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Abstract During obesity and high fat-diet (HFD) feeding in mice, sustained low-grade inflamma-
tion includes not only increased pro-inflammatory macrophages in the expanding adipose tissue, but
also bone marrow (BM) production of invasive Ly6C"s" monocytes. As BM adiposity also accrues with
HFD, we explored the relationship between the gains in BM white adipocytes and invasive Ly6Chs"
monocytes by in vivo and ex vivo paradigms. We find a temporal and causal link between BM adipo-
cyte whitening and the Ly6C"" monocyte surge, preceding the adipose tissue macrophage rise
during HFD in mice. Phenocopying this, ex vivo treatment of BM cells with conditioned media from
BM adipocytes or bona fide white adipocytes favoured Ly6C"" monocyte preponderance. Notably,
Ly6CMe" skewing was preceded by monocyte metabolic reprogramming towards glycolysis, reduced
oxidative potential and increased mitochondrial fission. In sum, short-term HFD changes BM cellu-
larity, resulting in local adipocyte whitening driving a gradual increase and activation of invasive
Ly6C"e" monocytes.

Editor's evaluation

This is an important study providing compelling observations describing the metabolic response of
monocyte subsets in conjunction with crosstalk with adipocytes in the murine bone marrow during
leanness and obesity. This work convincingly reports bone marrow adaptations to lipid signals and
how obesity affects monocyte biology, recruitment and differentiation locally in the bone marrow.
This study at the crossroad of metabolism and immunology will be of interest for a wide community
interested in obesity and macrophage biology.

Introduction

A continuum of chronic obesity leading to metabolic disorders such as insulin resistance and eventually
type 2 diabetes is of paramount concern worldwide (Centers for Disease Control and Prevention,
2017, OECD, 2017, World Health Organization, 2016). An important contributor to the develop-
ment and exacerbation of insulin resistance is a gain in macrophages in adipose tissue (AT) (Liu et al.,
2019, Weisberg et al., 2003), muscle (Fink et al., 2014, Saghizadeh et al., 1996) and liver (Lanthier
et al., 2010) as well as their enhanced pro-inflammatory (Lumeng et al., 2007, Lumeng et al., 2008;
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De Souza et al., 2005) and glycolytic switch (Sharma et al., 2020). This low-grade inflammation
is partly explained by circulating monocyte infiltration into tissues where they differentiate to pro-
inflammatory macrophages (Kohyama et al., 2016).

Ly6Che" monocytes in mice, and classical CD14* CD16" monocytes in humans, constitute the
predominant tissue-infiltrating monocyte subset during chronic inflammation. These tissue-invasive
monocytes are classified by high surface abundance of the Ly6C protein, the chemokine receptor
CCR2 and the adhesion molecule L-selectin, all of which allow for monocyte extravasation from the
BM and infiltration into the tissues (Auffray et al., 2007; Boniakowski et al., 2018; Fink et al., 2014,
Geissmann et al., 2003; Weisberg et al., 2006). With obesity, the development of Ly6C"" mono-
cytes along with their stem and progenitor cells in the BM is boosted (Griffin et al., 2018; Manicone
et al., 2016; Singer et al., 2014) leading to a rise in available circulating Ly6C"s" monocytes for tissue-
infiltration (Friedrich et al., 2019; Singer et al., 2014).

Various obesity-driven factors amalgamate for greater Ly6C"" monocyte infiltration into the AT
including (a) increased AT-dependent chemoattraction (Kamei et al., 2006, Nagareddy et al., 2014;
Nov et al., 2013; Renovato-Martins et al., 2017) and (b) enhanced BM myelopoiesis (Griffin et al.,
2018; Manicone et al., 2016; Singer et al., 2014). However, it is not clear whether the obesity-induced
BM myelopoiesis occurs prior to, concurrently, or after the elevation of AT macrophages. Since the
BM is a highly vascularized tissue, home to hematopoietic and mesenchymal lineages, and is dynami-
cally reactive to environmental changes, we reasoned it might be an early responder to HFD-induced
obesity, producing increased Ly6C"e" monocytes prior to their accumulation in the AT. Further, since
BM-resident adipocytes undergo hyperplasia and hypertrophy during obesity (Boroumand and Klip,
2020; Doucette et al., 2015; Scheller et al., 2015, Tratwal et al., 2020) we contemplated that this
process might be temporally and potentially causally related to the HFD-driven BM myelopoiesis and
Ly6C"e" monocytosis. Finally, we considered whether the response of the monocytic lineage to the BM
environment during obesity includes a metabolic shift leading to the increase in Ly6C"e" monocytes.
In fact, and surprisingly, little is known about the metabolic orientation of the Ly6C"s" monocytes in
states of obesity, although there is mounting evidence of a link between a macrophage-intrinsic meta-
bolic shift and their pro-inflammatory orientation in this condition (O’Neill et al., 2016, Sharma et al.,
2020; Thapa and Lee, 2019; Verdeguer and Aouadi, 2017).

Hence, the overall hypothesis driving this study is that, with obesity, the increased production of
Ly6CMe"-bearing monocytes in the BM is accompanied and possibly caused by a glycolytic shift in these
cells, driven by changes in bone marrow adipocytes (BMA). Accordingly, we investigated the tempo-
rality of enhanced BM myelopoiesis, BM Ly6C"'" monocyte accumulation, and AT macrophage accrual
during high fat diet (HFD) feeding in mice. Next, we explored the potential for a causal relationship
between the obesity-induced changes in BMA and increased Ly6C"" monocyte production. Using
an in vitro platform, we deconstructed the effects of obesity-induced BM cellular changes on Ly6Ch's"
monocyte expansion. We report that BM Ly6C"s" monocytes accumulate in the BM prior to the gain
in pro-inflammatory AT macrophages. The rise in BM monocytes temporally correlated with the eleva-
tion in BMA. Moreover, BMA whitening correlated with the timely increases in BM Ly6C"" monocytes,
and remarkably, isolated BMA from HFD-fed mice directly prompted Ly6C"s" monocyte development
ex vivo. This monocyte developmental cue was also induced ex vivo by bona fide white adipocytes
while bona fide brown adipocytes favoured Ly6C'® monocyte predominance. Noteworthy, the white
adipocyte-induced swap in proportion of Ly6C"" relative to Ly6Chs" monocytes was preceded by
a switch in monocyte metabolism from oxidative to glycolytic. Mechanistically, brown adipocytes
increased Ly6C'"®" monocyte proliferation while white adipocytes appear to promote Ly6C"°" monocyte
conversion and potentially progenitor expansion to increase Ly6CMs" preponderance. We propose
that HFD-induced remodelling in BMA disrupts the normal balance of BM monocyte subsets leading
to a higher output of tissue invasive Ly6C"" monocytes.

Results

Increased fasting blood glucose, peripheral and BM adiposity by 3
weeks of HFD

To study the temporal relationship of HFD-induced myeloid changes in the BM relative to that in
epididymal white AT (EWAT), C57BL/6 mice were fed HFD or control low fat diet (LFD) for either 3, 8,
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or 18 weeks. HFD-fed mice had higher body weight and impaired fasting blood glucose by 3 weeks,
compared to controls (Figure 1A and B). Body weight and hyperglycemia continued to rise with
prolonged feeding. HFD-fed mice also displayed higher EWAT weight (Figure 1C) and inter-scapular
brown AT (BAT) weight at 3 weeks (not shown). Cross-sectional tibia and femur bone histology visual-
ized via H & E and Oil Red O staining showed an increase in BMA size by 3 weeks and an increase in
BMA number by 8 weeks of HFD (Figure 1D-G). This indicated that 3 weeks of HFD sufficed to induce
whole body metabolic disturbance and augmented adiposity in peripheral tissues and in the BM.

BM monocytes increase prior to accumulation of EWAT macrophages
and monocytes with HFD

Although total EWAT weight increased by 3 weeks, myeloid cells in the stromal vascular fraction (SVF)
of AT were not elevated until 8 weeks of HFD, as indicated by gene expression of the general myeloid
marker Itgam (encoding CD11b) and monocyte markers Gr1- CD115" CD11b* Ly6C* (determined by
flow cytometry) (Figure 2A and D). Similarly, AT macrophages, assessed by gene expression of the
AT macrophage marker Adgre1 (encoding F4/80) and by flow cytometry counting of CD11b* Ly6C
F4/80* macrophages in the SVF were not elevated at 3 weeks of HFD but were at 8 weeks (Figure 2B
and E). Further, gene expression of the pro-inflammatory myeloid marker ltgax (encoding CD11c¢) and
surface detection of the pro-inflammatory markers CD11b* Ly6C F4/80* CD11c* were also higher in
the SVF by 8 weeks of HFD relative to control diet, but not at 3 weeks (Figure 2C and F). Of note,
gene expression of the embryonically-conserved tissue-resident AT macrophage markers Timd4 and
Marco (Beattie et al., 2016; Gibbings et al., 2015) was not elevated at 3 or at 8 weeks and only
rose at 18 weeks of HFD (Figure 2G-H). This indicates that the gain in AT macrophages at 8 weeks of
HFD is unlikely due to proliferation of resident macrophages and instead likely results from monocyte
recruitment from the circulation.

In the BM, total monocytes, gated via the Gr1- CD115* CD11b* Ly6C* markers, increased at
3 weeks and continued to rise by 8 and 18 weeks of HFD (Figure 2I). Using the surface abundance of
the Ly6C protein as well as the CX3CR1 and CCR2 markers (Auffray et al., 2007; Auffray et al., 2009;
Kratofil et al., 2017), we subcategorized Ly6C"" and Ly6C"¢" monocyte subsets. The two populations
were identified by FACS analysis using the gating strategy illustrated in Figure 2—figure supplement
1. At 3 weeks into the feeding study, Ly6C"" and Ly6C"" monocytes represented about 40% of the
total BM monocyte population in the control diet group, whereas HFD promoted a higher proportion
of Ly6C"" monocytes (Figure 2J). However, by 8 weeks of HFD there was a marked shift, whereby
the relative proportion of Ly6C"" monocytes in the total monocyte population was lower and that of
Ly6C"e" monocytes was higher than under the control diet (Figure 2J). These differences were more
prominent by 18 weeks of HFD feeding (Figure 2J). Collectively, these findings revealed that, in the
BM, HFD favoured monocytosis at 3 weeks, with a subsequent and prominent switch towards tissue
invasive Ly6C"9" monocytes at 8 weeks that continued into 18 weeks of HFD. Singer et al., 2014 also
demonstrated an increase in BM monocytosis and elevated monocyte progenitor cells with 18 weeks
of HFD, that persisted after BM transplantation into chow-fed recipients. In the present study, while
we clearly recorded an earlier and continuing rise in total monocytes in HFD-fed mice (Figure 2I), we
did not observe statistically significant increases in monocyte progenitor and stem cells at any time
point analyzed (Figure 2—figure supplement 2A-C).

