876 (BAY) (n=10) for 4 weeks. Data pooled from two independent
experiments. B Biodistribution of ®*Cu-DOTA-ECLIi in LdIR”" mice fed high cho-
lesterol diet for 2 weeks and treated with vehicle (n =4) or 4.5 mg/kg/day BAY-876
(n=4) for 4 days. Data from one experiment. C Quantification of tracer uptake in
the aortic arch, as identified with the yellow arrows. Vehicle n=4, BAY-876 n=4.
Data from one experiment. D Uniform Manifold Approximation and Projection
(UMAP) representation of Ly6C and CD64 expression in aortic CD11b* CD14" cells
concatenated from LdIR”™ mice treated with vehicle or BAY-876. Data from one

experiment. E Representative proportions of Ly6C* cells in aortas from LdIR”" mice
treated with vehicle or BAY-876. Data from one experiment. F Abundance of
monocytes and macrophages in aortas from LdIR”" mice treated with vehicle (n =4)
or BAY-876 (n =5). Data from one experiment. G UMAP representation of CD9 and
MHC-II expression in CD11b* CD14" aortic cells from LdIR”™ mice treated with
vehicle or BAY-876. Data from one experiment. H Expression of MHC-II in aortic
macrophages from LdIR”" mice treated with vehicle (n =4) or BAY-876 (n=5). Data
from one experiment. Two-sided Mann-Whitney tests were used for statistical
analysis. Data are presented as mean values +/- SEM. See also Fig. S4. Source data
are provided as a Source data file.

(Z10), which triggers a rapid monocyte recruitment®. In order to avoid
perturbating the peritoneal space by intraperitoneal injections of BAY-
876, we took advantage of the oral bioavailability of this compound®
and treated the mice by gavage before inoculating Z10 intraper-
itoneally (Fig. S5D). We analyzed peritoneal cells the next day and
focused on CD11b* CD115" cells that did not express the small perito-
neal and large peritoneal macrophage markers CD226 and ICAM2,
respectively (Fig. SSE). Numbers of CD226 ICAM2 cells increased in
both vehicle and BAY-876-treated animals after Z10 treatment,
although these recruited cells were 50% less numerous in BAY-876-
treated mice (Fig. SS5F). Importantly, we observed a marked difference

between this 2-fold reduction in recruited cells compared to the 5-fold
reduction we observed in blood Ly6C"e" monocytes. We next analyzed
monocyte maturation via expression of Ly6C and MHC-II*?, and found
that Ly6C* MHC-II' and Ly6C MHC-II" cells were less numerous in BAY-
876-treated mice (Fig. SS5F). However, numbers of Ly6C* MHC-II" cells
were not affected by the treatment (Fig. SS5F). Overall, these results
confirm that Glutl inhibition impacts the differentiation trajectory of
recruited monocytes but does not prevent them from giving rise to
macrophages.

We next sought to functionally test how BAY-876 treatment
affects monocyte plaque recruitment. In order to track monocyte
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recruitment from blood to plaque and their intraplaque distribution,
we injected 1pm fluorescent red beads when we started BAY-876
treatment and 1 um fluorescent green beads 48 hours before harvest-
ing the aortas and hearts (Fig. 6A)***. Intraplaque red bead numbers
were similar between control and BAY-876-injected mice (Fig. S6A).
This observation indicates that similar numbers of blood monocytes
accessed the plaque at baseline in both experimental groups. Impor-
tantly, the mean distance of red beads to lamina was equal in vehicle
and BAY-876-treated animals, indicating that plaque size was similar at
the point of inhibitor administration (Fig. S6B). The mean distance
between the red beads and the vessel lumen was also comparable in
BAY-876 and vehicle injected mice (Fig. S6B). These results support
our previous histological observation that plaque area was not
modulated by BAY-876 administration (Fig. 4B). Taken together, this
set of data demonstrated that plaque growth was similar during the 4
weeks of BAY-876 treatment despite significantly lower circulating
monocyte numbers.

Surprisingly, and despite a 5-fold decrease in their circulating
monocytes, BAY-876-administered animals had numbers of green
beads in plaques similar to control mice, suggesting the recruitment of
a comparable number of monocytes (Figs. 6B and S6C). Their distance
to the vessel elastic lamina was similar in both experimental groups,
further supporting evidence that plaque area was not altered by BAY-
876 treatment (Fig. 6C). Since monocyte bead labeling efficiency was
similar in vehicle and BAY-876-injected mice, we calculated a recruit-
ment score based on plaque green bead content and blood monocyte

numbers (Fig. 6D). BAY-876 treatment strongly reduced blood
monocyte numbers while increasing their plaque entry. CCR2
expression, the main chemokine receptor involved in monocyte pla-
que recruitment, was increased in blood monocytes from BAY-876-
injected mice (Fig. 6E). We sought to define the precise kinetics of
CCR2 regulation in monocytes upon inhibition of glucose uptake. BAY-
876 injection triggered a rapid increase in CCR2 membrane expression
at 16 h post-administration (Fig. 6E). Blood monocyte numbers were
not statistically different at this early timepoint, although CDI15
downregulation was already detectable (Fig. S6D). Monocyte expres-
sion of CCR2 then progressively decreased to steady-state levels
(Fig. 6E). Importantly, CCR2 recycling was accelerated upon BAY-876
treatment (Fig. 6F). These data indicated that glucose metabolism
regulated CCR2 surface expression, at least in part, by modifying its
recycling rate. Thus, inhibiting glucose metabolism promoted mono-
cyte recruitment during atherosclerosis progression and increased
their CCR2 expression.

