Cell Metabolism

Endothelial Lactate Controls Muscle Regeneration
from Ischemia by Inducing M2-like Macrophage
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e Endothelial loss of pfkfb3 impairs ischemic muscle
revascularization and regeneration

e EC-derived lactate instructs MCT1-dependent macrophage
functional polarization

e Lactate-polarized macrophages promote muscle
revascularization and regeneration

e Restoring lactate levels improves macrophage polarization
and recovery from ischemia
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In Brief

Endothelial cells (ECs) critically control
muscle recovery from ischemia by
secreting lactate. Angiocrine lactate is
taken up and oxidized by macrophages in
an MCT1-dependent fashion. Lactate-
mediated macrophage polarization
promotes revascularization and muscle
regeneration. Consequently, EC-specific
loss of pfkfb3 lowers muscle lactate
levels and impairs muscle recovery from
ischemia.
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SUMMARY

Endothelial cell (EC)-derived signals contribute to organ regeneration, but angiocrine metabolic communication
is not described. We found that EC-specific loss of the glycolytic regulator pfkfb3 reduced ischemic hindlimb
revascularization and impaired muscle regeneration. This was caused by the reduced ability of macrophages
to adopt a proangiogenic and proregenerative M2-like phenotype. Mechanistically, loss of pfkfb3 reduced lactate
secretion by ECs and lowered lactate levels in the ischemic muscle. Addition of lactate to pfkfb3-deficient ECs
restored M2-like polarization in an MCT1-dependent fashion. Lactate shuttling by ECs enabled macrophages
to promote proliferation and fusion of muscle progenitors. Moreover, VEGF production by lactate-polarized mac-
rophages was increased, resulting in a positive feedback loop that further stimulated angiogenesis. Finally,
increasing lactate levels during ischemia rescued macrophage polarization and improved muscle reperfusion
and regeneration, whereas macrophage-specific mct1 deletion prevented M2-like polarization. In summary,
ECs exploit glycolysis for angiocrine lactate shuttling to steer muscle regeneration from ischemia.

Context and Significance

Skeletal muscle regeneration from ischemia is coordinated by strictly timed interactions between several cell types. These in-
teractions are poorly understood but can lead to the development of therapies for regenerative medicine or peripheral artery
disease. Zhang et al. show that endothelial cells (the main cell type of blood vessels) play a crucial role during muscle regener-
ation. Besides restoring oxygen and nutrient supply, endothelial cells directly control the function of macrophages (specialized
immune cells) by releasing lactate. Endothelial cell-derived lactate is taken up by macrophages via the MCT1-lactate trans-
porter. Upon lactate stimulation, macrophages actively support the formation of new muscle fibers and further stimulate blood
vessel formation. Our findings imply that endothelial cells use lactate to actively control muscle regeneration.
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INTRODUCTION

Endothelial cells (ECs) cover the inner wall of blood vessels and
act as gatekeepers of metabolism by adapting oxygen and
nutrient delivery to the metabolic needs of tissues through angio-
genesis (Adams and Alitalo, 2007; Potente et al., 2011). Recent
studies have indicated that ECs possess specific metabolic
characteristics (Fitzgerald et al., 2018; Potente and Carmeliet,
2017). Even under quiescent conditions, ECs generate the ma-
jority of their energy via the glycolytic conversion of glucose to
lactate (Culic et al., 1997; De Bock et al., 2013; Krutzfeldt
et al., 1990). In addition, ECs further upregulate glycolysis to
fuel migration and proliferation during angiogenesis. The in-
crease in glycolysis upon EC activation is mediated by the glyco-
lytic regulator phosphofructokinase-2/fructose-2,6-bisphospha-
tase isoform 3 (PFKFB3) (De Bock et al., 2013; Schoors et al.,
2014). Deletion of pfkfb3 in ECs (pfkfb3AEC) prevents blood
vessel growth during development as well as in various models
of pathological angiogenesis (Cantelmo et al., 2016; De Bock
et al., 2013; Schoors et al., 2014; Xu et al., 2014). Although the
exact reasons for the dependence of ECs on glycolysis remain
to be fully elucidated, it has been hypothesized that high glycol-
ysis would support efficient oxygen transfer to surrounding tis-
sues or allow ECs to rapidly invade avascular and hypoxic areas
during vessel formation. However, whether ECs exploit glycol-
ysis to engage in metabolic crosstalk with other cells within their
microenvironment is unknown.

It has become increasingly recognized that ECs also regulate
tissue homeostasis in an angiogenesis-independent manner
through the production and release of angiocrine factors. Those
factors are actively involved in the maintenance as well in the
activation, specification, and guidance of organ regeneration,
often in an organotypic and context-dependent manner (Au-
gustin and Koh, 2017; Rafii et al., 2016). For instance, angio-
crine growth factors promote liver and lung regeneration by
orchestrating self-renewal and differentiation of tissue-specific
resident stem and progenitor cells into functional organs
(Ding et al., 2010; Ding et al., 2011; Hu et al., 2014; LeCouter
et al., 2008). Angiocrine signals also ensure neuronal stem
cell quiescence (Delgado et al., 2014; Ottone et al., 2014), while
during regenerative neurogenesis, they promote neuronal
stem cell proliferation, activation, and differentiation (Rafii
et al., 2016).

Skeletal muscle is a highly vascularized tissue and is charac-
terized by a remarkable capacity for regeneration (Almada and
Wagers, 2016; ltagaki et al., 1995). Muscle regeneration is
dependent on the activation and proliferation of resident mus-
cle stem cells that give rise to a population of proliferating
myogenic progenitor cells (MPCs) (Almada and Wagers,
2016). A subset of these MPCs self-renews to replenish the
muscle stem cell pool, whereas the other MPCs enter
myogenic differentiation and fuse with each other or with re-
maining myofibers to repair the damaged muscle (Yin et al.,
2013). This sequence of events is coordinated by strictly timed
cellular interactions between several cell types within the mus-
cle microenvironment, including macrophages (Bentzinger
et al., 2013). Macrophages initially exhibit a more pro-inflam-
matory M1-like phenotype but soon thereafter functionally
repolarize toward an M2-like phenotype to actively support
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muscle regeneration (Arnold et al., 2007). Blood vessels also
undergo profound alterations during muscle regeneration (La-
troche et al., 2015a; Latroche et al., 2015b), and this is partic-
ularly true after ischemia-induced muscle damage, where mus-
cle regeneration coincides with the formation of new blood
vessels. Angiogenesis restores oxygen and nutrient delivery
to the regenerating muscle tissue (Adams and Alitalo, 2007; Po-
tente et al., 2011), and angiocrine growth factors promote the
proliferation of muscle progenitor cells (Arsic et al., 2004; Bor-
selli et al., 2010; Latroche et al., 2017). ECs also control macro-
phage differentiation and maturation via angiocrine Notch
signaling to promote arteriogenesis during hindlimb ischemia
(Krishnasamy et al., 2017). However, whether ECs engage
into metabolic angiocrine crosstalk to control ischemia-induced
muscle regeneration is unknown.