Glycolytic metabolic reprograming in monocyte subsets with HFD

Recent discoveries have highlighted the importance of glycolytic metabolism in the activation of AT
macrophages with HFD (Lee et al., 2019), but the metabolic status of monocytes in obesity has
not been reported, although some studies have investigated the metabolism of circulating human
CD14*CD16 monocytes (homologous to murine tissue invasive Ly6C"9" monocytes) during aging
(Lee et al., 2019; Pence and Yarbro, 2019). To assess whether HFD affects the metabolic status
of BM monocyte subsets in obesity, we analyzed Ly6C"" and Ly6C"e" from control and HFD mice at
3, 8, and 18 weeks of feeding. The mitochondrial activity-indicator dye MitoTracker Red CMXRos
was incorporated into the monocyte flow cytometry panel. MitoTracker Red CMXRos is recruited
to the mitochondrial membrane proportionally to the degree of mitochondrial membrane potential
and is thus an indicator of mitochondrial activity in oxidative phosphorylation. The results exhibit that
Ly6C™ monocytes have a higher mitochondrial membrane potential than Ly6C"%" monocytes in the
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Figure 1. Mice fed HFD increased body weight, fasting blood glucose, visceral and bone marrow adipose tissue. (A) Body weight was measured twice a
week throughout the course of feeding (n=14 per dietary group). (B) Mice were fasted for 4 hr after which fasting blood glucose was measured (n=9-14
per dietary group). (C) EWAT was weighed the day of sacrifice (n=4 per dietary group at each feeding duration). (D) Area covered by BM adipocytes
were measured following H&E to visualize adipocyte ghosts using quantified using ImageJ software (n=6 mice in each dietary group at each feeding

Figure 1 continued on next page
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Figure 1 continued

duration). (E) BM adipocyte numbers per field were blindly counted following H&E staining using ImageJ software version 1.53. (n=4-14 mice in each
dietary group per feeding duration). (F) Representative images of femurs from mice fed control and HFD diet for 3 weeks, that were fixed in formalin for
2 days followed by 14 days EDTA decalcification and subsequently stained with Oil Red O (ORO). (G) Representative images of femurs from mice fed
control and HFD diet for 8 weeks, that were fixed in formalin for 2 days followed by 14 days EDTA decalcification and subsequently stained with H&E.
Scale bar is 25 um. Results are expressed as mean + SEM, n=4-14 mice per group. One-way ANOVA was used for statistical analysis at each dietary
group and across feeding periods. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and ns = not significant p>0.05.

The online version of this article includes the following source data for figure 1:

Source data 1. Mice fed HFD increased body weight, fasting blood glucose, visceral and bone marrow adipose tissue.

control mice (Figure 3A-C). Strikingly, 3 weeks of HFD reduced the mitochondrial membrane poten-
tial in both monocyte subsets indicated by the left-ward shift in the MitoTracker Red CMXRos peak
(Figure 3A). The HFD-induced effects were more pronounced by 8 and 18 weeks of HFD (Figure 3B
and C). To further understand the effects of HFD on the developing BM monocytes, Ly6C*" and
Ly6C"e" monocytes from mice fed control or HFD for 3, 8, or 18 weeks were isolated via fluorescent
activated cell sorting (FACS) and plated for metabolic analysis with a Seahorse XFe96 Analyzer. The
results revealed a gradual lowering in the oxygen consumption rate (OCR) of Ly6C'®* monocytes with
HFD (Figure 3D-I). Comparison of the area under the curve (AUC) showed that at 18 weeks, the
OCR of the Ly6C"" monocytes was significantly lowered by HFD (Figure 3I). Interestingly, at 8 and
18 weeks, the AUC of the OCR of the Ly6C"® monocytes was significantly higher than the AUC of the
OCR of Ly6C"" monocytes in the control group (Figure 3H-I). Moreover, this difference was lost in
the HFD group as the AUC of the OCR of Ly6C"" monocytes diminished (Figure 3H-I).

A comparison of the various sections of the OCR graph illustrated that the changes in OCR
observed with 3 weeks of HFD were not manifest at basal respiration nor at the ATP-dependent respi-
ration, rather they were evident in the maximal respiratory capacity portion of the metabolic stress
test (Figure 3D). A drop in basal respiration of both monocyte subsets emerged with 8 weeks of HFD
and became more pronounced with 18 weeks of HFD (Figure 3E-F). This showcased the sustained
effects of HFD on monocyte metabolic status. Conversely, the extracellular acidification rate (ECAR) of
Ly6C monocytes was higher than that of Ly6C"e" monocytes, consistent with a more active metab-
olism in the former (Figure 3J). However, this difference was lost with HFD, as ECAR dropped in the
Ly6C"°" monocytes and rose in the Ly6C"" monocytes relative to the control diet group (Figure 3J).
Overall, these results suggest that, along with promoting the preponderance of Ly6C"e" monocytes,
HFD also lowers OCR in Ly6C" monocytes.

Endorsing these results, an analysis of the BM showed elevated lactate levels across all HFD
time points (Figure 3K). This increase in lactate may be due to the glycolytic shift in BM monocytes
described above, among other potential sources within the BM cellular composition. Further anal-
ysis of the BM soluble fraction failed to evince any changes between control and 18-week HFD-fed
mice in pro-inflammatory cytokines Tnfa, 1118, 116, Cxcl1 or Ccl2 (Figure 3—figure supplement 1A-C).
Similarly, there were no differences between diet groups in pro-inflammatory gene expression of
116, 1115 or Itgax in FACS-sorted Ly6C"" and Ly6C"" monocytes (Not Shown). However, Tnfa gene
expression was higher in FACS-sorted Ly6C"9" monocytes from 18 week HFD-fed mice compared to
controls (Figure 3—figure supplement 1D). Collectively, these findings illustrate that HFD alters the
BM metabolic micro-environment with little effect on pro-inflammatory cytokine secretion (based on
the panel tested).

Expression of mitochondrial fusion and fission genes in monocytes is
altered by HFD

The efficiency of mitochondrial function is intrinsically reliant on its structure. Mitochondria are highly
dynamic in structure, largely regulated by concentration of proteins that control fission and fusion
(Gottlieb and Bernstein, 2017). Dynamic transitions are closely aligned to metabolic performance.
To further assess the mitochondrial activity of monocytes, we enquired whether their expression of
mitochondrial dynamic genes is altered with HFD compared to the control group.

The analyzed genes involved in mitochondrial fusion were Mfn1, Mfn2, Opal, Tomm20, and
Tomm40, while those involved in mitochondrial fission were Drp1, Ppid (CypD), and Fis1. BM mono-
cytes from mice fed HFD for 3 weeks did not present with differences in gene expression in the tested
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Figure 2. Bone marrow monocytes increased prior to adipose tissue macrophages. Analysis of monocytes and macrophages in the stromal vascular
fraction (SVF) of adipose tissue via flow cytometry analysis, identified first by size and granularity through forward and side scatter and then using

the following markers: CD11b CD115 F4/80 Ly6C GR1 CD11c (n=7-10 mice in each dietary group at each feeding duration). (A) Monocytes, (B) Total
macrophages, (C) Pro-inflammatory macrophages. (D-F) Whole adipose tissue gene expression of the myeloid marker ltgam, macrophage marker
Adgre and pro-inflammatory myeloid marker ltgax by RTgPCR. Each symbol represents a biological replicate analyzed in duplicate and normalized to
average of a group of housekeeping genes. (n=5 mice in each dietary group at each feeding duration). (G-H) Gene expression analysis of embryonic

Figure 2 continued on next page
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Figure 2 continued

derived tissue resident macrophage markers Timd4 and Marco by RTQPCR. Each symbol represents a biological replicate analyzed in duplicate and
normalized to average of a group of housekeeping genes (n=3-5 mice in each dietary group at each feeding duration). (I) Flow cytometry analysis of
total BM monocytes (n=7 mice in each dietary group at each feeding duration). (J) Monocyte subsets in the bone marrow with HFD-feeding (n=7 mice
in each dietary group at each feeding duration). Results are expressed as mean + SEM. One-way ANOVA was used for statistical analysis at each dietary
group and across feeding periods. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and ns = not significant p>0.05.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Bone marrow monocytes increased prior to adipose tissue macrophages.

Figure supplement 1. Flow cytometry gating strategy for identification of Ly6C"" and Ly6C"¢" monocytes and their progenitor cells.
Figure supplement 2. Monocyte progenitors and stem cells were not significantly altered with HFD in vivo.

Figure supplement 2—source data 1. Monocyte progenitors and stem cells were not significantly altered with HFD in vivo.

mitochondrial fusion genes compared to control diet counterparts (Figure 4A). BM monocytes isolated
from mice fed HFD for 8 weeks showed downregulated Mfn1 and Mfn2 compared to the controls
(Figure 4B). BM monocytes isolated from 18-week HFD-fed mice downregulated the mitochondrial
fusion genes Mfn2, Opal, and Tomm20 (Figure 4C). Furthermore, from the tested mitochondrial
fission genes, Drp1 was upregulated in the BM monocytes of 3 weeks HFD-fed mice (Figure 4D). Drp1
and Ppid were also upregulated in BM monocytes of 8 weeks HFD-fed mice (Figure 4E). At 18 weeks,
all three tested mitochondrial fission genes, Drp1, Ppid, and Fis1 were upregulated (Figure 4F). This
gene expression pattern suggests that HFD skews the monocyte gene expression to favour downreg-
ulation of genes involved in mitochondrial fusion and upregulation of genes involved in fission.

Given that Ly6C"" and Ly6C"" monocytes presented with differences in metabolic preference
(oxidative and glycolytic, respectively), and the known link of glycolytic metabolism with mitochondria
fragmentation and conversely oxidative metabolism to mitochondrial fusion, we assessed whether the
expression patterns of the genes governing mitochondrial fission and fusion would correlate distinctly
with the BM monocyte subset abundance in control and HFD-fed mice. Indeed, and notably, the
abundance of the Ly6C"" monocyte subset negatively correlated with Mfn2 and positively correlated
with Drp1 levels (Figure 4G-H). In contrast, the abundance of BM Ly6C® monocytes did not correlate
with the expression patterns of either Mfn2 or Drp1 (Figure 4G-H). These data are consistent with our
metabolic findings suggesting Ly6C"e" monocytes are more glycolytic and adopt a gene expression
pattern that would promote mitochondrial fragmentation.