Glutl-dependent glucose uptake regulates CD115 expression
through glycosylation in murine and human monocytes

In immune cells, glucose integrates metabolic pathways feeding the
pentose phosphate pathway (PPP) and glycolysis. To decipher the
relative contribution of myeloid cell glycolysis to monocyte and
macrophage functions and the consequences on atherosclerosis
development, we generated Lyz2® x Pfkfb3" (PFKFB3*M) mice.
PFKFB3 is the rate-controlling enzyme in glycolysis®. We generated
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bone marrow chimeras by transplanting bone marrow from PFKFB3*™
or control Lyz2™ mice bearing a Rosa26-T74m gljele into lethally
irradiated atherosclerosis prone LdIR”" mice. Analysis of their blood
immune cell content revealed similar white blood cell counts (WBC),
neutrophil and monocyte numbers (Fig. S7A). Furthermore, we
observed that monocyte subset numbers were not modified in
PFKFB3*™ mice (Fig. S7A). Importantly, serum cholesterol, LDL cho-
lesterol, and HDL cholesterol levels were similar between both geno-
types (Fig. S7B). Glucose and TG concentrations were similar in control
and myeloid cell PFKFB3-deficient mice (Fig. S7B). After feeding the
mice for 12 weeks on high cholesterol diet, we performed athero-
sclerotic plaque analysis. Plaque area remained similar in control and
PFKFB3*™ atherogenic mice (Fig. S7C). Moreover, plaque macrophage
content (assessed by both Mac2 staining and TdTomato signal) and
necrotic core areas were also comparable in both genotypes (Fig. S7D,
E). To further assess the impact of PFKFB3-dependent glycolysis on
macrophage efferocytosis, we incubated peritoneal macrophages
obtained from control and PFKFB3*™ mice with labeled apoptotic cells.
Macrophages were pre-stimulated with either IL-4 (alternative activa-
tion) or LPS (classical activation) to rewire their metabolic configura-
tion. In untreated and IL-4 stimulated macrophages, efferocytosis rate
was similar in control and PFKFB3-deficient macrophages (Fig. S7F).
However, LPS-stimulated PFKFB3*M macrophages had improved
efferocytosis ability in comparison to control cells activated with LPS
(Fig. S7F). Thus, PFKFB3 appeared to reduce efferocytosis selectively in
inflammatory macrophages, which are known to activate glycolysis
upon LPS stimulation.

Because blocking Glutl-dependent glucose entry and limiting
glucose availability affected both CD115 and CCR2 expression on
monocytes, we decided to investigate whether CD115 and CCR2 were
both regulated by glucose independently or could be regulating each
other. We first analyzed CD115 expression in CCR2™* (CCR2"") mice®’
and double knock-in CCR2&™&" mice (CCR27") which lack functional
CCR2 protein, and did not observe significant difference between the
two genotypes (Fig. 7A). We next analyzed Csflr*"® mice, which lack
the genetic enhancer necessary for expression of CD115 in monocytes
and some resident macrophage populations®. Importantly, CCR2
expression was not affected by the absence of CD115 (Fig. 7B). Toge-
ther, these results rule out the hypothesis that CD115 and CCR2 might
be directly regulating each other.

We next asked whether a particular metabolic pathway of intra-
cellular glucose utilization could selectively control those molecules.
Namely, we aimed to define the contribution of the hexosamine bio-
synthetic pathway (HBP), glycolysis and PPP to CCR2 and CDI115 reg-
ulation in monocytes. BAY-876 treatment altered, at least partially,
monocyte glycosylation (Fig. 7C). BAY-876 administration reduced
Sambucus Nigra (SN) staining on monocytes while having no effect on
Wheat germ agglutinin (WGA) and phytohemagglutinin-L (PHAL)
(Fig. 7C). These data suggest that preventing glucose entry in mono-
cytes affected preferentially selective types of glycosylation rather
than reducing total glycosylation levels. Treatment with tunicamycin,
an inhibitor of the hexosamine biosynthetic pathway and glycosyla-
tion, decreased membrane CDI115 expression on blood monocytes,
similar to our observation with 2-DG and BAY-876 (Fig. 7D). This
observation suggested that glucose entry in the hexosamine biosyn-
thetic pathway plays a crucial role to sustain optimal monocyte CD115
expression. However, and in contrast to our data with BAY-876 and 2-
DG, tunicamycin did not increase surface monocyte CCR2 expression
(Fig. S8A). To further explore the role of the hexosamine biosynthetic
pathway, we used the O-GIcNAc transferase (OGT) inhibitor OSMI-1.
This resulted in CD115 downregulation to a level similar to tunicamycin
treatment (Fig. 7D). Inhibiting this pathway tended to promote CCR2
expression, although this did not reach statistical significance
(Fig. S8A). Targeting glutaminolysis with the inhibitor DON did not
impact CD115 or CCR2 expression, suggesting that glucose-dependent