Here, we show that ECs exploit their glycolytic capacity to
steer muscle regeneration during ischemia. Upon EC activation,
the angiocrine release of lactate, the main metabolic product of
glycolytic glucose catabolism, initiates a lactate shuttle that pro-
motes an MCT1-dependent oxidative switch in macrophages
and instructs their polarization toward a pro-regenerative M2-
like phenotype. These macrophages promote muscle regenera-
tion by stimulating the proliferation and differentiation of MPCs.
Moreover, lactate-polarized macrophages also upregulate the
expression of vascular endothelial growth factor (VEGF), thereby
creating a positive feedback loop that further stimulates
angiogenesis.

RESULTS

PFKFB3 Controls Glycolysis in Muscle ECs

To study the metabolic angiocrine properties of ECs, we
generated pfkfb3->FL>*F mice and intercrossed them with EC-
specific inducible pdgfb-CreFR™? mice (Claxton et al., 2008),
hereafter referred to as pfkfb3“EC mice (Figure 1A). Ten days af-
ter the last tamoxifen injection, we isolated ECs from calf muscle
(m. gastrocnemius and m. soleus) (MECs) and confirmed a
decrease in pfkfb3 mRNA levels in mECs from pfkfb3*EC mice
(hereafter termed mECs*P™™®3) when compared to mECs iso-
lated from pfkfb3"T mice (hereafter termed mECs""). This re-
sulted in an almost complete loss of PFKFB3 protein content
(Figures S1A and S1B). Loss of endothelial pfkfb3 did not affect
baseline muscle vascular density (Figures S1C and S1D) nor did
it affect the number of CD31*CD45~ mECs (Figure S1E). Isolated
mECsP™™®3 showed lower extracellular acidification rate (ECAR)
(Figure S1F) and a reduction in glycolytic flux (Figure S1G),
consistent with previous data using short-hairpin-mediated
knockdown of pfkfb3 in human umbilical vein endothelial cells
(De Bock et al., 2013). Collectively, these data demonstrate
that PFKFB3 controls glycolysis in mECs.

Deletion of Endothelial pfkfb3 Impairs Hindlimb
Ischemia (HLI)-Induced Revascularization

To induce hindlimb ischemia (HLI), we ligated the femoral artery,
which leads to reduction of blood flow by >80%, causing pro-
found ischemia-induced muscle damage. This damage is fol-
lowed by robust revascularization and muscle regeneration,
leading to full recovery of muscle function after four weeks (Lim-
bourg et al., 2009; Zhang et al., 2017) (Figure 1A). Laser Doppler

Cell Metabolism 37, 1136-1153, June 2, 2020 1137




¢ CelPress Cell Metabolism

OPEN ACCESS

A

w
(9}

pdgfb-Creer™ pfkfb3LoxPiox

X “ H" 'H 5 1_?100—_0_pfkfb3WT
IoxP  loxP £
Eg _é % 75 —o— pfkfb3:EC .
S 3.2
pfkfb3EC ﬁQ ; b é
* S 2 504
2%
¢
Tamoxifen HLI laser doppler imaging o E%’ 25 |
S = g
[50) 2
w LR £
-14 10 01 3 7 1014182128" B 0 10 20 30
days after HLI L) days after HLI

D E

necrotic toes/paw
oo m2
01 W3

-

o

o
1

pfkfb3VT

~
(6]
1

<

distribution (%)
n
o
1

N
[6,]
1

pfkfb3HEC

pfk)%3 WT AEC CD31 Ki67 hoescht

G H [
[ before | 28d | ___

o
o
1

pfkfb3WT
2
()]
1
o

s
&
{
£
S

regenerating area (%) _.
n
o

25 1
2
3
LS 0—
= pfkfb3
CD31
J K L M
3 pfkfb3"T [ pfkfb3*EC vegf"" vegf AMae
3
259 —0— pfkfb 3N & 8+ _* 8+ -
= — * * = * *
=< c =
~ 204 —0— pfkfb3E¢ S ° o i) 6
g S 6] o
£ 15- = o
§ 2 3 4 2 4]
£ 10 g 2 g
E [30] ~ I
Q
2 5. & Lgl' & o 2 >0
3 ; i = ‘
; 0 0
0 1500 3600 before before 72 h

hoechst

cross-sectional area (um2)

(legend on next page)

1138 Cell Metabolism 37, 1136-1153, June 2, 2020



Cell Metabolism

imaging showed that blood flow upon HLI was similarly reduced
in both pfkfb3"T and pfkfb3*EC mice. However, although it grad-
ually recovered in pfkfb3"T mice during the 4-week follow up
period, blood flow remained severely impaired in pfkfb3*EC
mice (Figures 1B and 1C). Pfkfb3“EC mice also displayed a higher
frequency of necrotic toes (Figure 1D). Reduced revasculariza-
tion was not caused by differences in EC apoptosis after HLI
(Figures S1H-S1J). Instead, mECs*P™*™®3 proliferated less, as
indicated by fewer Ki67*CD31* cells (Figure 1E), which was
associated with reduced vascular density in pfkfb3*E¢ muscle
7 days after HLI (Figures 1F and S1K). Morphological analysis
on whole-mounted muscle bundles additionally showed that
lower vascular density coincided with reduced intercapillary
anastomosis (Figures 1G and S1L). Concomitantly, pfkfb3~EC
mice developed increased muscle necrosis that resolved slower
over time (Figures 1H and S1M-S10). Importantly, muscle dam-
age 1 day after HLI was similar between pfkfb3*EC and pfkfb3"V"
mice (Figures 1H, STM and S1N), showing that impaired regen-
eration was not secondary to differences in initial muscle dam-
age. The regenerative area in wild-type (WT) animals reached a
maximum 7 days after HLI, and normal muscle morphology
was almost completely restored after 4 weeks, whereas
pfkfb3*EC mice still showed large areas of intense regeneration
(Figures 1H, 11, S1M, and S10). Consequently, the muscle fiber
cross-sectional area was lower in pfkfb3*EC mice (Figure 1J).
Thus, endothelial PFKFBS is required for ischemia-induced mus-
cle revascularization and regeneration.