A shift in BMA type at 8 weeks of HFD influences monocyte subset
preference and mitochondrial dynamic gene expression

Hematopoietic myeloid cells reside in specific niches of the BM that determine their cellular inter-
action with other co-resident BM cells (Boroumand and Klip, 2020). BMA, while representing a
unique type of adipocytes, respond to obesity with an increase their white adipocyte-like fat storing
properties and a decrease in brown-like characteristics (Ambrosi et al., 2017, Doucette et al., 2015;
Krings et al., 2012; Scheller et al., 2016). To explore the temporal relation of BMA whitening in rela-
tion to the development of monocyte subsets, we followed the gene expression of a suite of recently
identified markers that are good differentiators of adipocyte types (Nascimento et al., 2014, Ussar
et al., 2014) in isolated BMA from femur and tibia of control and HFD-fed mice. By 3 weeks into
HFD, the white adipocyte marker Ascl (encoding the guanine nucleotide-binding protein subunit
beta-like protein) was significantly higher and the brown adipocyte marker P2rx5 (encoding puri-
nergic receptor P2X) trended to be lower albeit without reaching statistical significance, relative to
control diet. White adipocyte markers Lep (leptin) and Adipoq (adiponectin) as well as the brown
adipocyte markers Ucp1 (UCP1) and Cdc42 (Pat2, Integrin alpha pat-2) did not change (Figure 5A).
By 8 weeks of HFD, AscT mRNA remained elevated and Lep and Adipoq trended in the same direc-
tion (Figure 5B). Brown adipocyte markers P2rx5 and Ucp1 in the isolated BMA of HFD mice were
markedly lower relative to those from control diet mice (Figure 5B). Thus, 8 weeks of HFD sufficed to
shift BMA towards white adiposity. By 18 weeks of HFD, all white adipocyte markers genes showed
were upregulated while brown adipocyte markers were downregulated compared to the control
group (Figure 5C). Analyses of adipocyte differentiation and progenitor cell markers were conducted
in the BM pelleted fraction. Hoxc8, a regulator of adipocyte progenitors (Nakagami, 2013), was
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Figure 3. HFD blunted the mitochondrial oxidation of monocyte subsets. (A-C) Bone marrow cells from mice

fed control or HFD for 3, 8, or 18 weeks (n=3 mice per dietary group) were incubated with Mitotracker Red

CMXRos for 17 min at 37 °C. This is a fixable red-fluorescent dye that stains mitochondria dependent on their
membrane potential. Cells were then fixed, stained with fluorescent antibodies for flow cytometry, and subjected

Figure 3 continued on next page
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Figure 3 continued

to fluorescent activated cell sorting (FACS) to identify Ly6C® and Ly6C"9" monocyte populations. (D-F) Ly6C* and
Ly6C"e" monocytes from mice fed control or HFD for 3, 8, or 18 weeks, (n=3 mice per dietary group) were isolated
via FACS and plated for metabolic analysis of their Oxygen Consumption Rate (OCR) with a Seahorse XFe%6
Analyzer. (G-I) Area under the curve of OCR of FACS-sorted Ly6Clow and Ly6Chigh monocytes from control and
HFD-fed mice measured by the Seahorse Assay (n=3 mice per dietary group). (J) Area under the curve of ECAR
measurement from FACS-sorted Ly6C"" and Ly6C"" monocytes of control and HFD-fed mice measured by the
Seahorse Assay and pooled from all feeding durations. (K) BM lactate measurement of the supernatant fraction in
HFD and control samples quantified using a lactate Plus Meter and normalized to the initial volume of BM isolated
from the femur (n=7 mice per dietary group). Results are expressed as mean = SEM. One-way ANOVA was used
for statistical analysis. *p<0.05, **p<0.01 and ns = not significant p>0.05. Graph in panels C was created using
FlowJo software (Becton, Dickinson Company).

The online version of this article includes the following source data and figure supplement(s) for figure 3:
Source data 1. HFD blunted the mitochondrial oxidation of monocyte subsets.
Figure supplement 1. BM pro-inflammatory factors did not change with HFD.

Figure supplement 1—source data 1. BM pro-inflammatory factors did not change with HFD.

significantly upregulated at 8 weeks along with Hoxc9 at 18 weeks of HFD (Figure 5—figure supple-
ment 1B,C). The beige adipocyte progenitor marker Tmem26 was not significantly higher at any of
the tested HFD durations (Figure 4A-C). Expression of the brown adipocyte determinant genes Tbx1
and Lhx8 was undetectable in the isolated BMA. Thus, during the course of HFD, while markers for
white adipocyte progenitor cells were upregulated, precursors of beige/brown adipocytes were not
affected.

The rise in BM Ly6C"" monocytes and the shift in BMA whitening both manifested by 8 weeks of
HFD. Correlative analysis was performed for both Ly6C"" and Ly6C"9" with the white adipocyte marker
Asc1 and the brown adipocyte marker Ucp1. The results evinced a significant positive correlation (p
value of 0.0123) for Ly6C"e" monocytes with Asc1 gene expression (Figure 5D). Conversely, the surge
in Ly6C"" monocytes presented a significant negative correlation (p value of 0.0415) relative to Ucp1
gene expression (Figure 5E). Changes in Ly6C°" monocytes did not significantly correlate with Asc1
(p value of 0.0768) or Ucp1 (p value of 0.1299) (Figure 5D-E). Collectively, the above data suggest
the possibility that the mere shift in BMA towards white adiposity may directly favour induction of BM
Ly6Che" monocytes. To test this hypothesis, we generated conditioned media (CM) from BMA (BMA-
CM) pooled from three control and three HFD-fed mice, collected 3, 8, and 18 weeks into the diets. In
parallel, BM of control mice was used to generate monocytes through a 5-day in vitro differentiation
protocol (as reported by Francke et al., 2011, see Methods). These monocytes were treated with
BMA-CM from control and HFD-fed mice for 18 hr thereafter. Subsequently, the monocyte population
was analyzed via flow cytometry. BMA-CM from 3 weeks HFD-fed mice had no effect on the monocyte
subset proportions compared to BMA-CM from control diet-fed mice (Figure 5F). Strikingly, however,
BMA-CM from 8-week HFD-fed mice applied to BM-derived monocytes from control mice resulted in
a significant production of Ly6C"e" monocytes compared to the effect of BMA-CM from mice on the
8-week control diet (Figure 5G). This skewing was further enhanced when exposing the control BM
cells to BMA-CM from 18-week HFD-fed mice (Figure 5H).

Lastly, we tested whether BMA-CM was capable to induce changes in gene expression of the
mitochondrial fusion and fission genes in monocytes, as observed with monocytes isolated from HFD-
fed mice. Accordingly, in vitro-generated monocytes were treated with BMA-CM from control and
HFD-fed mice. As before, the analyzed genes involved in mitochondrial fusion were Mfn1, Mfn2,
Opal, Tomm20, and Tomm40, while the tested genes involved in mitochondrial fission were Drp1,
Ppid, and Fis1. Monocytes treated with BMA-CM from HFD-fed mice for 18 weeks showed significant
downregulated mitochondrial fusion genes Mfn2, Tomm20, and Tomm40 (Figure 5I). Conversely, the
mitochondrial fission genes Drp1 and Ppid were significantly up-regulated in monocytes treated with
HFD-derived BMA-CM (Figure 5J).

These results not only show that HFD-derived BMA-CM can bias monocyte subset cellularity but
also can alter mitochondrial morphology via changes in mitochondrial dynamic gene expression.
These changes can have consequential effects on the metabolic properties on the monocytes.
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Figure 4. HFD downregulated expression of mitochondrial fusion genes and upregulated mitochondrial fission genes. Gene expression of
mitochondrial fusion genes Mfn1, Mfn2, Opal, TommZ20, and Tomm40 in monocytes isolated from control and HFD-fed mice for (A) 3, (B) 8,

(C) 18 weeks. Gene expression of mitochondrial fission genes Drp1, Ppid and Fis1 in monocytes isolated from control and HFD-fed mice for (D) 3, (E) 8,
(F) 18 weeks (n=3 mice per dietary group and samples were analyzed in duplicates). (G) Correlative analysis of monocyte subset BM cellular abundance
and BM-derived monocyte Mfn2 gene expression. (H) Correlative analysis of the average of monocyte subset BM cellular abundance (n=8 per dietary
group) and BM-derived monocyte Drp1 gene expression (n=3 per dietary group) per dietary group at each time point. Correlative analysis statistics
were conducted using the linear regression analysis testing whether slopes and intercepts are significantly different via GraphPad Prism version 6

Figure 4 continued on next page
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Figure 4 continued

(GraphPad Software). The r? represents the goodness of the fit while the P values greater than 0.05 represent whether the slope of the line of best fit is
significantly non-zero. Results are expressed as mean = SEM. One-way ANOVA was used for statistical analysis. *p<0.05 and ns = not significant p>0.05.

The online version of this article includes the following source data for figure 4:

Source data 1. HFD downregulated expression of mitochondrial fusion genes and upregulated mitochondrial fission genes.

White adipocytes favour Ly6C"s" monocytes and promote
mitochondrial fragmentation

To assess whether the effects of BMA on monocyte subset skewing and metabolic differences can be
attributed to BMA whitening, we designed a proof-of-concept experiment studying the influence of
bona fide white or brown adipocytes on monocyte subset determination and metabolic changes ex
vivo. Isolated adipocytes from EWAT and brown adipocyte tissue (BAT) of three mice were pooled
to generate white AT adipocytes (WATA) and brown AT adipocytes (BATA), respectively. Confirming
the phenotype of the isolated cells, classical white adipocytes markers were solely expressed in
the isolated WATA, and classical brown adipocyte markers were exclusively expressed in the BATA
(Figure 5—figure supplement 1D,E). The isolated WATA and BATA were cultured for 18 h and the
corresponding CM were collected for subsequent treatment of monocyte preparations. In vitro-
generated BM-derived monocytes from chow-fed mice were treated with WATA-CM, BATA-CM or
left untreated. The proportion of Ly6C" and Ly6C"" monocyte subsets was determined by flow
cytometry analysis (Figure 2—figure supplement 1). This in vitro paradigm allowed for direct mecha-
nistic analysis of the influence of white or brown adipocytes on monocytes. These results indicate that
WATA-CM favoured Ly6C"9" monocyte predominance, while BATA-CM prompted Ly6C"®" monocyte
abundance (Figure 6A-B), presenting a novel, differential influence of white and brown adipocytes on
monocyte orientation preference.

Since segregated Ly6C"" and Ly6C"s" monocyte subsets had different metabolic orientations, we
investigated if the differential adipocyte influence on monocyte subset development corresponded
to a change in their metabolic status. To this end, in vitro-generated monocytes were treated with
WATA-CM, BATA-CM or left untreated for the last 18 hr of the monocyte differentiation protocol. The
mitochondrial membrane potential was assessed using MitoTracker Red CMXRos and flow cytometry
analysis. Remarkably, Ly6C monocytes incubated in vitro with WATA-CM experienced a left-ward
shift in MitoTracker Red CMXRos peak indicating a reduction in mitochondrial membrane potential
induced by the WATA-CM (Figure 6C), reproducing what was observed with monocytes from HFD-fed
mice (see Figure 3A-C). Furthermore, the gene expression of mitochondrial fusion genes Mfn1, Mfn2,
Tomm20, and Tomm40 were reduced in monocytes treated with WATA-CM (Figure 6D). The mito-
chonderial fission genes Drp1, Ppid and Fis1 were up-regulated in monocytes treated with WATA-CM
(Figure 6E). Conversely, treating monocytes with BATA-CM downregulated the mitochondrial fission
gene Ppid (Figure 6E). To explore if the changes in mitochondrial fusion and fission gene expression
correlated with the corresponding mitochondrial morphology, we utilized super-resolution micros-
copy to image the mitochondrial protein TOM20 in in vitro monocytes adhered to coverslips.