regulations of this receptor occurred independently of glutaminolysis
(Figs. 7D and S8A). The analysis of blood monocytes in PFKFB3*™ mice
demonstrated an increased CCR2 expression, similar to our observa-
tions with BAY-876 (Fig. S8B). Therefore, glucose flux via PFKFB3
appeared as the regulator of monocyte CCR2 expression (Fig. S8B). In
contrast, PFKFB3-deficient monocytes had similar CD115 expression on
both Ly6C"" and Ly6C" subsets when compared to control
mice (Fig. 7E).

Finally, we also investigated PPP contribution to monocyte CD115
and CCR2 expression. To investigate the relative contribution of the
PPP to key monocyte and macrophage functions during athero-
sclerosis we used DHEA, a pharmacological inhibitor targeting
glucose-6-phosphate dehydrogenase (G6PD), a rate-limiting enzyme
controlling metabolic flux into this pathway (Fig. S8C). G6PD directs
glucose-6-phosphate into the PPP. Importantly, DHEA treatment had
no major impact on blood monocyte counts (Fig. S8D). Furthermore,
monocyte CD115 and CCR2 expression were unaffected following
DHEA administration (Fig. S8E). Finally, we analyzed plaque develop-
ment in LdIR” mice treated with the aforementioned inhibitor for 4
weeks. DHEA administration tended to reduce plaque size (Fig. SSF).
This observation supports a previous study demonstrating a protec-
tive effect of DHEA administration on atherosclerotic plaque devel-
opment in rabbits*. Moreover, DHEA treatment resulted in a reduction
of plaque necrosis (Fig. S8F), suggesting that directing glucose flux
towards the PPP in macrophages might tone down their efferocytosis
capacity. We thus complemented these observations with ex vivo
analysis of macrophage efferocytosis. Peritoneal macrophages were
treated for 12 h with BAY-876, G6PDi, and DHEA (two pharmacological
inhibitors of the initial PPP enzyme G6PD), and cells were then incu-
bated with labeled apoptotic thymocytes. Efferocytosis was not
modulated by BAY-876 treatment (Fig. S8G). However, G6PD inhibi-
tion by both G6PDi and DHEA led to increased macrophage effer-
ocytosis (Fig. S8G). Taken together, these observations revealed that
the PPP plays a key role in the ability of macrophages to uptake and
degrade apoptotic cells. We then took advantage of Shpk (sedo-
heptulose kinase) transgenic and deficient mice. Shpk is a key enzyme
in the PPP that has been shown to control glucose flux and macro-
phage activation'®. CD115 and CCR2 expression on Ly6C"¢" monocytes
were similar between control, Shpk-overexpressing (Shpk™*) and
Shpk-knockout (Shpk™) mice (Figs. 7D and S8H), suggesting that
glucose flux towards the PPP is not the main driver for CD115 and CCR2
regulation (Figs. 7F and S8H). Taken together, our data demonstrated
that monocyte CD115 expression is maintained by glucose and the
hexosamine biosynthetic pathway, while CCR2 expression shows an
independent and inverse regulation by glycolysis.

We next sought to validate our findings using human blood from
healthy donors. Whole blood was lysed and cultured overnight in the
presence of glucose metabolism inhibitors. Monocytes were then
identified by flow cytometry as CD14* CD88" cells (Fig. 7G). 2-DG and
tunicamycin treatments both negatively impacted CD115 expression
on human monocytes (Fig. 7H), while only 2-DG treatment triggered
CCR2 upregulation (Fig. S8I) confirming our murine data. Again, inhi-
bition of the PPP by G6PDi did not significantly impact CD115 nor CCR2
expression (Figs. 7H and S8I). Interestingly, while inhibition of PFKFB3
using the inhibitor AZ-PFKFB3-67 (AZ-PFK) did not impact CDI15
expression (Fig. 7H), it triggered a decrease in CCR2 expression
(Fig. S8I), a result opposite to our findings in murine PFKFB3-deficient
monocytes. These data clearly indicated a conserved regulation of
CD115 and CCR2 expression by glucose metabolism in mice and
humans, however, the precise mechanism of regulation might slightly
differ.

Discussion
In the present study we defined a key role of glucose on monocyte
behavior (Fig. S8J). Glucose metabolism has been shown to control
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B Quantification of CCR2 expression on blood monocytes from CsfIr'" (n = 3) and
CsfIr*™E (n = 3) mice. Data representative of three independent experiments.

C Analysis of surface glycosylation on spleen Ly6C"8" monocytes incubated
overnight with vehicle (SN and WGA n=7, PHAL n = 6) or BAY-876 (BAY) (SN and
WGA n=7, PHAL n = 6). Data pooled from two independent experiments.