We next performed pimonidazole injections 3 days after HLI
to detect hypoxic areas within the injured muscles. As ex-
pected, reduced revascularization in pfkfb3“E mice coincided
with extensive and widespread hypoxia (Figures 1K and S1P).
Despite this, we surprisingly measured less VEGF in the
ischemic hindlimb of pfkfb32EC mice (Figure 1L). Vegf is highly
expressed in MPCs (Verma et al., 2018), but we did not find dif-
ferences between genotypes (Figure S1Q). Macrophages also
produce and respond to VEGF (Casazza et al., 2013; Ganta
et al., 2019; He et al., 2012). Deletion of vegf in macrophages
by using the myeloid-specific LysM-Cre line (vegf*Ma°) (Stock-
mann et al., 2008) reduced muscle VEGF levels upon HLI (Fig-
ure 1M). We thus decided to investigate whether endothelial
pfkfb3 affects macrophage function in the muscle upon
ischemia.
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Endothelial PFKFB3 Is Crucial for M2-like Polarization of
Macrophages in the Muscle

Macrophages play a crucial role during skeletal muscle regener-
ation after injury (Chazaud, 2014; Tidball, 2017). To study
whether loss of endothelial pfkfb3 affects immune cell recruit-
ment/infiltration and macrophage differentiation, we first
confirmed with a Rosa26™ ™€ fate-tracing mouse line and
mRNA measurements that pdgfb-CreER2 activity was restricted
to ECs and was largely absent in macrophages and the total
CD45* immune-cell compartment (Figures S2A and S2B).
Next, we performed a time course experiment where we evalu-
ated the dynamics of various myeloid cell populations within
the hindlimb upon HLI. Initially, muscle damage leads to the infil-
tration of neutrophils and CX3CR1*Ly-6C"9" monocytes, most
of which also expressed CCR2 (Figures 2A, 2B, S2C-S2E).
These monocytes gradually differentiate into macrophages indi-
cated by downregulation of Ly-6C and upregulation of F4/80 and
MERTK expression (Figures S2C-S2E) (Krishnasamy et al.,
2017). Although the number of monocytes, neutrophils, and
macrophages increased comparably in the ischemic muscle of
pfkfb3"T and pfkfb3*EC mice until day 2, it was more pro-
nounced in pfkfb3*EC mice at day 3 (Figures 2A-2C), reflecting
a general and maintained pro-inflammatory state. Notably, we
found no difference in monocyte proliferation (Figures 2D and
S2F) between pfkfb3"T and pfkfb3*EC mice, suggesting that
the enhanced number of monocytes in pfkfb3*EC mice is the
result of increased recruitment. The increased macrophage
number 3 days after HLI was confirmed by immunofluorescent
detection of F4/80* cells in the ischemic area (Figures 2E and
2F). We also detected a small and transient delay in monocyte-
to-macrophage differentiation since the gradual decline of Ly-
6C versus the increase in F4/80, and MERTK expression was
slightly lower in pfkfb3“ES muscle at day 2 but recovered to
pfkfb3"T levels by day 3 (Figure 2G).

Further characterization of the macrophage population at
3 days after HLI showed a strong reduction in the relative
number of Relma*CD206" as well as Relma~CD206" M2-like
macrophage in pfkfb3*EC muscle (Figures 2H-2J) and lower
CD206 protein expression in the total macrophage population
(Figures 2K and 2L). CD206 staining on FACS-sorted
CD45" cells (Figures 2M and 2N) or on tissue sections (Figures
20 and 2P) confirmed that, despite the increase in total

Figure 1. Endothelial PFKFB3 Controls EC Glycolysis and Ischemia-Induced Revascularization
(A) Scheme showing the generation of pdgfb-CreEf? x pfkfb3-P/-F (nfkfb3*EC) mice and experimental setup.
(B and C) Representative images (B) and quantification (C) of hindlimb blood perfusion in pfkfb3"" and pfkfb3EC mice using laser Doppler imaging before and

after HLI surgery (n = 7).
(D) Distribution of necrotic toes per paw 14 days after HLI (n = 7).

(E) Representative images of Ki67 (green), CD31 (red), and hoechst (blue) immunostainings and quantification of Ki67*CD31* ECs in muscles at 3 days (n = 3;

scale bar, 50 um).

(F and G) Representative CD31 immunofluorescent images on muscle cross sections (F) at the indicated times (scale bar, 50 um) and whole mounted muscle

bundles (G) at 28 days (scale bar, 10 um) in pfkfb3"T and pfkfb3~EC mice.

(H and ) Representative hematoxylin-eosin (H&E) staining images (H) at the indicated times and quantification of regenerating area 28 days after HLI (l). Scale

bar, 10 pm.
(J) Muscle fiber size distribution at 28 days (n = 4).

(K) Representative images of pimonidazole staining (yellow) and hoechst (blue) at 3 days (scale bar, 50 um).

(L and M) Muscle VEGF protein content in pfkfb3"T and pfkfb3*EC mice (L) or in vegf’'™ and vegf*™3° mice (M) 72 h after HLI.

Student’s t test (two-tailed, unpaired) in (I) (*p < 0.05). Two-way ANOVA with Tukey’s multiple comparisons test in (J), (L), and (M) (*p < 0.05). Two-way repeated-
measures ANOVA with Sidak’s multiple comparisons test in (C) (*p < 0.05). Each dot represents a single mouse ([I], [L], and [M]). Bar graphs represents mean +

SEM. See also Figure S1.
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Figure 2. Endothelial PFKFB3 Is Crucial for M2-like Polarization of Macrophages in the Muscle
(A-C) Total number of neutrophils (A), monocytes (B), and macrophages (C) in muscle at the indicated times after HLI determined by flow cytometry.
(D) Quantification of EJU™ monocytes (% of total monocytes) at the indicated times after HLI.
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macrophage number, there were fewer CD206" M2-like macro-
phages in pfkfb3“EC muscle 3 days after HLI. Proliferation of
macrophages in the muscle was very low, and even though
CD206"* macrophages proliferated more than the CD206~ mac-
rophages, their proliferation rate was not affected in pfkfb3-EC
mice (Figures 2Q, S2G, and S2H), indicating that loss of endo-
thelial pfkfb3 impairs development rather than proliferation of
M2-like macrophages. To evaluate whether the difference in
expression of typical M2 markers coincided with a transcrip-
tional M2-like signature, we isolated macrophages from
pfkfb3"T and pfkfb3“EC muscle 3 days after HLI and performed
RNA-seq. Principal-component analysis showed that pfkfb3""-
and pfkfb3*EC-derived macrophages clustered separately (Fig-
ure 2R). Moreover, 1,989 genes were differentially regulated
between genotypes (Figure 2S). There was a coordinated acti-
vation of M2 macrophage-related genes (Liu et al., 2017; Varga
et al, 2016) in pfkfb3"V -derived macrophages whereas
pfkfb3*EC-derived macrophages showed higher expression of
M1-related genes (Figure 2T). Gene Ontology pathway analysis
confirmed that pathways associated to an M2-like phenotype
were more activated in in pfkfb3""-derived macrophages (Fig-
ures S3A and S3B). Taken together, these data indicate that
loss of endothelial pfkfb3 increases monocyte recruitment dur-
ing ischemia but impairs macrophage polarization toward a
M2-like phenotype.