WATA-CM induced a striking increase in the percentage of cells with fragmented mitochondria,
from 22% in control CM-treated cells to 64%. On the other hand, BATA-CM raised mitochondrial elon-
gation from 20% in CM-treated cells to 55% (Figure 6F-H). These observations suggest that white
adipocyte products alter the metabolic status of Ly6C' monocytes by reducing their mitochondrial
membrane potential and altering mitochondrial dynamic gene expression and morphology, thereby
linking changes in BMA whitening to monocyte metabolic status. Moreover, the shift to mitochon-
drial fragmentation coincided with the higher abundance Ly6C"s" monocytes resulting from in vitro-
generated monocytes with WATA-CM (Figure 6A and B).

White and brown adipocytes influence monocytes through distinct
mechanisms

Monocyte precursor cells in the BM in the tissues maintain cell numbers by cell proliferation (Cassado
et al., 2015). Although we had not detected HFD-induced changes in hematopoietic stem and mono-
cyte progenitor cells in vivo, we assessed the abundance of these progenitor cell populations upon
exposing in vitro-generated monocytes to WATA-CM and BATA-CM. We reasoned that the ex vivo
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Figure 5. Bone marrow adipocyte whitening detected at 8 and 18 weeks of HFD favours increased bone marrow Ly6C"$" monocytes and induced
changes in mitochondrial dynamic gene expression. Volcano plots showing the gene expression of white and brown adipocyte markers in red and blue
respectively (A) at 3, (B) 8, and (C) 18 weeks of HFD (n=3-9 per dietary group). Correlative graphs of the (D) white adipocyte marker ASC1 (n=8-9 per
dietary group) and (E) brown adipocyte marker UCP1 (n=6 per dietary group) with Ly6Clow or Ly6Chigh monocyte subset abundance in the BM (n=8).

Figure 5 continued on next page
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Figure 5 continued

Correlative analysis statistics were conducted using the linear regression analysis testing whether slopes and intercepts are significantly different via
GraphPad Prism version 6 (GraphPad Software). The r? represents the goodness of the fit while the p values greater than 0.05 represent whether the
slope of the line of best fit is significantly non-zero. (F-H) Flow cytometry quantification of naive Ly6C" and Ly6C"e" monocytes (n=3-4 per dietary
group) from in vitro-generated monocytes pre-treated for 18 hr with pooled BMA-CM collected from three mice fed the control and HFD for 3, 8, and
18 weeks. (I) Gene expression of mitochondrial fusion genes Mfn1, Mfn2, Opal, Tomm20, and Tomm40 in naive monocytes treated with BMA-CM
from control and HFD-fed mice (n=3 per dietary group and samples were run in duplicates). (J) Gene expression of mitochondrial fission genes Drp1,
Ppid, and FisT in naive monocytes treated with BMA-CM from control and HFD-fed mice (n=3 per dietary group and samples were run in duplicates).
Results are expressed as mean = SEM. One-way ANOVA was used for statistical analysis at each dietary group and across feeding periods. *p<0.05,
***+*r<0.0001 and ns = not significant >0.05.

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. Bone marrow adipocyte whitening detected at 8 and 18 weeks of HFD favours increased bone marrow Ly6C"9" monocytes and induced
changes in mitochondrial dynamic gene expression.

Figure supplement 1. BMA precursor cell markers change with HFD and phenotyping WATA and BATA.
Figure supplement 1—source data 1. BMA precursor cell markers change with HFD and phenotyping WATA and BATA.

experimental setup lent itself well to gain understanding of the mechanisms whereby monocytes
undergo changes in subset proportion in response to bona fide white and brown adipocyte media.
In Figure 7—figure supplement 1, the abundance of hematopoietic stem and monocyte progenitor
cells (CD117+ cells) was determined using appropriate surface markers (Table 1) and flow cytometry
analysis as shown (based on Figure 2—figure supplement 1D). Surveying several cell populations,
only a small gain in myeloid progenitor cell (CMP) was observed in response to WATA-CM treatment
(Figure 7—figure supplement 1A-C). GMP cells are downstream of CMP during lineage progression
of progenitor cells towards monocytes or erythroid cells (Yafez et al., 2017), and so it is noteworthy
these cells did not become more abundant with WATA-CM treatment, even though content of CMP,
their upstream multipotential progenitors, was slightly elevated (Figure 7—figure supplement 1C).

Next, we asked whether proliferation might contribute to the higher proportion of terminally
differentiated Ly6C"e" or Ly6C"" monocyte subsets observed following treatment with WATA-CM (in
addition to the conversion of Ly6C"* into Ly6C"e") or BATA-CM, respectively. To this end, we treated
BM-derived in vitro-generated monocytes with WATA-CM, BATA-CM or left them untreated for 18 hr,
with or without the presence of bromodeoxyuridine (BrdU), an indicator of S-phase. Using flow cytom-
etry analysis, DNA-incorporated BrdU was detected in the Ly6C"" or Ly6C"" monocyte gates of the
CD11b versus Ly6C plots, with BrdU as the third colorimetric axis (Figure 7A). Although at the highest
levels the CD11b signal created a green background signal in the BrdU channel (as seen in samples
not treated with BrdU), the actual BrdU signal could be readily distinguished by the yellow to red
signal corresponding to the gradient scale shown. Proliferating cells were quantified as percentage
of CD11b* Ly6C* cells that were positive for BrdU incorporation (yellow to red signal). WATA-CM-
treated monocytes rendered the expected increase in Ly6C"" monocytes, yet these cells did not
show significantly higher incorporation of BrdU than untreated controls, implying that they are not
actively replicating their DNA (Figure 7A,B). In contrast, BATA-CM increased DNA-incorporated BrdU
in the sorted Ly6C"" monocyte subset, visualized as yellow to red hues in the CD11b* Ly6C™* cell gate
(Figure 7A), and the number of proliferating cells was elevated by 25-fold (Figure 7B). These find-
ings revealed that brown adipocytes promote an abundance of Ly6C"" monocytes by inducing their
proliferation. Interestingly, this replicative behavior of BATA-CM-treated of Ly6C"*" monocytes, which
we showed above are more oxidative than Ly6C"%" monocytes, is consistent with recent observations
that proliferative cells have higher glucose consumption and oxidative phosphorylation relative to
quiescent cells (Yao et al., 2019).

To buttress the above results, we also assessed the colony forming potential of in vitro-generated
monocytes that received pre-treatment of WATA-CM or BATA-CM, to assess the potential for expan-
sion of progenitor cells present in the samples. Colonies were identified as BFU-E (giving rise to
erythroid cells); CFU-GEMM (giving rise to large mixed cultures of granulocyte, erythroid, macro-
phage, megakaryocyte; also, known as CMP); CFU-G (giving rise to granulocytes) or CFU-M (giving
rise to macrophages). BATA-CM promoted growth of CMP/CFU-GEMM cultures over control Media
(**p<0.01 Two-way ANOVA, Tukey's multiple comparisons, Figure 7C) and biased granulocyte/macro-
phage progenitors (widely known as GMP) towards macrophage over granulocyte differentiation,
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Figure 6. Bona fide white adipocytes favoured Ly6C"e" monocytes preponderance, blunted monocyte mitochondrial membrane potential, and induced
mitochondrial fragmentation in vitro. Naive BM-derived monocytes were treated with CM from isolated bone fide white and brown adipocytes from
EWAT and inter-scapular BAT for 18 hr. (A) Flow cytometry dot plots detecting the effects of 18 hr of treatment with media alone, pooled WATA-CM
and BATA-CM from three mice (n=3 technical replicates each time with pooled CM from 3 mice) on monocyte subset abundance. (B) Quantification

Figure 6 continued on next page
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Figure é continued

of the gates drawn for Ly6C"*" and Ly6C"9" monocytes (n=9 biological replicates of naive monocytes treated as indicated). (C) Representative plot

of MitoTracker Red CMXRos detected by flow cytometry in Ly6C'*" monocytes treated with media alone, pooled WATA-CM and BATA-CM for 18 h.

(D) Gene expression of mitochondrial fusion genes Mfn1, Mfn2, Opal, TommZ20, and Tomm40 in naive BM-derived monocytes treated with control
Media, pooled WATA-CM and BATA-CM (n=6 mice in each CM group and samples were analyzed in duplicates). (E) Gene expression of mitochondrial
fission genes Drp1, Ppid and Fis1 in naive BM-derived monocytes treated with control Media, WATA-CM and BATA-CM (n=6 mice in each CM group
and samples were analyzed in duplicates). Results in (B), (D) and (E) are expressed as mean = SEM, with one-way ANOVA used for statistical analysis:
*p<0.05, **p<0.01 and ***p<0.001, ****p<0.0001 and ns = not significant p>0.05. Graphs in (A) and (C) were created using FlowJo software (Becton,
Dickinson Company). (F) Super-resolution microscopy images of mitochondrial morphology via TOM20 staining in BM-derived monocytes treated with
control Media, pooled WATA-CM and BATA-CM (representative of n=3 mice in each CM group). Scale bar = 5um. Images were analyzed in Fiji (version
2.1.0/1.53 ¢). (G) Schematic illustration of mitochondrial morphologies as fragmented, intermediate, or tubulated. (H) Quantification of the percentage
of monocytes with the indicated mitochondrial morphology, in each treatment condition. Values are from three independent experiments; n=3 mice

in each CM group; about 40 cells counted for each condition, per experiment. Results are expressed as mean = SEM. One-way ANOVA was used for

statistical analysis. *p<0.05, **p<0.01 and ***p<0.001, ****p<0.0001 and ns = not significant p>0.05.

The online version of this article includes the following source data for figure 6:

Source data 1. Bona fide white adipocytes favoured Ly6C"9" monocytes preponderance, blunted monocyte mitochondrial membrane potential, and
induced mitochondrial fragmentation in vitro.

relative to control Media (**p<0.01) or WATA-CM (*p<0.05 or ***p<0.001, Figure 7C). The total
numbers of colonies that grew after 7-10 days of culturing of each pre-treated cohort of monocytes
were not different across the three treatments, although trended upwards with BATA-CM (Figure 7D).
These results indicated that while BATA-CM promoted expansion of selected populations (CMP/CFU-
GEMM and CFU-M), consistent with the increase in BrdU incorporation shown above, WATA-CM was
without effect relative to control Media.

The above findings suggest that while the proportional increase in Ly6C"" monocytes induced
by BATA-CM involves cell proliferation, the proportional increase in Ly6C"" monocytes induced by
WATA-CM does not. As a complementary approach, BM cells were analyzed by flow analysis by first
gating for the Ly6C"" or Ly6C"s" monocyte subsets (Figure 2—figure supplement 1A) and then
analyzing for the presence of monocyte progenitors within the monocyte subsets (Figure 2—figure
supplement 1D). lllustrated are the GMP, CMP and MEP gates in the monocyte subsets (Figure 7E).
GMP progenitor cells were essentially the only progenitors detected by this approach in the Ly6C"
monocyte subset, and they represented 140 GMP per 1000 Ly6C™" cells (Figure 7E). During the
incubation time of 18 hr with conditioned medium, we anticipate the progenitors could theoreti-
cally undergo only one doubling and therefore unlikely to account for the full changes in Ly6C"" cell
numbers produced by WATA-CM.