D Quantification of CD115 expression on blood monocytes (from n =6 mice)
incubated with vehicle, 2-DG, tunicamycin, OSMI-1 or DON. Data pooled from two
independent experiments. E Quantification of surface CD115 expression by blood
monocytes from control (PFKFB3"", n=12) and PFKFB3*" (Lyz2“** x PFKFB3"",
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lysis in (D), (F), and (H). A two-way ANOVA with Sidak’s multiple comparisons test
was used in (E). Data are presented as mean values +/- SEM. See also Fig. S6.
Source data are provided as a Source data file.

macrophage activation and functions including their ability to engulf
and digest apoptotic cells'*". Importantly, genetic Glutl ablation in
myeloid cells (Lyz2* x Slc2aI™ mice) triggered a slightly decreased
blood monocyte number'®. How precisely intracellular glucose hand-
ling is involved in this process remains to be defined. Of interest, BAY-
876 administration diminished even further monocyte numbers in
comparison to the aforementioned genetic model. However, despite
the strong decrease in blood monocyte numbers, BAY-876-treated
mice had similar plaque area as vehicle-injected animals. This obser-
vation is in line with data obtained using bone marrow transfer of
LyzZ® x Slc2al™™ mice into LAIR”" atherogenic mice'* . During
atherosclerosis development, intracellular glucose metabolism sup-
ports plaque apoptotic cell removal by macrophages'*“. In the present
study we demonstrated that preventing Glutl-dependent glucose
internalization strongly reduced blood monocyte counts while
increasing their CCR2 expression and increasing their plaque recruit-
ment. This compensatory mechanism could compensate for monocyte
loss and contribute to plaque growth. Furthermore, our data suggest
that monocyte to macrophage differentiation is regulated by glucose
flux. Additional studies are required to precisely define whether glu-
cose intracellular metabolism favors or represses the generation of
specific monocyte-derived macrophages at steady-state and upon
acute or chronic inflammation. Previous study demonstrated that CSF1
triggers increased glucose uptake in bone marrow-derived
macrophages’®, supporting the significance of glucose metabolism

to macrophage maturation. Mechanistically, CSF1 induced increased
membrane Glutl expression on macrophages*.

How precisely glucose flux is involved in the control of monocyte
migration remains to be defined. Upon internalization, glucose could
be metabolized into three major pathways, namely glycolysis, the
pentose phosphate pathway and hexosamine biosynthetic pathway.
Recent studies aimed to define the role of myeloid cell glycolysis in
atherosclerosis development. Myeloid cell PFKFB3 haplodeficient
ApoE”" mice displayed a reduced plaque size in comparison to
PFKFB3-sufficient control animals*’. However, myeloid cell selective
deletion of PFKFB3 in atherogenic LdIR”" mice (Lyz2" x Pfkfb3"" x
Ldlr’~ mice), a key enzyme involved in the glycolysis pathway, has no
impact on plaque area”. The necrotic core area was also similar
between Lyz2 x Pfkfb3"" x Ldlr”~ and control mice*. Our data support
these observations (Fig. S7), but we also observed an increased
monocyte CCR2 expression in PFKFB3-deficient monocytes (Fig. S8B).
Therefore, glycolysis might negatively control monocyte migration.
How precisely PFKFB3-dependent glucose flux regulates monocyte
CCR2 expression and what are the pathophysiological consequences
of this regulation require further investigations.

In humans, PFKFB3 expression was associated with unstable
plaques*‘. Furthermore, in advanced plaques, PFKFB3 expression
colocalized with macrophage CD68 staining and a positive correlation
was established between PFKFB3 expression and necrotic core area**.
These data suggested a potential involvement of PFKFB3-dependent
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glycolysis to macrophage efferocytosis. While the necrotic core area
was similar in PFKFB3*™ and littermate atherogenic mice (Fig. S7E), we
observed that LPS-treated PFKFB3-deficient peritoneal macrophages
had increased efferocytosis index in comparison to PFKFB3-sufficient
cells (Fig. S7F). These data suggest that PFKFB3-dependent glucose
flux could negatively regulate efferocytosis, in particular during mac-
rophage inflammatory responses. A recent study revealed that
glycolysis-derived lactate promoted the expression of key effer-
ocytosis receptors (MerTK and LRP1) on macrophages®. The authors
reported that PFKFB2 played a key role in sustaining macrophage
efferocytosis*. Thus, PFKFB2 and PFKFB3 could differently contribute
to lactate generation and efferocytosis depending on macrophage
activation state and the local microenvironment. Our data also
revealed that pharmacologic G6PD-inhibiton also increased macro-
phage efferocytosis (Fig. S8G). Therefore, glucose flux into the PPP is a
crucial regulator of macrophage efferocytosis.