Restoring M2 Macrophage Content in Muscle of
pfkfb3“EC Mice Improves Perfusion and Regeneration

To dissect the functional relevance of impaired M2-like polariza-
tion to impaired recovery from ischemia in pfkfb3“EC mice, we
performed adoptive transplantation experiments. We injected
either unpolarized (ctrl) bone-marrow-derived macrophages
(BMDMs) or IL-4-cultured BMDMs (classical M2, BMDMs;_4)
into the hindlimb of mice 3 days after HLI (Figure 3A). Hindlimb
perfusion measurements showed lower perfusion in pfkfb3~EC
mice upon transfer of unpolarized BMDMs in comparison to
pfkfb3™T mice. However, transfer of BMDMsy_ 4, improved hin-
dlimb reperfusion in pfkfb3*EC mice (Figures 3B and 3C) and
increased vascularization (Figures 3D and 3E). BMDM_ -4 trans-
fer also sufficed to increase VEGF protein levels (Figure 3F),
consistent with increased VEGF secretion by BMDM_4) (Fig-
ure S4A). In addition, BMDM .4 transfer led to a striking accel-
eration of muscle regeneration (Figures 3G-3l and S4B). These
data show that loss of endothelial pfkfb3 controls muscle revas-
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cularization and regeneration at least partially via controlling
macrophage polarization.

Endothelial Lactate Controls Macrophage Polarization
upon Muscle Ischemia

To study whether mECs exploit angiocrine mechanisms to affect
macrophage polarization, we isolated mECs"T and mECs*P™®3
and co-cultured them with BMDMs (Figure S5A). Subsequently,
CD11b*F4/80" BMDMs were sorted and analyzed. Co-culturing
BMDMs with mECs"T led to the upregulation of several M2-
marker genes including mgl1 (CD301a), mgl2 (CD301b), arg1,
and vegf, whereas co-culture of mECs*P*™®3 with BMDMs only
modestly activated an M2-gene expression fingerprint (Fig-
ure S5B). The expression of genes associated with an M1-like
phenotype (tnf-a and il-18) was not different between BMDMs
co-cultured with mEC™T versus mECs*P*™®3 (Figure S5B). This
was not dependent on physical contact between mECs and
BMDMs, because the utilization of conditioned medium (CM)
from mEC cultures led to similar results (Figures 4A and 4B),
demonstrating that endothelial PFKFB3 controls macrophage
polarization via a secreted factor. Interestingly, BMDM stimula-
tion with mECs-CM did not fully recapitulate classical IL-4-medi-
ated M2 polarization, because the activation of several
M2-related genes was significantly lower upon mECs-CM
administration when compared to IL-4 stimulation despite equal
CD206 membrane expression (Figures S5C-S5E).

Among other stimuli, macrophage polarization occurs in
response to cytokine stimulation. We therefore analyzed the
cytokine profile of CM from mECs"" and mECs*P*®3 isolated
from ischemic muscles but did not detect any differences (Fig-
ures S5F and S5G). Subsequently, we passed the CM from
mECs"'T and mECs*P™®3 through a 3-kDa filter to concentrate
the protein fraction and remove metabolites. Strikingly, CM of
mECs"T containing only >3-kDa proteins (CM>3<P3) failed to
induce arg? and mrc1 expression in BMDMs (Figures 4C and
4D). In fact, arg? and mrc1 expression by BMDMs was equally
low after stimulation with CM>*P2 from either mECs"T or
mECs*P* ™3 These data show that removal of metabolites
from CM of mECs blunts their capacity to induce M2-like polar-
ization. Moreover, the mEC-derived metabolite(s) that control
macrophage polarization is/are not (or to a lesser extent)
secreted by mECs*PH®3,

Because PFKFB3 is a main glycolytic regulator in ECs and
controls EC-derived lactate production, we hypothesized that

E and F) Representative images of F4/80 immunostainings (red) and hoechst (blue) (E) and quantification of F4/80* area (F) on muscle at 3 days.
G) Mean fluorescent intensity (MFI) of Ly-6C, F4/80, and MERTK in muscle macrophages at the indicated times after HLI determined by flow cytometry.

| and J) Quantification of Relma*CD206™ (I) and Relma."CD206* (J) F4/80"CD11b* macrophages.

(
(
(H) Representative flow cytometric analysis of CD206* and Relma* cells in muscle 3 days after HLI.
(
(

K and L) Representative histograms (K) and quantification of CD206 MFI (L) in the total muscle macrophage population 3 days after HLI.
(M and N) Representative immunostainings for F4/80 (green) and CD206 (red) on CD45* cells (M) sorted from muscle 3 d after HLI and quantification of CD206

MFI (N).

(O and P) Representative images of CD206 immunostainings (red) and hoechst (blue) (O) and quantification of CD206™ macrophages number (P) 3 days after HLI.
(Q) Quantification of EQU*CD206* macrophages (% of CD206* macrophages) at 3 days after HLI determined by flow cytometry
(R and §). Principal-component analysis (R) and Volcano plot from RNA-seq analysis showing differential gene expression (S) of macrophages isolated from

pfkfb3™T and pfkfb3“EC muscles 3 days after HLI (n = 3).

(T) Expression pattern of pro-inflammatory and anti-inflammatory markers genes in muscle macrophages 3 days after HLI (n = 3).
Arrowheads point at CD206" cells (O). Scale bar, 50 um. Student’s t test (two-tailed, unpaired) in (F), (1), (J), (L), (N), (P), and (Q) (*p < 0.05). Two-way ANOVA with
Tukey’s multiple comparisons test in (A), (B), (C), (D), and (G) (*p < 0.05). Each dot represents a single mouse ([A], [B], [C], [D], [F], [G], [l], [J], [L], [N], [P], and [Q]). Bar

graphs represent mean + SEM. See also Figures S2 and S3.
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(legend continued on next page)
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EC-derived lactate might drive macrophage polarization.
Indeed, in tumor-associated macrophages, lactate derived
from highly glycolytic tumor cells promotes M2-like polarization
through stabilizing HIF-1a in normoxia or via activating
GPR132 (Chen et al., 2017; Colegio et al., 2014). However, a
role for endothelial-derived lactate in determining macrophage
functional polarization in vivo has not been described. In agree-
ment with reduced glycolysis, we found lactate levels to be lower
in CM derived from mECs*P™™®3 than in that derived from
mECs"T (Figure 4E). We also performed metabolomic profiling
of CM from mECs*P*®3 and mECs"T focusing on metabolites
that are known to play a role in macrophage function (Van den
Bossche et al., 2017; Viola et al., 2019), but we did not find other
metabolites that were reduced in mECs*P*®3_.CM (Table S1).
Importantly, addition of lactate (5 mM) to mECs"T CM>%kP2 a5
well as to both CM and CM>3<P2 from mECs2P*™®3 restored their
capacity to induce arg?1 and mrc1 (Figures 4C and 4D) as well as
CD206 cell surface expression in BMDMs (Figure 4F). Similar ob-
servations were made for mgl7 and mgl2, although to a lesser
extent in CM and CM>3P@ from mECs*P*®2 (Figures S5H and
S5l). Of note, adding lactate to mECs"'-CM did not further in-
crease arg1 and mrc1 expression (Figures 4C and 4D). Reducing
endothelial lactate production via knocking down Idha or mct4
also reduced the activation of M2 marker genes (Figures S5J
and S5K). Importantly, the ability of lactate to promote M2-like
polarization required the presence of mECs-CM, because sup-
plementing lactate (5-10 mM) to BMDMs in the absence of
mECs-CM did not affect arg? or CD206 expression (Figures
S5L and S5M).