Collectively, the results in Figure 7C—E indicate that WATA-CM treatment did not result in an appre-
ciable expansion of progenitor cells or colony formation. Therefore, alternative mechanisms were
explored that might contribute to the WATA-CM induced shift towards Ly6C"s" monocyte prepon-
derance, particularly the possible conversion of one subset into the other. It is known that Ly6C"sh
monocytes give rise to Ly6C monocytes in mouse blood and BM, and this is paralleled by the human
homologous CD14 and CD16 monocyte subsets (Kratofil et al., 2017, Lessard et al., 2017; Patel
et al., 2017). However, while there has been speculation about the conversion of Ly6C"*" to Ly6Chie"
monocytes, there is little experimental evidence for this phenomenon. Hence, we contemplated the
possibility that BATA-CM may also cause Ly6C"" to Ly6C" monocyte conversion, and especially
whether WATA-CM might cause Ly6C"*" to Ly6C"s" monocyte conversion, however unprecedented.
To this end, we collected each FACS-sorted, homogenous Ly6C"*" and Ly6C"'" monocyte populations
and, once isolated, treated them with WATA-CM, BATA-CM, or control media for 18 hr. Following
treatments, we evaluated the presence of the alternative monocyte subtype relative to that in the
respective starting homogenous populations. Surprisingly, no conversion from Ly6C"e" (red) to Ly6C'™"
(gray) monocytes was observed in any condition (Figure 8A-F), but, remarkably, there was a switch
of the FACS sorted Ly6C"" into Ly6C"s" monocytes following exposure to WATA-CM (Figure 8B and
E). While the FACS-sorted starting cells were all Ly6C" monocytes, following the 18 hr WATA-CM
treatment the monocyte population consisted of 49.7% Ly6C"" monocytes (and correspondingly only
Ly6C™ monocytes 50.3%) (Figure 8E). This was in stark contrast to all other isolated cell and CM
treatment combinations tested, which gave rise to a maximum of 16.3% of the opposite monocyte
subset compared to the starting population. Taken together, the results from Figures 7 and 8 endorse
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Table 1. List of Antibodies used for flow cytometry analysis.

Catalog

Markers Fluorophore Manufacturer Clone Number
CD11b APC-eFluor 780 eBioscience M1/70 47-0112-82
Ly6C PE-Cy7 Biolegend HK1.4 128018
Gr-1 Alexa Fluor 700 eBioscience RB6-8C5 56-5931-82
CX3CR1 Brilliant Violet 421 Biolegend SAOTTF11 149023
CCR2 Alexa594 R&D Systems 475301 FABS5538T
CD115 APC eBioscience AFS98 17-1152-82
F4/80 PerCP-Cy5.5 BioLegend BM8 123128
CD11c FITC eBioscience N418 11-0114-81
CD34 FITC BD Biosciences RA1434 553733
CD16/32 APC-R700 BD Biosciences 24G2 565502
CD45.2 BV650 BD Biosciences 30-F11 563410
CD150 PEPCP710 invitrogen mShad150 46-1502-82
CD117 APC/Fire 750 BioLegend 2B8 105838
SCA1 PE-Cy7 Invitrogen D7 25-5981-82
CD48 BV605 BioLegend MM48-1 103441
CD3e* PE BD Biosciences 17A2 555725
B220* PE BD Biosciences RA3-6B2 553089
Ly6G* PE BD Biosciences 1A8 551461
CD11b* PE BD Biosciences M1/70 553311
CD11c* PE BioLegend N418 117308
Ter119* PE BD Biosciences TER-119 553623
CD127* PE eBioscience A7R34 12-1271-82
NK1.1* PE BD Biosciences PK138 553165

‘LINEAGE is a cocktail of antibodies containing CD3e, B220, Ly6G, CD11b, CD11c, Ter119, CD127, NK1.1 with the
same fluorophore to exclude all terminally differentiated cells.

the novel possibility of Ly6C"®" into Ly6C"®" monocyte conversion induced by secreted factors from
white adipocytes.

Discussion

In this study, we demonstrate a temporal correlation between HFD-induced whitening of BMA and
a BM myeloid lineage bias towards Ly6C""-bearing monocytes in vivo. The latter presented a more
glycolytic metabolism underpinned by a reduction in mitochondrial membrane potential, a rise in
mitochondrial fission genes and a reduction in mitochondrial fusion genes. Causatively, we show that
CM from BMA of HFD-fed mice promotes the generation of Ly6C"" monocytes ex vivo. Phenocopying
the effect of BMA derived from HFD-fed mice, bona fide WATA favoured a Ly6C"" monocyte prepon-
derance, while BATA promoted a dominance of Ly6C® monocytes. Interestingly, these differential
influences by the respective adipocytes are induced by distinct cellular pathways. Mechanistically,
white adipocytes induced a shift in monocyte subset proportion, from Ly6C" to Ly6Ch", suggesting
a possible and novel conversion of one subset into the other, while brown adipocytes favoured Ly6C'*"
predominance by inducing their proliferation. These changes in monocytes were underpinned by
alterations in the monocytes metabolism, as WATA blunted the monocyte’s mitochondrial membrane
potential and OCR. Overall, our findings expose a regulation of monocyte subsets directly influenced
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Figure 7. Brown adipocytes favour Ly6C'® monocytes through progenitor cell differentiation and proliferation. (A) BM-derived, in vitro-generated
monocytes were treated with media alone, WATA-CM or BATA-CM in the presence of the pyrimidine analogue BrdU to detect cellular proliferation.
(B) Quantification of BrdU abundance in Ly6C"*" and Ly6C"9" monocyte subsets with the treatments in panel A, was determined by flow analysis (yellow
to red signal, see Methods). Results are expressed as mean + SEM, n=3-6 individual mice per group. One-way ANOVA test was used for statistical
analysis, ****p<0.0005. (C, D) Colony Forming Unit assays were performed as described in Methods using six independent cultures of BM-derived, in

Figure 7 continued on next page
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vitro-generated monocytes (n=6 individual mice), were treated with WATA-CM, BATA-CM or control adipocyte media (Media) for 18 h prior to mixing
with methylcellulose-based media and plating at 20,000 cells/ml to 6-well plates, in triplicate. (C) BATA-CM promoted CFU-GEMM cultures over Media
alone (**p<0.01 Two-way ANOVA, Tukey’s multiple comparisons) and skewed granulocyte/macrophage progenitors towards macrophage (CFU-M) over
granulocyte (CFU-G) differentiation, relative to Media alone (**p<0.01) or WATA-CM (*p<0.05 or ***p<0.001). (D) The counts of the different colonies for
each treatment (Media, WATA-CM or BATA-CM) were totaled and plotted as the mean + SEM (n=6 individual mice). There was no statistical difference
between the media treatments. (E) Isolated BM cells were processed for flow analysis to determine the progenitor cell populations present in the Ly6C'™"
or Ly6C"e" monocyte subsets. The percent GMP ratio was calculated relative to the total cells detected in either monocyte subset as the mean + SEM
(isolated from n=3 individual mice). Flow analysis panels in A and E were created using FlowJo software (Becton, Dickinson Company).

The online version of this article includes the following source data and figure supplement(s) for figure 7:
Source data 1. Brown adipocytes favour Ly6C* monocytes through progenitor cell differentiation and proliferation.
Figure supplement 1. HSC and their progenitors following the white and brown CM treatment for 18 hr.

Figure supplement 1—source data 1. HSC and their progenitors following the white and brown CM treatment for 18 hr.
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Figure 8. WATA-CM promotes Ly6C"" towards Ly6C"9" shift in BM-derived monocytes. Representative plots of FACS-sorted Ly6C"" (gray) and Ly6Chi"
(red) monocytes from control mice were independently treated with (A) Media alone, (B) WATA-CM, or (C) BATA-CM (n=6 mice per FACS-sorted
monocyte group) for 18 hr after which the presence of the alternate monocyte subset was assessed via flow cytometry. (D-F) Quantification of Ly6C'™"
and Ly6C"" gates in panels A-C. Flow cytometry panels A-C were created using FlowJo software (Becton, Dickinson Company).

The online version of this article includes the following source data for figure 8:

Source data 1. WATA-CM promotes Ly6C"" towards Ly6C"e" shift in BM-derived monocytes.
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by adipocytes, whether from the BM or from AT. Based on the high abundance of their defining
marker, Ly6C, as well as of CCR2, plus their overall metabolic phenotype, we refer to this population
as Ly6C"9" monocytes. Future in-depth analysis should define the nature of this interesting monocyte
group. Along with the observation of dynamic whitening of BMA during HFD, our results contribute
to the emerging evidence that BMA are not mere space fillers, rather they are important contribu-
tors to cellular metabolism and hematopoietic lineage decisions (Boroumand and Klip, 2020). That
these changes occur early on in the course of diet-induced obesity suggests that the BM is an early
responder to a change in feeding status and that adipocytes play a significant role in directing mono-
cyte subset skewing. Moreover, they provide evidence of novel mechanisms regulating the genesis of
such skewing.

BM as an early sensor and an active contributor to HFD-induced AT
macrophage accumulation

It is now widely recognized that many factors contribute to the accumulation of macrophages in
AT that includes the contribution of monocytes. There is mounting evidence for both HFD-induced
EWAT monocyte chemo-attraction and for enhanced BM myelopoiesis, that work together to increase
the monocyte infiltration and pro-inflammatory AT macrophage accumulation (Singer et al., 2014;
Trottier et al., 2012 and Figure 1D-H). Singer et al., 2014 demonstrated that transplantation of
BM from 18week HFD-fed mice into control recipients increased the number of invasive circulating
monocytes and pro-inflammatory AT macrophages. These pioneering findings heralded the notion
that HFD influences hematopoietic myeloid bias in the BM upstream of monocyte tissue invasion,
thereby contributing to downstream systemic and peripheral tissue inflammation. Furthermore, HFD-
driven chemoattracting signals from the homeostatically disrupted EWAT initiate tissue influx and
depletion of invasive Ly6C"9" monocytes from the circulation, which in turn may acts as a signal for
their increased production in the BM (Kamei et al., 2006; Nagareddy et al., 2014; Nov et al., 2013,
Renovato-Martins et al., 2017).