Using a starvation approach, we explored associations between
nutrient availability and blood monocyte counts. Our data are in
agreement with recent findings demonstrating that acute (4 h) and
prolonged (20 h) fasting led to decreased blood Ly6C™ monocyte
counts?. Additionally, it was established that chronic caloric restric-
tion triggered memory T cell accumulation inside the bone marrow
compartment at the expenses of blood and peripheral tissues*.
Importantly, our data indicates that glycemia is the main metabolic
parameter regulating monocyte homeostasis and CDI15 expression.
Our analyses suggested that monocytes are mainly glycolytic and fail
to switch towards mitochondrial metabolism upon glucose depriva-
tion and this likely triggers their death and limits their numbers. The
precise mechanism why monocytes are poor to adapt their metabo-
lism from glucose to additional substrates utilization remains to be
investigated. How starvation affects monocyte Glutl-mediated glucose
transport remains to be elucidated. Indeed, glucose transport is
regulated by the number of glucose transporters on the cell membrane
and by the affinity of the transporters for glucose.

Pharmacologically targeting Glutl triggered a rapid decrease of
CD115 expression on monocytes and their progenitors, while mono-
cyte CCR2 membrane expression was increased. Glutl inhibition
rapidly impacted mature monocytes, while longer treatments also
affected myelopoiesis and impaired monocyte generation. Never-
theless, we cannot exclude that BAY-876 treatment might impact other
immune or stromal cells. Interestingly, we found that PFKFB3-
dependent glycolysis and G6PD-dependent flux into the PPP were
not involved in CD115 expression regulation on monocytes (Figs. 7F
and S8E). However, pharmacologic inhibition of the hexosamine bio-
synthetic pathway massively reduced monocyte CDI115 expression
(Fig. 7D). CD115 contains a heavily glycosylated extracellular ligand-
binding domain®’. How precisely glucose flux through the hexosamine
biosynthetic pathway affects CD115 internalization, degradation and
cell-surface export remains to be established. Furthermore, to define
the N- and O-glycosylation sites involved in CD115 recycling in mono-
cytes could allow to better apprehend the precise function of this
receptor.

Lastly, we tested whether our findings were applicable to human
biology. Similarly to our observations on murine monocytes, glucose
metabolism and in particular the hexosamine biosynthetic pathway,
but not glycolysis or the PPP, supported CD115 surface expression.
Although 2-DG treatment also promoted CCR2 expression on human
monocytes, we found that it was dampened by inhibition of PFKFB3-
dependent glycolysis. This highlights glycolysis as an important reg-
ulator of CCR2 expression, although the precise mechanisms might
differ between species. Together with the role played by PFKFB3 on
efferocytosis, our results suggest that PFKFB3-mediated glycolytic flux
in myeloid cells might be an important factor in determining plaque
evolution and stability. Glucose lowering therapies showed so far
limited success in CVD patients*®. Our data reveal a potential new

compensatory mechanism. Indeed, lowering glucose concentration
reduced monocyte numbers but increased their CCR2 expression
which could facilitate their lesion recruitment. Thus, combining glu-
cose lowering with therapy aiming to finely tune monocyte migration
could significantly improve CVD outcome.

Study limitations

In this study, we report the selective contribution of intracellular glu-
cose metabolism pathways to monocyte homeostasis at steady state
and in the context of atherosclerosis development. Our findings rely in
part on pharmacological inhibition of Glutl, the main glucose trans-
porter in myeloid cells. The caveat of this approach is Glutl inhibition
on other cell types such as endothelial cells or smooth muscle cells.
Glycolysis regulates endothelial cell functions*’, and modulating their
glucose metabolism could potentially affect monocyte chemotaxis
and recruitment to plaques. Whether Glutl inhibition on endothelial
cells is responsible for serum CCL2 accumulation remains to be
established. Curiously, overexpressing Glutl on smooth muscle cells
increases their CCL2 production which promotes monocyte recruit-
ment and atherosclerosis progression®™. It appears unlikely that Glutl
inhibition would phenocopy Glutl overexpression in smooth muscle
cells, especially since they express several other glucose transporters®..
Additional use of pharmacological inhibitors in vitro, in combination
with genetic models in vivo, allowed to decipher the role of glucose
metabolization through different intracellular metabolic pathways.
While our in vitro data indicate that the hexosamine biosynthetic
pathway strongly regulates monocyte biology, the relevance of this
pathway remains to be addressed in vivo using appropriate genetic
models. To our knowledge those genetic models were not yet gener-
ated. Indeed, monocytes and macrophages are highly impacted by
their local microenvironment which cannot be adequately mimicked
using in vitro approaches. Our in vivo genetic targeting of PFKFB3
relies on Lyz2°"® expression, which is not restricted to monocytes nor
macrophages. Whether PFKFB3 deletion could affect the functions of
other cells such as neutrophils remains to be established. Our obser-
vations could be complemented by use of additional models restricted
to monocytes or neutrophils (Ly6G mice).

Methods

The present research complies with all relevant ethical regulations.
Human participants provided written informed consent through the
Centre Hospitalier Universitaire de Nice. All animal procedures were
approved by local ethical committees as listed below.