Alternatively, activated M2 macrophages display enhanced
mitochondrial oxidative phosphorylation (OXPHOS) in compari-
son to M1 macrophages (Diskin and Palsson-McDermott,
2018; O’Neill and Pearce, 2016). Because lactate, after conver-
sion to pyruvate, can enter the tricarboxylic acid (TCA) cycle
via pyruvate dehydrogenase, we also evaluated whether angio-
crine lactate would promote oxygen consumption rate (OCR) in
BMDMs. As expected, mECs"-CM-treated BMDMs showed
higher OCR than mECs*P*®3.CM-treated BMDMSs. Addition of
lactate to mECs*P™™®3.CM during the culture of the BMDMs
restored OCR to similar levels when compared to mECs*"'-CM-
treated BMDMs (Figures 4G and S5N). These data were
confirmed by our transcriptomic data in primary isolated macro-
phage from ischemic muscle which displayed lower expression
of OXPHOS-related genes in pfkfb3*EC (Figures 4H, S3A,
and S3B).

Angiocrine-Lactate-Induced Macrophage Polarization
Promotes Muscle Regeneration and VEGF Secretion
After muscle injury, macrophages that initially present with a pro-
inflammatory M1-like phenotype need to switch to a repair-pro-
moting M2-like state, and interference with this M1 to M2 fate
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switch impairs muscle regeneration (Arnold et al., 2007; Deng
et al., 2012; Mounier et al., 2013). In fact, classically LPS/IFNvy-
activated M1 macrophages promote MPC growth and prolifera-
tion but inhibit MPCdifferentiation and fusion (Arnold et al., 2007),
whereas IL-4-stimulated M2 macrophages promote MPC differ-
entiation and fusion (Saclier et al., 2013). To assess whether an-
giocrine-lactate-induced macrophage polarization also affects
the ability of MPCs to promote muscle regeneration, we again
incubated BMDMs with CM from mECs"T and mECs*P 3
to promote polarization (mECs*'-CM — BMDMs and
mECs*P*®3_CM — BMDMs). Subsequently, mEC-derived CM
was removed and BMDM-derived CM was generated
(MECs"-CM — BMDMs-CM and mECs*P*®3.cmM —
BMDMs-CM) and added to MPCs (Figure 4A). When compared
to CM derived from unstimulated macrophages, mECs"'-CM —
BMDMs-CM stimulated MPC proliferation (Figures 41 and 4J)
and improved MPCfusion into myotubes (Figures 4K and 4L).
Interestingly, mECs*P*®3.CM — BMDMSs-CM failed to stimu-
late MPC proliferation and fusion. The addition of lactate to
mECs*P*®3_CM during polarization of BMDMSs, however,
restored the capacity of mECs*P*®3+ac_cN — BMDMs-CM to
drive MPC proliferation and fusion (Figures 4|-4L). Importantly,
adding lactate to MPC culture medium did not affect proliferation
or differentiation of MPCs (Figures S50 and S5P). Thus, angio-
crine lactate controls the ability of macrophage to promote
MPC proliferation and fusion.

Because we observed lower VEGF levels in pfkfb3AEC muscle,
we also wondered whether angiocrine lactate would promote
VEGF secretion from macrophages. Macrophages isolated
from the ischemic hindlimb of pfkfb3“EC mice expressed lower
vegf (Figure 4M), consistent with literature showing lower vegf
expression by M1-like macrophages (He et al., 2012). Incubation
of BMDMs with mECs*P*®3.CM also resulted in lower VEGF
secretion as compared to BMDMs stimulated with mECs"'-
CM, and this was rescued by adding lactate to the CM (Fig-
ure 4N). These data show that angiocrine lactate promotes
M2-like macrophage functional polarization, which leads to
increased VEGF secretion and creates a positive feedback
loop to further stimulate angiogenesis.

Increasing Muscle Lactate Levels in pfkfb3*EC Mice
Restores M2 Macrophage Content and Improves Muscle
Reperfusion and Regeneration

We next asked whether angiocrine lactate could control macro-
phage polarization in the muscle during ischemia. To address
this, we harvested ischemic muscle and assessed muscle
lactate levels. Whereas induction of ischemia led to a pro-
nounced increase in local muscle lactate levels in WT animals,
this increase was almost completely abrogated in pfkfb3EC
mice (Figure 5A). Accordingly, circulating blood lactate levels af-
ter HLI were lower in pfkfb3*EC mice (Figure 5B). In agreement

D and E) Representative images of CD31 immunofluorescent staining (D) and quantification of CD31* area (E) in muscle 12 days after HLI (scale bar, 50 pm).

(
(F) VEGF protein content in muscle 5 days after HLI.
(

G and H) H&E staining of regenerating muscle (scale bar, 10 um) (G) and quantification of regenerating area (H) at 12 days.

(I) Muscle fiber size distribution at 12 days (n = 4).

Two-way ANOVA with Tukey’s multiple comparisons test in (E), (F), and (H) (p < 0.05) and in (I) (*p < 0.05 versus pfkfb3™T; #p < 0.05 versus ctrl). Two-way
repeated-measures ANOVA with Sidak’s multiple comparisons test in (C) (*p < 0.05). Each dot represents a single mouse ([E], [F], and [H]). Bar graphs represents

mean + SEM. See also Figure S4.
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(A) Scheme illustrating experimental set-up.

(B) Gene profiling of unstimulated BMDMs (vehicle) or BMDMs stimulated with mECs"*-CM, mECs*P™®3_.CM.
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with these observations, lactate levels also rose more in muscle
with higher vascular density (and low glycolytic potential) such as
m. soleus when compared to muscles with low vascular density
(and high glycolytic potential) (Figure 5C). Finally, activation of
angiogenesis in the absence of muscle damage by injecting
vegf-expressing myoblasts increased muscle vascular density
(Figures S6A and S6B), and lactate levels were higher in pfkfb3*WT
muscle (Figure 5D).

Next, we tested whether lactate supplementation in pfkfb
mice would restore M2-like polarization and muscle regenera-
tion. We implanted growth-factor-reduced Matrigel plugs
containing lactate in the subcutis of mice immediately after HLI
(Figure S6C)). As previously described (Porporato et al., 2012),
such plugs allow the slow release of lactate, leading to a small
but consistent increase in blood lactate levels (Figure S6D).
Three days after HLI, we found that lactate administration in
pfkfb32EC mice restored total numbers of macrophages and
macrophage CD206 expression to similar levels in control mice
(Figures 5E-5G). This confirms that lactate is sufficient to drive
M2-like polarization in vivo. Moreover, lactate significantly
improved but did not completely restore perfusion in pfkfb3*E¢
mice (Figures 5H and 5I). In agreement with the perfusion data,
vascular density remained slightly lower (Figure 5J). Lactate suf-
ficed to increase VEGF protein levels (Figure 5K). Harvesting
muscle tissue at 12 days after ischemia showed that lactate
led to a striking acceleration of muscle regeneration and higher
muscle fiber cross-sectional area (Figures 5L-5M, S6E, and
S6F). Thus, restoring lactate levels in muscle from pfkfb3*EC res-
cues macrophage polarization and muscle regeneration.