In the present study, by analyzing chronological changes in EWAT and BM myeloid composi-
tion, we observed that total BM monocytes increase by 3 weeks of HFD, whereas the propor-
tion of Ly6C"e" monocyte predominance was evident only at 8 weeks coinciding with a gain in AT
macrophages that were also pro-inflammatory skewed. We did not observe statistical significance
in HFD-dependent changes in myeloid progenitors, likely due to their scarcity since HSC make
up only 0.01% of the entire BM nucleated cells (Challen et al., 2009). The rise in total mono-
cytes observed at 3 weeks of HFD and prior to elevation of AT macrophages identifies the BM as
an earlier-responding locus during HFD. Interestingly, the increase was only apparent in Ly6C"
patrolling monocytes and not the Ly6C"" tissue invasive monocyte subset that is known for tissue
infiltration in chronic obesity. This might be explained by an initial non-specific upregulation of total
myelopoiesis and an increased Ly6C"e" monocyte BM extravasation. Therefore, it appears that only
Ly6C"" monocytes are elevated in the BM at 3 weeks of HFD. By 8 weeks of HFD, we observed a
shift in the monocyte subset proportion, favouring Ly6C"e" monocytes. Thus, by 8 weeks, the BM
has adopted the ‘typical’ HFD-induced hematopoietic phenotype, in so far as it already shows the
increased Ly6C"e" monocytes previously reported at the habitually studied 16-18 weeks of HFD. Of
note, we did not observe significant gains in progenitor cells (CMP, GMP) at either 3, 8 or 18 weeks
of HFD compared to control diet (Figure 2—figure supplement 2), whereas Singer et al. found
these cells elevated at 16 weeks of HFD (Singer et al., 2014; Singer et al., 2015). However, in the
latter study, at 6 weeks of HFD, they did not observe changes in progenitor populations, yet an
increase in circulating Ly6C"e" monocytes was already observed (Figure 5C in Singer et al., 2015).
Collectively, those key studies and ours suggest the possibility that progenitor proliferation may be
dissociated from the time during HFD when the specification leading to the increase in proportion
of the Ly6Chigh subset takes place.

By comparison, we detected a gain in pro-inflammatory AT macrophages by 8 weeks of HFD
that is concurrent with the predominance of invasive Ly6C"s" monocytes in the BM. In contrast, the
embryonic-derived tissue resident AT macrophage markers, Timd4 and Marco (Beattie et al., 2016;
Gibbings et al., 2015), were not elevated until 18 weeks of HFD. This brings to light the importance
of the contribution of the BM-derived myeloid cell pool to early EWAT pathology and AT macrophage
accumulation.
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Changes in BMA influence monocyte subset skewing

BMA are a distinctive member of the BM cellular suite that is sensitive to HFD effects (Pham et al.,
2020). In lean mice, BMA present characteristics that are similar to those of beige or brown adipocytes
in peripheral AT (Cuminetti and Arranz, 2019). With HFD, BMA undergo hyperplasia and hyper-
trophy triggered by PPARy activation (Rosen and MacDougald, 2006). Furthermore, with obesity,
adipocyte precursor mesenchymal stem cells tilt their lineage commitment towards adipogenesis (da
Silva et al., 2016; Bowers and Singer, 2021). While BMA are now known to be a distinct adipocyte
population, they express several characteristics of white and brown adipocytes (Boroumand and Klip,
2020; Krings et al., 2012, Sulston and Cawthorn, 2016; Tratwal et al., 2020). Brown adipocyte
markers of BMA are reduced in obese mice and a parallel adoption of more white adipocyte markers
has been observed (Adler et al., 2014; Doucette et al., 2015; Krings et al., 2012). The amalga-
mation of upregulated white adipocyte proteins and elevated fat storage capacity is known as BM
adipocyte whitening. Obesity-induced gains in whole body adiposity was causally linked to elevated
circulating CD11b* monocytes (Takahashi et al., 2003). However, the influence of BMA from either
lean or obese mice on the expansion of CD11b* monocytes had not been previously investigated.

The limited spatial capacity of the BM interior as well as the proximity of the cellular lineages in the
various BM niches lead us to anticipate that the obesity-linked BMA whitening would influence the
monocytic lineage. Here, we found a temporal, positive link between BMA hypertrophy and monocy-
tosis at 3 weeks of HFD. By 8 weeks of HFD, BMA whitening also positively correlated with the rise in
tissue invasive Ly6C"e" monocytes in the BM.

As a proof-of-concept for a direct and distinctive influence of adipocytes on monocyte number and
subsets, we show that exposure to soluble factors from bona fide white adipocytes favours Ly6CMe
monocyte preponderance while exposure to soluble factors from brown adipocytes promotes the
preponderance of Ly6C" monocytes. Mechanistically, we discovered that white adipocytes induced a
change in the proportion of Ly6C"*" towards Ly6C"¢" monocytes, an unprecedented process that is not
well understood at present. Although the Ly6C"" population contained some level of multipotential
progenitor cells, it is unlikely that these contribute in a major way to the switch in preponderance of
Ly6Che" monocytes in response to WATA-CM, since this population did not undergo changes in the
proximal lineage-committed precursors (CFU-M) when assayed for colony forming unit potential, and
further did not involve BrdU accrual (indicative of DNA replication and cell proliferation).

Brown adipocytes, on the other hand, increased the proliferation of Ly6C" monocytes, as evinced
by the higher incorporation of BrdU into the monocyte DNA and the expansion of monocyte lineage-
committed precursor CFU-M colonies when tested for colony formation. Interestingly, secretome
studies have reported that BAT-derived VEGFA and VEGFB can stimulate proliferation in adipocyte
progenitors and endothelial cells (Bagchi et al., 2013; Leung et al., 1989). Adipocyte-specific VEGFA
transgenic mice were protected from the effects of HFD and presented altered macrophage polariza-
tion (Elias et al., 2012). Therefore, it is conceivable that a reduction in brown adipocyte characteristics
of BMA also leads to a drop in the factors that would normally favour proliferation of Ly6C'®* mono-
cytes. While the identification of the soluble unknown factor(s) responsible for the adipocyte-specific
myeloid influence is outside the focus of the present study, we have laid the foundation for a future,
comprehensive investigation of the molecular mediators involved.

How do adipocytes skew myeloid lineage subsets?

While the designation of macrophages as ‘M1 and M2’ (of pro- or anti-inflammatory characteristics,
respectively) represents the extremes of a wide spectrum of phenotypes, the ‘M1’ pro-inflammatory
orientation has been linked to glycolytic activation while the ‘M2" anti-inflammatory orientation has
been linked to oxidative phosphorylation (Castoldi et al., 2016; Kelly and O’Neill, 2015). A similar
glycolytic metabolic switch with obesity has been reported for CD8 pro-inflammatory T cells (Buck
et al., 2017). Surprisingly, while pro-inflammatory pathways in monocytes are activated by hyper-
glycemic conditions (Shanmugam et al., 2003), the metabolic preference of the different monocyte
subsets had not been explored. This is a compelling question, given that Ly6C"®" monocytes pene-
trate tissues and differentiate to pro-inflammatory ‘M1’ macrophages while Ly6C" monocytes enter
tissues to promote healing and repair (Geissmann et al., 2003; Lin et al., 2009). Therefore, we
hypothesized here that, in the context of metabolic inflammation, there is a change in the metabolic
phenotype of monocyte subsets.
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Our findings show that Ly6C"'" and Ly6C'®* monocytes had different metabolic preferences at base-
line, with Ly6C"" having higher mitochondrial membrane potential indicative of more active oxidative
phosphorylation. Interestingly, HFD consumption lowered the mitochondrial membrane potential of
both Ly6C"" and Ly6C"s" monocytes, implicating a reduction in their mitochondrial oxidative capacity.
This change aligned with a HFD-induced reduction in oxygen consumption by Ly6C" monocytes.
Importantly, this difference was observed as early as 3 weeks and exacerbated by 8 and 18 weeks of
HFD. The elevated lactate concentration measured in the BM at all HFD durations may be reflective
of metabolic changes in cells of the BM cavity. Since we did not observe changes in the lactate levels
in WATA-CM or BATA-CM, the higher lactate in BM of HFD-fed mice may not originate from changes
in BMA.

Along with the change in monocyte subset proportions, we observed an increase in genes respon-
sible for mitochondrial fragmentation and a decrease in those involved in mitochondrial elongation in
monocytes from HFD-fed mice and treated with WATA-CM and BMA-CM. The physiological conse-
quence of these changes is manifest by the striking mitochondrial fragmentation in monocytes treated
with WATA-CM in comparison to control or BATA-CM treated monocytes. HFD is known to induce
mitochondrial fission in a number of cells that correlates with insulin resistance. A recent report linked
the two phenomena through Drp1 action, as Drp1 inhibition reversed HFD-induced insulin resistance
(Filippi et al., 2017). Furthermore, obese and diabetic humans have reduced Mfn2 expression in skel-
etal muscle. Mfn2 positively correlates with insulin sensitivity (Bach et al., 2005), and Mfn2 gene and
protein are significantly downregulated in liver cells of HFD-fed rats (Gan et al., 2013). In our analysis,
the expression of Mfn2 negatively correlated with the abundance of Ly6C"" monocytes, while, the
expression of Drp1 positively correlated with the BM abundance of Ly6C"" monocytes. Overall, our
study uncovers novel and distinct effects of adipocyte types on monocyte subset development that
may occur through changes in mitochondrial fitness.

Given that the proportion of Ly6C"" monocytes dropped in favour of a predominance of Ly6Chish
monocytes by 8 but not 3 weeks of HFD, it is possible that this subset change obeys a prior switch in
their metabolic orientation. Supporting these observations, exposure of monocytes to white adipo-
cyte CM also reduced their mitochondrial membrane potential. Furthermore, BMA-CM from 8-week
HFD-fed mice also lowered monocyte mitochondrial membrane potential compared to control
BMA-CM and favoured Ly6C"9" predominance. Mechanistically, these data suggest that white adipo-
cytes induce a monocyte metabolic switch that may guide Ly6C"" monocyte prevalence.

In conclusion, we demonstrate an interconnectivity of cellular networks within the BM, a vulnera-
bility of the BM microenvironment to HFD, and a consequential myeloid lineage determination likely
due to BMA whitening. Because of the vastly different metabolic and soluble factors between bona
fide white and brown adipocytes, it is easy to imagine that phenotypic changes in BMA can vastly alter
the BM microenvironment and the factors that surround hematopoietic cells. BMA whitening during
HFD feeding contributes to myelopoiesis and predominance of invasive Ly6C"" monocytes mediated
by changes in monocyte metabolism.

Materials and methods

Animal procedures

Mouse protocols were approved by the animal care committee (Protocol #20011850 to S.E.G. and
D.J.P, University of Toronto and #1000047074 to A.K., The Hospital for Sick Children). Three groups
of 9-week-old male C57BL/6 mice were fed either low fat diet (10% kcal from fat; D12450Ji, Research
Diets) or HFD (60% kcal from fat; D12492i, Research Diets) for 3, 8, or 18 weeks. Each duration
of feeding involved at least hree mice within each dietary group, and the precise number of mice
evaluated in each experiment is indicated in the figure legends. The feeding protocol was repeated
with three independent cohorts of mice, initiated at different times. The graphs illustrated include
data collected from the three cohorts. Logistically, not every mouse could be used for every type of
experiment, and the number of mice involved is indicated in each figure. Mice were singly caged to
avoid stress and weight inequalities induced by aggression of the dominant male to the subordinate
male (Kappel et al., 2017). The cages were maintained at 22° C on a 12 hr light/dark cycle, the diets
were replaced once per week and various cage enrichments were provided including switching the
positioning of the cages throughout the study.
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Body weight was measured twice per week. Upon completion of the respective feeding durations,
mice were fasted for 4 hr, blood was drawn via tail vein and fasting blood glucose was measured with
a glucometer. Mice were euthanized by cervical dislocation. Tissues were dissected and flash frozen in
liquid nitrogen for RNA isolation. EWAT, blood, and BM were immediately processed for flow cytom-
etry analysis.