Experimental models

Mouse models. Wild-type C57BL/6) (Jax #000664), CX3CR1&? (B6.Cg-
Ptprca Cx3cr1™HtLitd jax # #008451), Lyz2° (B6.129P2-[ yz2mieroo))
Jax #004781), R26™™mt (B6.Cg-Gt(ROSA)26S0r ™ CAGtdTomatotze )y - jay
#007909), and LdIR"" (B6.129S7-LdirtmlHer/), Jax #002207) mice
used in this study were maintained under C57BL/6) background and
originally purchased from Janvier Labs. PFKFB3"* mice** were kindly
provided by Dr. Peter Carmeliet and crossed to Lyz2® mice. Shpk
mouse strains were in a C57BL/6N background and heterozygote Shpk
overexpressing transgenic mice (Shpk™*) were developed in the
Haschemi Lab. For this purpose, mouse Shpk mRNA coding sequence
(NM_029031.3) was cloned into pCAGGS plasmid® (GenBank:
LT727518.1, kindly provided by the BCCM/LMBP Plasmid collection)
and sequence integrity was verified by DNA sequencing. The transgene
(insert) was generated using Sal I and HIND III restriction sites with a
total size of 3.7 kB, including regulatory elements. Transgenic animals
were successfully generated with the help of Thomas Riilicke (Uni-
versity of Veterinary Medicine Vienna) and Biomodels Austria by pro-
nuclear transgene microinjection using fertilized mouse embryos of
the C57BL/6N background. The Shpk”~ mouse strain (RRID:
MMRRC_043666-UCD) was obtained from the MMRRC at University of
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California at Davis and was donated by Kent Lloyd, D.V.M., University
of California, Davis. CCR2°® mice®”” (B6(C)-Ccr2tml.1CIn/), Jax
#027619) were provided by Dr. Marco Colonna. Csflr*™® mice® were
provided by Dr. David Hume to Dr. Marc Bajénoff, and both
researchers kindly agreed to share the mice with our group. Experi-
mental and control animals were co-housed, and littermate controls
were used as often as possible. Animals of mixed sex and similar age
(7-12 weeks old) were used within each cohort. Since we did not
observe any sex-specific phenotypes, we decided to group data from
male and female mice together in experiments where mice of both
sexes were used. All mice were bred and housed in specific pathogen-
free conditions maintained in facilities in the Mediterranean Center of
Molecular Medicine (INSERM U1065, Université Cote d’Azur),
Washington University in Saint Louis animal facility, the University of
Minnesota Medical School Research Animal Resources facility, the
Medical University of Vienna animal facility or the Centre d'Immuno-
logie de Marseille Luminy facility. An ambient temperature of
~20-23°C was maintained, with a 12/12-h light/dark cycle and food
available ad libitum. Animals were euthanized by cervical dislocation.
Animal protocols required for experimentation other than organ col-
lection were authorized by the French Ministry of Higher Education
and Research upon approval of the local ethical committee (CIEPAL
Azur) at Université Cote d’Azur, and by the Institutional Animal Care
and Use Committee (IACUC) at Washington University in Saint Louis
and University of Minnesota Medical School.

Human samples. Veinous blood collection was supervised and per-
formed by the Centre Hospitalier Universitaire de Nice on healthy
donors who provided informed consent. Samples consist of peripheral
blood from 6 women and 5 men, all aged 22 to 30 years old. Data from
males and females were grouped since no sex-specific phenotypes
were observed.

Genotyping

DNA was extracted from ear biopsies by incubation with 50 mM NaOH
for 30 min at 95 °C. DNA was amplified by PCR using DreamTaq Green
PCR Master Mix (2X) (Thermo Scientific) and primers indicated in Sup-
plementary Table 1. PCR products were visualized on a 2% agarose gel.

Atherosclerosis induction

To promote atherosclerosis progression, LdIR”™ mice were fed high
cholesterol diet (TD88137, Sniff) for the duration indicated on figures
or in figure legends. For bone marrow transplant experiments, LdIR™”
mice were irradiated with 7 Gy of X-rays, transplanted the next day
with freshly extracted bone marrow and allowed to rest for 4 weeks
before starting western diet.

In vivo treatments

Administration of pharmacological inhibitors. BAY-876 (MedChem-
Express #HY-100017) and DHEA (Sigma #252805) were solubilized in
DMSO and further diluted in 0,5% Methylcellulose for intraperitoneal
injections. Mice in control groups received an equivalent dose of
DMSO diluted in 0.5% Methylcellulose. Doses are indicated in the
corresponding figure legends.

Monocyte tracking assay. LdIR”" mice on high cholesterol diet were
injected with red or green (Fluoresbrite® YG Microspheres, poly-
sciences #17154) 1 pum fluorescent beads (diluted Y4 in PBS) at time-
points indicated in figure legends. Bead presence in plaques was
assessed by fluorescence microscopy. Monocyte recruitment score
was calculated as (number of beads per section)/(number of blood
Ly6C"s" monocytes).