3AEC

Lactate-Induced Macrophage Polarization Is MCT1
Dependent

To explore how angiocrine lactate affects macrophage polariza-
tion in muscle, we investigated whether EC-derived lactate is
taken up by macrophages. We found that '*C-lactate uptake in
freshly isolated primary muscle macrophages was higher in
pfkfb3"T versus pfkfb3EC mice 3 days after HLI (Figure 6A).
This was confirmed in BMDMs, where mECs“'-CM but not
mECs*P*®3.CM promoted lactate uptake (Figure 6B). MCT1
regulates lactate uptake in T cells, and inhibition of MCT1 during
T lymphocyte activation results in selective and profound inhibi-
tion of the extremely rapid phase of T cell division essential for an

¢ CellP’ress

effective immune response (Murray et al., 2005). We thus hy-
pothesized that MCT1 could control lactate uptake in macro-
phages. We first confirmed that the MCT1 inhibitor AZD3965
reduced lactate uptake in BMDMSs stimulated with mECs"!-CM
(Figure 6B). Based on higher OCR in lactate-stimulated macro-
phages, we next asked whether the incorporated lactate is actu-
ally used for oxidation. By using radioactive substrate tracing
experiments, we found that M2-like macrophages oxidize
lactate in an MCT1-dependent fashion, and lactate oxidation
was lower in mECs*P™™®3.CM-treated BMDMs (Figure 6C). And
third, MCT1-mediated lactate uptake is required for macrophage
polarization because AZD3965 reduced the fraction of
CD206*F4/80" macrophages induced by mECs"!-CM to similar
levels compared to incubation with mECs*P™*™®3_.CM (Figure 6D).
To confirm that MCT1-dependent lactate uptake also affected
functional properties of macrophages, we used CM from
BMDMs that were stimulated with mECs"'-CM, mECs*P™*™®3.
CM either not supplemented with AZD3965 (MECs""*A4P-CM,
mECs2PKP3+AZD_GM)  or ctrl (DMSO). mECs"**2°_CM failed
to stimulate MPC proliferation (Figures 6E and 6F) and differen-
tiation (Figures 6G and 6H), as compared to stimulation with
mECs"" CM — BMDMs-CM. Moreover, BMDMs stimulated
with mECs"**2P_CM secreted less VEGF (Figure 6l). Taken
together, lactate uptake through MCT1 does not only promote
M2-like polarization but also instructs M2-like macrophage-
dependent functions.

Finally, we investigated whether lactate also controls macro-
phage polarization and muscle recovery from ischemia in an
MCT1-dependent fashion in vivo. To this end, we generated
mice lacking Mct1 in macrophages (mct12M2° mice; Figures 7A
and 7B) (and neutrophils) by intercrossing mct1-floxed mice
with myeloid-cell-specific LysM-Cre mice. Consistent with our
observations in pfkfb3*EC mice, we found that 3 days after HLI,
mct1*Ma muscles contained more neutrophils, monocytes,
and macrophages (Figure 7C). Moreover, mct1-deficient macro-
phages expressed less CD206 and Relma. (Figures 7D-7F). This
shows that MCT1-dependent lactate uptake is required for M2-
like functional polarization of macrophages upon muscle
ischemia. In addition, hindlimb perfusion of mct72M&® mice
recovered slower (Figures 7G and 7H), and CD31 stainings
confirmed that mct12M2° reduced revascularization 28 days after
HLI (Figure 71). In agreement with our in vitro and in vivo data

5 mM) where indicated.
E) Lactate concentration in mECs"*-CM and mECs*P*®3.CM.

without lactate supplementation and quantification of CD206 MFI (n = 3).

C and D) Gene expression analysis of arg7 (C) and mrc1 (D) in BMDMs stimulated with fractionated mECs*!-CM and mECs*P*®3_CM, supplemented with lactate

F) Representative images of immunostainings of F4/80 (green), CD206 (red), and hoechst (blue) in BMDMs stimulated with mECs"-CM, mECs*P*®3_CM with or

(G) OCR upon injection of oligomycin (oligo), FCCP, and rotenone plus antimycin A after mECs"!-CM, mECs*P*®3.CM, mECs**'3°-CM, and mECs2Pffo3+ac_c

stimulation (n = 4-5).

(H) RNaseq data showing OXPHOS gene expression in muscle macrophages 3 days after HLI (n = 3).

(land J) Representative images (I) and quantification (J) of proliferating MPCs upon incubation with macrophage-derived CM, measured as percentage of EdU*
nuclei (red, EJU*; blue, hoechst).

(Kand L) MPC fusion analysis: representative images of immunofluorescent DESMIN staining (K) (red, DESMIN; blue, hoechst) and quantification of the number of
nuclei per DESMIN* myotube (L).

(M) Vegf gene expression in CD45* cells sorted from pfkfb3"T and pfkfb3“EC muscle at 3 d. (N) VEGF secretion by BMDMs after stimulation with mECs"-CM and
mECs*P*®3_CM with or without lactate supplementation.

Scale bar, 50 um. Student’s t test (two-tailed, unpaired) in (E) and (M). One-way ANOVA with Tukey’s multiple comparisons test in (B). Two-way ANOVA with
Tukey’s multiple comparisons test in (C), (D), (G), (J), (L), and (N) (p < 0.05) as well as in (F) (“p < 0.05 versus mECs"'-CM; #p < 0.05 versus ctrl). Each dot represents
a single mouse (M) or the average of an independent experiment ([B], [C], [D], [E], [J], [L], and [N]). Bar graphs represent mean + SEM. See also Figure S5 and
Table S1.
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confirming the lack of M2-like functional repolarization upon
MCTH1 inhibition, mct12Ma° muscle displayed reduced muscle
regeneration. Indeed, mct12M2° mice had higher muscle necro-
sis 3 days after HLI (Figures 7J-7K and S67A), and even though
the number of regenerating fibers was similar to their WT litter-
mates, muscle fiber cross-sectional area was lower in mct12Mac
mice (Figures 7J, 7L, S7A, and S7B). Also, mct12M2° muscle had
lower VEGF levels (Figure 7M). Together, these results show that
lactate uptake through MCT1 does not only promote M2-like po-
larization but also instructs M2-like macrophage-dependent
revascularization upon HLI.

DISCUSSION

ECs contribute to tissue homeostasis and regeneration via an-
giocrine signaling (Augustin and Koh, 2017; Rafii et al., 2016).
Known organotypic angiocrine signals include secreted growth
factors as well as ligand/receptor interactions at the cell mem-
brane. For instance, the release of HGF and TGF-B1 from liver
sinusoidal ECs ensures spatiotemporal control of liver regenera-
tion after partial hepatectomy (Ding et al., 2010; Hu et al., 2014;
LeCouter et al., 2003). In the brain, neurotrophin-3 derived from
brain ECs sustains neural stem cell quiescence in addition to
membrane-bound Jagged-1 and Ephrin-B2 (Delgado et al.,
2014; Ottone et al., 2014). Here, we show that ECs also exploit
their unique metabolic features to engage in angiocrine commu-
nication. Within the muscle microenvironment, they shuttle
lactate as a metabolic substrate to promote macrophage polar-
ization. By doing so, ECs actively steer muscle regeneration after
hindlimb ischemia.