EWAT-derived stromal vascular fraction (SVF) isolation

EWAT-derived SVF was collected as previously described (Orr et al., 2013). Excised EWAT was rinsed
in PBS, minced and digested with 0.47wv/mL Liberase solution (Millipore Sigma, Cat No 5401054001)
shaking at 200 rpm for 20 min at room temperature. SVF was isolated using a 70 pm cell strainer, the
enzymatic activity of Liberase was neutralized with DMEM containing HI-FBS for 5 min and centri-
fuged at 500xg for 10 min. The supernatant containing adipocytes was removed, the pellet was
re-suspended in red blood cell lysis buffer for 5 min to remove erythrocytes and washed with PBS
three times.

BM histology

Extracted tibia and femur bones were fixed in 10% formalin for 48 hr, decalcified in 14% EDTA solution
for 14 days, paraffin wax-embedded, and longitudinal sections were stained with H&E and Oil Red
O (Millipore Sigma; Cat No O0625) to visualize BM adiposity. Fifty imaging fields per mouse femur
were analyzed for the presence of adipocytes, assessed by blinded volunteers. Adipocyte area was
calculated using ImageJ software version 1.53.

BM cell fractionation

Following cervical dislocation, femurs and tibiae were dissected from the mice fed control or the
HFD for 3, 8, or 18 weeks. Epiphyses were cut from one end of each bone, then bones were placed
in 0.2 mL microtubes containing 18-gauge holes. Microtubes were placed inside 0.5 mL Eppendorf
tubes containing 100 pL media or PBS. This complex was centrifuged at 15,000 x g for 10 s to extract
BM in the pellet. BM supernatant was removed from the cellular pelleted fraction to be assessed by
ELISA and used for lactate quantification. BM cells were used for flow cytometry analysis, fluorescence-
activated cell sorting (FACS) to identify monocyte subsets and their gene expression, as well as for
differentiation to BM-derived monocytes.

Primary adipocyte isolation and culture to generate conditioned media
Epididymal white and interscapular brown AT were dissected in sterile conditions, the tissues under-
went mechanical mincing and enzymatic digestion by collagenase type | (Worthington Biochemical
Corp, Cat No LS004197) at 4 mg/mL shaking for 1 hr. The digested adipocytes were then filtered
through a 200 pm cell strainer and centrifuged, washed twice and plated in adipocyte media: high
glucose DMEM, 1% BSA, 0.5% FBS, and 1% Penicillin and Streptomycin for 24 hr. BM adipocytes were
isolated from the floating fraction following BM isolation via centrifugation. The cells were counted
and cultured in adipocyte media overnight. Tissues from three mice were collected and the isolated
cells were pooled in each CM generating experiment.

In vitro-generated BM-derived monocytes

Murine primary BM cells were plated at 500,000 cells/mL on Thermo Scientific Nunc Non-Treated
6-well plates (Cat No 1256680) with complete RPMI (Cat No 350-000-EL, Wisent BioProducts, Saint-
Jean-Baptiste, QC, Canada) and supplemented with recombinant mouse M-CSF (Peprotech Inc Cat
No 315-02) at 20 ng/mL for 5 days (Francke et al., 2011). Following 5 days of BM cell incubation
on the ultra-low attachment surface plates, the suspended cells have the signature of mature mono-
cytes and can be used for experimentation. These BM-derived differentiated monocytes were then
collected, washed with RMPI, centrifuged and re-suspended with various adipocyte CM for 18 hr. Typi-
cally, when BM cells were collected three mice were independently processed at the same time. This
process yielded three cohorts of differentiated monocytes that would each be treated with Media-,
WATA- and BATA-CM.
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Flow cytometry

Following red blood cell lysis, SVF, blood and the BM (or In vitro-generated, BM-Derived monocytes)
were washed with FACS buffer (PBS, 1% (v/v) heat-inactivated FBS, 0.2% (w/v) BSA), stained with
Aqua Live/Dead Antibody (ThermoFisher, L34957) for 15 min in the dark, washed with FACS buffer
again, blocked with anti-mouse CD16/32 antibody (eBioscience, 14-0161-86) for 15 min in the dark
following a 30 min incubation with corresponding antibody for each tissue (see Table 1 for list of
antibodies). The samples were then fixed, read on LSR Fortessa cytometer (BD Biosciences) and data
gated based on appropriate fluorescence minus one (FMO) controls, and analyzed on the FlowJo
software version 10 (Becton, Dickinson & Company).

Fluorescent activated cell sorting of monocytes

BM from two femurs and tibiae of 8- to 10-week-old chow-fed mice were processed as above and
used in the isolation of monocyte subsets via fluorescent activated cell sorting using the FACS Aria llu
instrument. Gr1-CD115" CD11b* and Ly6C"* surface markers were used in identifying total monocytes
and two subsets were subsequently distinguished by the relative surface abundance (low and high)
of Ly6C protein (Figure 2—figure supplement 1). Isolated Ly6C"" and Ly6C"" monocytes were then
validated for positive staining by antibodies CX3CR1 and CCR2 (Figure 2—figure supplement 1C),
respectively. Ly6C and Cd11b FMO controls shown in Figure 2—figure supplement 1B illustrated
that the gates drawn for Ly6C"* and Ly6C"9" were confidently identifying cells positive for both these
markers.

BrdU incorporation

The abcam protocol was followed to detect BrdU through an anti-BrdU antibody. In vitro-generated,
BM-derived monocytes were labelled with 10 uM BrdU (ThermoFisher, 000103) during the 18 hr
treatment at 37 °C. The cells were then washed with FACS buffer, surface markers were stained as
described above and incubated in Foxp3 Fixation/Permeabilization Buffer (eBioscience, 00-5523-00)
overnight. They were then treated with 30 ug of DNAse 1.9 (Sigma, 260913) for 1 hr, stained with anti-
BrdU antibody (abcam, ab6326) for 1 hr and then washed with FACS buffer in preparation to run on
LSR Fortessa Cytometer (BD Biosciences).

Quantitative PCR (qPCR)

RNA was extracted from cells or tissues using TRIzol (Life Technologies, Cat No 15596018), then cDNA
synthesized using the SuperScript VILO cDNA kit (Life Technologies, Cat No 11754250) according to
manufacturer’s instructions. gPCR reactions were performed with predesigned TagMan probes (Life
Technologies) on a StepOne Plus Real-Time PCR System (Applied Biosystems-ThermoFisher). Dupli-
cates of each cDNA sample were used for gene expression analysis and values were normalized to
the average of a set of the following housekeeping genes: Abt1, Hprt, and Eef2 by the AAC; method.

Lactate quantification

The BM content was fractioned into hematopoietic and supernatant portions by centrifugation at
1600 rpm. The supernatant fraction was re-suspended in 500 pL of 1 X PBS (supplemented with
Protease Cocktail Inhibitor, Sigma). One drop of the BM supernatant fraction was placed on the Blood
Lactate Meter Lactate Plus (Nova Biomedical) for the quantification of its lactate content. The values
were normalized to the undiluted BM isolated from the femur.

Cell metabolism analysis

Oxygen consumption (OCR) and extracellular acidification rates were measured using a Seahorse
XFe96 analyzer (Seahorse Bioscience). Seahorse 96-well cell culture plates were pretreated with 1 ug/
cm? Corning Cell-Tak Cell and Tissue Adhesive (Fisher Scientific, Cat No CB40240) and FACS sorted
Ly6C"" or Ly6CMo" monocytes were seeded at 100,000 cells/well, allowed to equilibrate for 1 hr in
XF base medium supplemented with 11 mM glucose, 1 mM sodium pyruvate and 2 mM Glutamine.
Following baseline measurements, FCCP was injected at 1T mM and thereafter an injection of Anti-
mycin A/ Rotenone. Cells were counted following the Seahorse assay to test for changes in cellular
detachment between the conditions.
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Immunofluorescence staining for super-resolution microscopy

Monocytes were spun down onto coverslips and fixed with 4% paraformaldehyde for 15 min. There-
after, the cells were rinsed with PBS and permeabilized with 0.1% Triton X-100 for 10 min. The cells
were then blocked with 2% BSA in PBS at 4°C overnight. The cells were then incubated with the
primary antibody, Tom20 (FL-145, Santa Cruz, sc-11415), in a 1:100 dilution in blocking buffer at 4°C
overnight. Thereafter, the cells were incubated with Alexa Fluor 488 anti-rabbit secondary antibody
(1:100) for 2 hr at room temperature. Cells were incubated with Alexa Fluor 568 Phalloidin (1:100)
for 3 hr at room temperature. Coverslips were then mounted by ProLong Diamond (Thermo Fisher
Scientific) and allowed to dry for 2 days. The images were acquired via Zeiss LSM880 Airyscan super
resolution microscopy and the images were processed via Fiji software. The percentage of monocytes
displaying each mitochondrial morphology (fragmented, intermediate, or tubulated) was scored as
described previously (Rambold et al., 2011).

Colony-forming unit assay

In vitro generated, BM-derived monocytes (5x10° cell/ml) were treated with WATA-CM, BATA-CM
or media, as indicated, then pelleted and suspended in Iscove’s modified Dulbecco’s medium to
2x10° cell/ml, diluted in MethoCult GF-M3434 medium and plated at 20,000 cells/35 mm well
in a 6-well plate of low-adherence culture-ware (STEMCELL Technologies, Inc), in triplicate. The
colonies that grew had distinct cell lineages and morphologies as defined in detail by the STEM-
CELL manual for MethoCult GF-M3434 methylcellulose media. After 7-10 days, colonies were
counted, using an inverted light microscope, and identified as: Burst-forming unit-erythroid (BFU-
E), Colony-forming unit-granulocyte, erythrocyte, macrophage, megakaryocyte (CFU-GEMM),
CFU-granulocyte (CFU-G) or CFU-macrophage (CFU-M), based on the STEMCELL Technolo-
gies detailed instructions. Of note, CFU-GEMM progenitors are also known as CMP, and GMP
progenitors give rise to the CFU-G and CFU-M lineages (immediate precursors of monoblasts and
monocytes) that form colonies in this assay (https://www.stemcell.com/hematopoietic-stem-and-
progenitor-cells-Ip.html).

ELISA determinations

The BM content was fractioned into hematopoietic and supernatant portions by centrifugation at
1600 rpm. The supernatant fraction was re-suspended in 500 pl of 1 X PBS (supplemented with
Protease Cocktail Inhibitor, Sigma). Total protein content was estimated by Pierce BCA Protein Assay
Kit (ThermoFisher Scientific). Subsequently, mouse TNFa, 1118, 116, Cxcl1, and Ccl2 ELISAs were carried
out according to the manufacturers' instructions. All Mouse DuoSet ELISA kits were purchased from
R&D systems. The individual protein contents were finally normalised to total protein content.