Zymosan-induced peritonitis. C57BL/6) mice were administered
vehicle or BAY-876 by oral gavage (4.5 mg/kg/day) for 4 days before

receiving an intraperitoneal injection of 10 pg zymosan solubilized in
100 pL PBS and analyzed the next day.

Flow cytometry

Tissues were harvested after cervical dislocation and washed in PBS.
Splenocytes were prepared by gently crushing the spleen on a 70 pm
strainer in flow buffer (PBS containing 1% BSA and 2 mM EDTA). Peri-
toneal cells were obtained by performing lavage with 5 mL flow buffer.
Aortas were washed and carefully dissected to remove surrounding
adipose tissue, before being digested using 100 pg/mL DNAse I and
300 pg/mL Liberase™ TL (Roche). Bone marrow cells were prepared
by flushing femurs and tibias with flow buffer. Blood was drawn from
the submandibular vein and collected in heparinized tubes or Eppen-
dorf tubes containing 15 pl 500 mM EDTA. Leukocytes were counted
using a veterinary hematology analyzer (Exigo H400). Red blood cells
were lysed from all single cell suspensions using BD Pharm Lyse lysing
solution (BdBiosciences cat #555899). Cells were washed with PBS,
stained with violet Live/Dead fixable viability dye (Thermofisher cat
#1.34955), washed in flow buffer and then stained. For intracellular
staining, cells were fixed and permeabilized using Miltenyi
Foxp3 staining buffer (cat #130-093-142). For CCR2 staining in Fig. 6l,
blood was collected in heparin tubes and then incubated at 37 °C for
the indicated time before staining. All antibodies were used 1/200. A
list of all antibodies used is provided in Supplementary Table 2. Flow
cytometry data were acquired using a BD FACS Canto Il and a Cytek
Aurora cytometer with 5 laser configuration. All analyses, including
unsupervised t-SNE analysis, were performed using FlowJo software
(Tree Star).

Metabolite analyses

Colorimetric quantification of metabolites. Glycerol, TG, and NEFA
contents were measured from serum. Free glycerol reagent and stan-
dard were used according to the manufacturer’s protocol. NEFA-HR2
R1+R2 FUJIFILM were used according to the manufacturer’s protocol.
Glucose, cholesterol, carnitin, and ketone body levels were measured
using a Mindray analyzer.

Seahorse

For Seahorse metabolic analysis, 1 x 10° bone marrow cells from wild-
type mice were plated in a Seahorse Bioscience culture plate and cul-
tured in RPMI medium containing 10% FBS, 2 mM L-Glutamine, 50 U/
mL Penicillin, 50 pg/mL Streptomycin and 50 ng/mL recombinant
murine M-CSF. Medium was changed after 3 days. On the 7th day of
culture, medium was refreshed (without M-CSF) and cells received a
1-h pre-treatment with BAY-876 (50 ng/mL) or vehicle before being
stimulated (or not) by addition of 100 ng/mL LPS. Six hours post LPS
stimulation, medium was replaced with Seahorse assay medium, cells
were incubated at 37 °C in the absence of CO, for 45min and then
placed in the XF96 Seahorse analyzer. OCR and ECAR were measured
using the glycolysis stress test procedure consisting of successive
treatment with glucose (10 mM), oligomycin (1 M) and finally 2-DG
(50 mM). Biological replicates were used in each experiment.

SCENITH analysis

The method was performed as described in ref. 23. SCENITH reagents
kit (inhibitors, puromycin, and antibodies) were obtained from www.
scenith.com/try-it and used according to the provided protocol for
ex vivo analysis of myeloid cells. Blood was collected in heparinized
tubes by submandibular bleeding. Whole blood was incubated at 37 °C
for 30 min with Puromycin (10 pg/mL) and either Control, 2-Deoxy-D-
Glucose (100 mM), Oligomycin (1 uM), 2-Deoxy-D-Glucose + Oligomycin
or Harringtonine (2 ug/mL). Red blood cells were then lyzed using cold
BD Pharm Lyse buffer. Cells were first stained with Live/Dead fixable
viability dye, washed, and incubated with Fc Block (2.4G2, BioXcell)
before surface staining. Cells were fixed and permeabilized using Foxp3
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fixation/permeabilization buffer (Miltenyi) and then stained with anti-
Puromycin (Alexa Fluor 647). Cells that were not incubated with Pur-
omycin were used as a negative control for anti-Puromycin signal. Cells
that received surface staining but no anti-Puromycin staining (full minus
one) were used to measure subset-specific autofluorescence in the
AF647 channel, and this background signal was subtracted. Glucose
dependence, Mitochondrial dependence and Glycolytic capacity were
calculated as previously described®.

Ex vivo glucose uptake assay

Blood was collected in heparinized tubes by submandibular bleeding.
Whole blood was incubated at 37 °C for 15 min with 2-NBDG (Ther-
mofisher cat# N13195) and then directly put on ice. 2-NBDG uptake was
assessed by flow cytometry. Cells that were not incubated with 2-NBDG
served as a negative control.