ECs are highly glycolytic and generate the majority of their en-
ergy via the glycolytic breakdown of glucose to lactate (Culic
et al., 1997; De Bock et al., 2013; Krutzfeldt et al., 1990; Schoors
etal., 2014; Xuetal., 2014; Yu et al., 2017). We found that mECs
use lactate as a “ready-to-sprout” signal to increase VEGF
secretion and promote muscle regeneration by instructing the
polarization of macrophages toward an M2-like phenotype in a
MCT1-dependent manner. Thus, through the release of lactate,
ECs themselves shape a pro-angiogenic environment to allow
optimal revascularization. Macrophage-derived VEGF subse-
quently consolidates a positive feedback loop, which leads to
a further angiogenic activation of mECs. Interestingly, restoring
VEGF levels in the muscle of pfkfb3*EC mice by promoting M2-
like macrophage polarization (through M2 macrophage transfer
or by increasing lactate levels) increased vascular density,
although the latter failed to reach pfkfb3"WT levels upon lactate
administration. This indicates that the observed angiogenic
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deficit (at least in the ischemic muscle) is a combination of a
direct inhibitory effect of PFKFB3 on endothelial migration/prolif-
eration as well as reduced angiogenic stimulation by the muscle
microenvironment.

It is possible that the delivery of lactate also had a direct pro-
angiogenic effect in WT as well as pfkfb32EC mice. In vitro,
lactate renders ECs more responsive to VEGF by increasing
VEGFR2 content due to enhanced HIF-1a stabilization (Son-
veaux et al., 2008; Végran et al., 2011). Moreover, delivery of
lactate promoted, and inhibition of lactate uptake by blocking
MCTs reduced ischemia revascularization (Porporato et al.,
2012). Similar observations have been made in tumors (Son-
veaux et al., 2008). A potential contribution of macrophages to
this pro-angiogenic effect in vivo has, to our knowledge, not
been addressed. Although previous observations showed that
lactate delivery resulted in higher muscle fiber area after
ischemia (Porporato et al., 2012), our data revealed that lactate
by itself does not promote MPCs proliferation or fusion, and it un-
derscores the ability of lactate to reshape macrophages (and
possibly other cells) in the muscle microenvironment to control
optimal regeneration.

We made the striking observation that loss of endothelial
pfkfb3 lowers muscle as well as plasma lactate levels upon hin-
dlimb ischemia. If anything, we expected that the presence of
highly glycolytic M1-like macrophages in combination with
higher hypoxia would lead to higher lactate levels in pfkfb3*EC
muscle. This suggests that mECs significantly contribute to mus-
cle lactate levels, which is surprising given the modest volume of
the endothelial population versus myofibers in muscle. In sup-
port of these observations, activation of angiogenesis in the
absence of muscle damage (via increasing VEGF) also resulted
into higher muscle lactate levels in pfkfo3"" when compared
to pfkfb3“EC mice. Lactate is a main carbon source for energy
production and can be shuttled between different cells or even
organs (Brooks, 2018; Hui et al., 2017). In the muscle, the pres-
ence of a lactate shuttle from glycolytic to oxidative muscle fi-
bers has been described for decades, predominantly in the
context of exercise (Bergman et al., 1999; Brooks, 1986; Stanley
et al., 1986). However, contribution of other cell types to lactate
metabolism in muscle has not been studied. Here, we demon-
strate the presence of a second lactate shuttling mechanism
within the muscle, i.e., from the endothelium to macrophages.

Endothelial-derived lactate promoted the functional polariza-
tion of macrophages, and this was dependent on lactate
uptake because its inhibition by using MCT1 inhibitors in vitro
or deletion of mct1 from macrophages in vivo prevented M2-
like polarization. Loss of MCT1 in macrophages decreased

(
(
(
(

lactate (lac) at the indicated times.

D) Lactate concentration in tibialis anterior muscle 5 days after injection of vegf overexpressing myoblasts.

E) Total number of macrophages determined by flow cytometry in muscle samples at 3 days.

F and G) Representative histograms (F) and CD206 mean fluorescence intensity (MFI) (G) in total macrophages isolated from calf muscle 3 days after HLI.

H and I) Representative laser Doppler perfusion images (H) and quantification of blood perfusion ratio (I) (n = 7) in pfkfb3"T and pfkfb3“EC mice with or without

(J) Representative images of CD31 immunofluorescent staining and quantification of CD31-positive area in muscle at 12 days (n = 5-7; scale bar, 50 um).

(K) VEGF protein content in muscle at 12 days.
(L) H&E staining of regenerating muscle (scale bar, 10 um).
(M) Muscle fiber size distribution 12 days after HLI (n = 4).

Student’s t test (two-tailed, unpaired) in (D). Two-way ANOVA with Tukey’s multiple comparisons test in (A), (B), (C), (E), (G), and (K) (*p < 0.05) as well as in (J) and
(M) (*p < 0.05 versus pfkib3"T; *p < 0.05 versus PBS). Two-way repeated-measures ANOVA with Sidak’s multiple comparisons test in (|) ("p < 0.05). Each dot
represents a single mouse ([A], [B], [C], [D], [E], [G], [K], and [M]). Bar graphs represents mean + SEM. See also Figure S6.
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Figure 6. Lactate-Induced Macrophage Polarization Is MCT1 Dependent

(A) Lactate uptake in macrophages isolated from muscle 3 days after HLI.

(B) Lactate uptake in BMDMs after stimulation with mECs-CM. mECs-CM was supplemented with vehicle (ctrl), lactate, or MCT1 inhibitor AZD3965 (AZD)
(mECSWHAZD-CM, mECSApfkfb3+AZD-CM).

(C) Lactate oxidation in BMDMs upon stimulation with mECs"-CM, mECs*P*®3.CM, mECs"*'3°-CM, mECs*P*®3+ac_ oM mECs"™*A?P-CM, and
mECSApfkfb3+AZD-CM.

(D) Representative images of immunostainings for F4/80 (green), CD206 (red), and hoechst (blue) in BMDMs stimulated with mECs"*#P-CM or mECs?Pffo3+AZD_
CM and flow cytometry quantification of CD206 MFI.

(E and F) Representative images (red, EdU*; blue, hoechst) (E) and quantification (F) of EdU* MPCs.

(G and H) Representative DESMIN staining (red, DESMIN; blue, hoechst) (G) and fusion analysis (H) upon stimulation with mECs-CM — BMDMs-CM.

() VEGF levels in mECs-CM — BMDMs-CM.

Scale bar, 50 um. Student’s t test (two-tailed, unpaired) in (A) (*p < 0.05). Two-way ANOVA with Tukey’s multiple comparisons test in (B), (C), (F), (H), and () (*p <
0.05) test and in (D) (*p < 0.05 versus mECs"!-CM; *p < 0.05 versus ctrl). Each dot represents a single mouse (A) or the average of an independent experiment ([B],
[C], [F], [H], and [I]). Bar graphs represent mean + SEM.
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Figure 7. Loss of MCT1 in Macrophages Impairs M2-like Macrophage Polarization and Muscle Recovery from Ischemia
(A) Scheme showing the generation of LysM-Cre x mct1 “*PLo*P (mct14Ma®) mice and HLI experiment.
(B) Mct1 mRNA expression in macrophages 3 days after HLI.

(legend continued on next page)
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muscle VEGF content and reduced revascularization as well as
muscle regeneration. Interestingly, angiocrine lactate sufficed
to increase macrophage oxygen consumption, a typical feature
of M2 macrophages (Pearce and Pearce, 2013). Also, M2-like
macrophages oxidized lactate, and lactate oxidation rate was
higher when compared to macrophages which were stimulated
with mECs*P*®3_CM. Gene profiling of macrophages isolated
from ischemic hindlimb of pfkfb3"™ mice confirmed that genes
involved in OXPHOS were enriched, whereas this was not the
case in pfkfb3“EC mice. This shows that endothelial glycolysis
can contribute to metabolic reprogramming in macrophages
by providing additional substrates for oxidative phosphorylation.
We did not detect differences in baseline lactate levels in muscle.
However, because lactate is continuously produced and
consumed by different cells, even under fully aerobic conditions
(Brooks, 1986; Hui et al., 2017), future research will be needed to
unravel the exact contribution of endothelial lactate to muscle
physiology.

The ability of lactate to control macrophage polarization
required conditioned medium, indicating that the presence
of other cytokines or metabolites was required for functional
repolarization. Raising lactate concentration to 5-10 mM suf-
ficed to induce M2-like skewing in the presence of condi-
tioned medium but failed to do so in the absence thereof.
This is in apparent contrast with previous observations in tu-
mor settings, where lactate itself sufficed to induce macro-
phage skewing via MCT-dependent uptake (Colegio et al.,
2014) or via acting as a signaling molecule through initiating
GPR132 signaling (Chen et al., 2017). It is worthwhile noting
that the lactate concentrations used in the present study
(5 mM) are within physiological ranges: exercising at high in-
tensity, even in mice (Ayachi et al., 2016), raises blood lactate
levels above 5-10 mM. We found an approximately 3-fold in-
crease in muscle lactate concentration 12 h after ischemia. In
addition, although adding lactate to the conditioned medium
restored the expression of CD206, not all M2 linked genes
were completely rescued. Also, expression levels of many
M2 genes were induced to a lower extent by lactate
compared to IL-4 despite similar CD206 membrane expres-
sion. This is not surprising, as in vivo transcriptional profiling
of macrophages upon cardiotoxin injury only showed partial
overlap with canonical M1/M2 profiles (Varga et al., 2016).
Nonetheless, lactate polarized macrophages recapitulated
many functional properties of IL-4-stimulated macrophages,
such as their pro-angiogenic properties (Jetten et al., 2014)
as well as their ability to promote muscle regeneration (Sac-
lier et al., 2013). Our current data therefore indicate that the
metabolic and transcriptional alterations induced by lactate

Cell Metabolism

are sufficient to acquire pro-regenerative and pro-angiogenic
properties.

Macrophages are key regulators of muscle regeneration
(Dort et al., 2019). Initially, they have a pro-inflammatory M1-
like phenotype, which is associated with the expression of
several cytokines that further promote inflammation (Mosser
and Edwards, 2008). Rapidly thereafter, those M1-like macro-
phages repolarize and change their phenotype toward a more
anti-inflammatory, pro-angiogenic, and pro-regenerative M2-
like phenotype (Arnold et al., 2007; Mosser and Edwards,
2008; Raes et al., 2002). This M1 to M2 repolarization is
required for optimal muscle regeneration (Arnold et al.,
2007; Deng et al., 2012; Tidball and Wehling-Henricks,
2007). The contribution of ECs to macrophage differentiation
and maturation is poorly understood. ECs can promote
macrophage polarization in a contact-dependent manner (He
et al., 2012; Krishnasamy et al., 2017), but only limited evi-
dence exists which supports metabolic crosstalk between
macrophages and ECs. In the tumor microenvironment, low
glucose availability forces macrophages and ECs to compete
for glucose (Wenes et al., 2016). During hypoxia, tumor-asso-
ciated macrophages shift toward a more oxidative meta-
bolism and reduce glucose uptake. This increases glucose
availability for ECs, thereby promoting excessive angiogen-
esis (Wenes et al., 2016). Although we cannot exclude a
similar scenario being active in the ischemic hindlimb, our
data suggest that ECs and macrophages metabolically collab-
orate to promote muscle regeneration. They efficiently share
the available energetic substrate glucose via the glycolytic
breakdown to lactate by ECs followed by lactate oxidation
in macrophages.

In conclusion, we provide evidence that ECs exploit their
unique metabolic characteristics to steer muscle regeneration
during ischemia in an angiocrine fashion that is dependent on
lactate shuttling to macrophages. Metabolic angiocrine signaling
provides a novel mechanism through which ECs can contribute
to tissue homeostasis and regeneration.

LIMITATIONS OF STUDY

Although our study shows that angiocrine lactate controls M2-
like macrophage polarization in an MCT1-dependent manner,
the exact molecular mechanism through which lactate drives
M2-like polarization remains to be unveiled. To further dissect
the kinetics of angiocrine metabolic crosstalk, it would be
insightful to have genetic mouse models to selectively uncou-
ple endothelial lactate secretion from angiogenesis. Further-
more, arteriogenic collateral formation also contributes to

(C) Total number of neutrophils, monocytes, and macrophages determined by flow cytometry in muscle 3 days after HLI.
(D and E) Representative histograms showing CD206 (D) and Relma (E) expression.

(F) Quantification of CD206 and Relma MFI.

(G and H) Representative laser Doppler images (G) and quantification of hindlimb perfusion (H) in mct7"T and mct12M2° (n = 7).
(I) Representative images of CD31 immunostaining and quantification of CD31* area 12 days after HLI (n = 6; scale bar, 50 um).
(J and K) H&E staining of regenerating muscle (scale bar, 10 um) at the indicated time (J) and quantification of necrotic area (K) 3 days after HLI.

(L) Muscle fiber size distribution at 28 days (n = 4).
(M) VEGF protein content at 3 days.

Student’s t test (two-tailed, unpaired) in (B), (C), (F), (K), and (M) (*p < 0.05). Two-way ANOVA with Tukey’s multiple comparisons test in (L) (*p < 0.05 versus

met1™T).

[M]). Bar graphs represent mean + SEM. See also Figure S7.
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muscle reperfusion upon hindlimb ischemia, but arteriogenesis
was not evaluated in this study.
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