Ex vivo lectin assay

Wild-type mice were treated with vehicle of BAY-876 intraperitoneally.
Twenty-four hours later, whole blood was drawn from the sub-
mandibular vein, red blood cells were lysed and cells were stained at
37 °C for 15 min with 10 mg/mL biotinylated lectins in RPMI medium
containing 1 mg/ml BSA. Lectins were from Vector labs. After washing,
cells were incubated with PE-conjugated streptavidin for 15 min toge-
ther with anti-CD11b, CD115, and Ly6C and analyzed by flow cytometry.

In vitro cell treatments

Spleens or blood from CX3CRI®" mice were harvested and gently
crushed in a 70 pm sieve to isolate cells. Red blood cells were lysed and
1 x 10° splenocytes were used for the experiment. For analysis of
human monocytes, veinous blood was drawn from healthy human
volunteers and peripheral blood mononuclear cells were isolated
using Ficoll-Paque™ PLUS (Cytiva). Cells were treated overnight in
RPMI medium (containing 10% FBS, 2 mM L-Glutamine, 50 U/mL
Penicillin, 50 pg/mL Streptomycin) containing vehicle, Tunicamycin
(0.2 pg/mL), 2-DG (10 mM), DON (1puM) or OSMI-I (25 uM), G6PDi
(0.5 pM) or AZ-PFKFB3-67 (0.1 uM). For efferocytosis experiments, 1 x
10° peritoneal cells were left to adhere for 6 h, washed and treated
overnight with vehicle, LPS (100 ng/mL), IL-4 (20 ng/mL), G6PDi
(0.5 uM) or DHEA (1 uM).

Efferocytosis

Thymii from C57BL/6) mice were harvested and mechanically dis-
sociated. Cells were filtered on 70um nylon filters (Falcon), pelleted
and resuspended in RPMI medium supplemented with 10% FBS.
Apoptosis was induced by UV exposure at 312 nm for 10 min. The cells
were maintained in culture for additional 2 h. Apoptotic cells were
labeled with CellTrace™ Violet Cell Proliferation kit (ThermoFisher)
according to the manufacturer’s instructions. Labeled apoptotic cells
were washed twice with PBS before use. The stained apoptotic cells
were added at a 5:1 ratio on plated macrophages for 30 min. Cells were
washed 3 times and macrophages were stained and analyzed for
apoptotic cell content by flow cytometry.

ELISA assays

Blood was collected by submandibular bleeding to prepare serum.
Serum was kept at —20 °C until further analysis. CCL2 and TNFa levels
were measured using R&D kits (cat # DY479 and DY410, respectively).

Histology and immunostaining

Mouse hearts were perfused through the left ventricle with PBS, har-
vested and fixed overnight in 4% paraformaldehyde and 30% sucrose
solution. Hearts were then washed with PBS and embedded in OCT.
Sections of 10 um were cut using the cryostat CM350 and mounted on
Superfrost Plus slides (Thermo Scientific). Sections were preserved at
—-20°C until further analysis by hematoxylin and eosin staining,

Masson’s trichrome stain or immunofluorescence using DAPI and
Mac2 (Cedarlane cat# CL8942AP, used 1/5000) detected with Cy3-
conjugated secondary antibody (Jacksonimmuno cat# 212-165-104).

Positron emission tomographic imaging/computed
tomography (PET/CT) and post-PET biodistribution of
%Cu-DOTA-ECLIi

For PET/CT, 45 to 60 min dynamic scan was performed after injection
of **Cu-DOTA-ECLIi (3.7 MBq in 100 pL saline) via tail vein with Inveon
PET/CT system (Siemens, Malvern, PA). The PET images were recon-
structed with the maximum a posteriori algorithm and analyzed by
Inveon Research Workplace. The organ uptake was calculated as per-
cent injected dose per gram of tissue in 3-dimensional regions of
interest without the correction for partial volume effect. Right after
PET/CT, the mice were euthanized by cervical dislocation. Organs of
interest were collected, weighed, and counted in a Beckman
8000 gamma counter (Beckman, Fullerton, CA). Standards were pre-
pared and measured along with the samples to calculate the percen-
tage of the injected dose per gram of tissue.

Statistical analysis

All data are represented in mean + SEM. Statistical analysis was per-
formed with GraphPad Prism 10 as indicated in each figure legend.
Presence of statistically significant differences between conditions are
indicated as follows: ns p>0.05; *p<0.05; *p<0.01;, **p<0.001;
**p < 0.0001.

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

Data availability

No new transcriptomic, proteomic or metabolomic datasets were
generated during the study. All data supporting the findings of the
study are presented in the main manuscript or in the supplementary
information files. Requests relative to the flow cytometry and imaging
data presented herein should be directed to corresponding authors
(Stoyan.lvanov@univ-cotedazur.fr or Alexandre.Gallerand@univ-
cotedazur.fr) due to still-ongoing analysis for further exploitation of
the data. Access to our data shall be granted permanently to
researchers who provide written research aims and are affiliated with a
recognized institution. We aim to answer and provide access to
requested data within 30 days. Source data are provided with
this paper.
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