Statistical analysis

Data are expressed as means = SEM. An unpaired Student’s T test was used to detect differences in
data sets with one variable such as that in Figure 2—figure supplement 2. A one-way ANOVA with
Tukey post-test was used to detect differences in data sets of two or more variables. Statistical signif-
icance was set at p<0.05. Data analysis and statistics tests were done using GraphPad Prism version
6 (GraphPad Software), Flow Jo Software version 10.4 and figures were prepared using Adobe lllus-
trator CSé version 16.0.

Correlative analysis statistics were conducted using the linear regression analysis via GraphPad
Prism version 6 (GraphPad Software) testing whether slopes and intercepts are significantly different.
The r? represents the goodness of the fit while the P values greater than 0.05 represent whether the
slope of the line of best fit is significantly non-zero.

Acknowledgements
We thank Dr. Spencer Freeman for helpful discussion. This work was supported by Canadian Institutes
of Health Research (CIHR) Foundation Grants FND-143203 to AK and FDN-14333 to DJP. Student-

ship support for PB was from a Banting & Best Diabetes Centre-Novo Nordisk Graduate Studentship
(2017- 2019) and a SickKids Research Training Centre Award (2019- 2020).

Boroumand et al. eLife 2022;11:€65553. DOI: https://doi.org/10.7554/eLife.65553 24 of 29


https://doi.org/10.7554/eLife.65553
https://www.stemcell.com/hematopoietic-stem-and-progenitor-cells-lp.html
https://www.stemcell.com/hematopoietic-stem-and-progenitor-cells-lp.html

e Llfe Research article

Immunology and Inflammation | Medicine

Additional information

Funding
Funder Grant reference number Author
Canadian Institutes of FDN-143203 Amira Klip

Health Research

Canadian Institutes of FDN-14333 Dana J Philpott
Health Research

Banting & Best Diabetes ~ 2017- 2019 Parastoo Boroumand
Centre-Novo Nordisk
Graduate Studentship

SickKids Research Training  2019- 2020 Parastoo Boroumand
Centre Award

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Parastoo Boroumand, Data curation, Formal analysis, Validation, Investigation, Methodology, Writing
- original draft; David C Prescott, Formal analysis, Validation, Investigation, Methodology; Tapas
Mukherjee, Validation, Investigation, Methodology; Philip J Bilan, Data curation, Validation, Investiga-
tion, Visualization, Methodology, Writing - review and editing; Michael Wong, Jeff Shen, Ivan Tattoli,
Angela Li, Nancy Shi, Lucie Y Zhu, Zhi Liu, Investigation, Methodology; Yuhuan Zhou, Tharini Sivasu-
bramaniyam, Investigation, Visualization, Methodology; Clinton Robbins, Resources, Methodology;
Dana J Philpott, Resources, Supervision, Funding acquisition, Project administration, Writing - review
and editing; Stephen E Girardin, Resources, Supervision, Project administration; Amira Klip, Concep-
tualization, Resources, Supervision, Funding acquisition, Writing - original draft, Project administra-
tion, Writing - review and editing

Author ORCIDs
Lucie Y Zhu ® http://orcid.org/0000-0002-1048-5377
Amira Klip ® http://orcid.org/0000-0001-7906-0302

Ethics
Mouse protocols followed the strictest protocols dictated by the Canadian Institutes of Health

Research guidelines and were approved by the animal care committee (Protocol #20011850 to S.E.G.
and 483 D.J.P,, University of Toronto; and #1000047074 to A.K., The Hospital for Sick Children).

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.65553.sa
Author response https://doi.org/10.7554/elife.65553.sa2

Additional files

Supplementary files
¢ Transparent reporting form

Data availability
All data generated or analysed during this study are included in the manuscript and supporting files.

References

Adler BJ, Kaushansky K, Rubin CT. 2014. Obesity-driven disruption of haematopoiesis and the bone marrow
niche. Nature Reviews. Endocrinology 10:737-748. DOI: https://doi.org/10.1038/nrendo.2014.169, PMID:
25311396

Ambrosi TH, Scialdone A, Graja A, Gohlke S, Jank AM, Bocian C, Woelk L, Fan H, Logan DW, Schirmann A,
Saraiva LR, Schulz TJ. 2017. Adipocyte accumulation in the bone marrow during obesity and aging impairs

Boroumand et al. eLife 2022;11:€65553. DOI: https://doi.org/10.7554/eLife.65553 25 of 29


https://doi.org/10.7554/eLife.65553
http://orcid.org/0000-0002-1048-5377
http://orcid.org/0000-0001-7906-0302
https://doi.org/10.7554/eLife.65553.sa1
https://doi.org/10.7554/eLife.65553.sa2
https://doi.org/10.1038/nrendo.2014.169
http://www.ncbi.nlm.nih.gov/pubmed/25311396

e Llfe Research article

Immunology and Inflammation | Medicine

stem cell-based hematopoietic and bone regeneration. Cell Stem 20:771-784. DOI: https://doi.org/10.1016/j.
stem.2017.02.009, PMID: 28330582

Auffray C, Fogg D, Garfa M, Elain G, Join-Lambert O, Kayal S, Sarnacki S, Cumano A, Lauvau G, Geissmann F.
2007. Monitoring of blood vessels and tissues by a population of monocytes with patrolling behavior. Science
317:666-670. DOI: https://doi.org/10.1126/science.1142883, PMID: 17673663

Auffray C, Fogg DK, Narni-Mancinelli E, Senechal B, Trouillet C, Saederup N, Leemput J, Bigot K, Campisi L,
Abitbol M, Molina T, Charo |, Hume DA, Cumano A, Lauvau G, Geissmann F. 2009. CX3CR1+ CD115+
CD135+ common macrophage/DC precursors and the role of CX3CR1 in their response to inflammation. The
Journal of Experimental Medicine 206:595-606. DOI: https://doi.org/10.1084/jem.20081385, PMID:
19273628

Bach D, Naon D, Pich S, Soriano FX, Vega N, Rieusset J, Laville M, Guillet C, Boirie Y, Wallberg-Henriksson H,
Manco M, Calvani M, Castagneto M, Palacin M, Mingrone G, Zierath JR, Vidal H, Zorzano A. 2005. Expression
of mfn2, the charcot-marie-tooth neuropathy type 2A gene, in human skeletal muscle. Diabetes 54:2685-2693.
DOI: https://doi.org/10.2337/diabetes.54.9.2685, PMID: 16123358

Bagchi M, Kim LA, Boucher J, Walshe TE, Kahn CR, D’Amore PA. 2013. Vascular endothelial growth factor is
important for brown adipose tissue development and maintenance. FASEB Journal 27:3257-3271. DOI:
https://doi.org/10.1096/1j.12-221812, PMID: 23682123

Beattie L, Sawtell A, Mann J, Frame TCM, Teal B, de Labastida Rivera F, Brown N, Walwyn-Brown K, Moore JWJ,
MacDonald S, Lim EK, Dalton JE, Engwerda CR, MacDonald KP, Kaye PM. 2016. Bone marrow-derived and
resident liver macrophages display unique transcriptomic signatures but similar biological functions. Journal of
Hepatology 65:758-768. DOI: https://doi.org/10.1016/j.jhep.2016.05.037, PMID: 27262757

Boniakowski AE, Kimball AS, Joshi A, Schaller M, Davis FM, denDekker A, Obi AT, Moore BB, Kunkel SL,
Gallagher KA. 2018. Murine macrophage chemokine receptor CCR2 plays a crucial role in macrophage
recruitment and regulated inflammation in wound healing. European Journal of Imnmunology 48:1445-1455.
DOI: https://doi.org/10.1002/eji.201747400, PMID: 29879295

Boroumand P, Klip A. 2020. Bone marrow adipose cells - cellular interactions and changes with obesity. Journal
of Cell Science 133:1-8. DOI: https://doi.org/10.1242/jcs.238394, PMID: 32144195

Bowers E, Singer K. 2021. Obesity-induced inflammation: the impact of the hematopoietic stem cell niche. JCI
Insight 6:145295. DOI: https://doi.org/10.1172/jci.insight. 145295, PMID: 33554957

Buck MD, Sowell RT, Kaech SM, Pearce EL. 2017. Metabolic instruction of immunity. Cell 169:570-586. DOI:
https://doi.org/10.1016/j.cell.2017.04.004, PMID: 28475890

Cassado ADA, D'Império Lima MR, Bortoluci KR. 2015. Revisiting mouse peritoneal macrophages:
heterogeneity, development, and function. Frontiers in Immunology 6:1-9. DOI: https://doi.org/10.3389/
fimmu.2015.00225, PMID: 26042120

Castoldi A, Naffah de Souza C, Camara NOS, Moraes-Vieira PM. 2016. The macrophage switch in obesity
development. Frontiers in Immunology 6:1-11. DOI: https://doi.org/10.3389/fimmu.2015.00637, PMID:
26779183

Centers for Disease Control and Prevention. 2017. National Diabetes Statistics Report: Estimates of Diabetes
and Its Burden in the United States. US Department of Health and Human Services. Atlanta, GA.

Challen GA, Boles N, Lin KKY, Goodell MA. 2009. Mouse hematopoietic stem cell identification and analysis.
Cytometry. Part A 75:14-24. DOI: https://doi.org/10.1002/cyto.a.20674, PMID: 19023891

Cuminetti V, Arranz L. 2019. Bone marrow adipocytes: the enigmatic components of the hematopoietic stem
cell niche. Journal of Clinical Medicine 8:707. DOI: https://doi.org/10.3390/jcm8050707, PMID: 31109063

da Silva SV, Renovato-Martins M, Ribeiro-Pereira C, Citelli M, Barja-Fidalgo C. 2016. Obesity modifies bone
marrow microenvironment and directs bone marrow mesenchymal cells to adipogenesis. Obesity 24:2522—
2532. DOI: https://doi.org/10.1002/0by.21660, PMID: 27753270

De Souza CT, Araujo EP, Bordin S, Ashimine R, Zollner RL, Boschero AC, Saad MJA, Velloso LA. 2005.
Consumption of a fat-rich diet activates a proinflammatory response and induces insulin resistance in the
hypothalamus. Endocrinology 146:4192-4199. DOI: https://doi.org/10.1210/en.2004-1520, PMID: 16002529

Doucette CR, Horowitz MC, Berry R, MacDougald OA, Anunciado-Koza R, Koza RA, Rosen CJ. 2015. A high fat
diet increases bone marrow adipose tissue (MAT) but does not alter trabecular or cortical bone mass in
C57BL/6J mice. Journal of Cellular Physiology 230:2032-2037. DOI: https://doi.org/10.1002/jcp.24954, PMID:
25663195

Elias |, Franckhauser S, Ferré T, Vila L, Tafuro S, Mufoz S, Roca C, Ramos D, Pujol A, Riu E, Ruberte J, Bosch F.
2012. Adipose tissue overexpression of vascular endothelial growth factor protects against diet-induced
obesity and insulin resistance. Diabetes 61:1801-1813. DOI: https://doi.org/10.2337/db11-0832, PMID:
22522611

Filippi BM, Abraham MA, Silva PN, Rasti M, LaPierre MP, Bauer PV, Rocheleau JV, Lam TKT. 2017. Dynamin-
related protein 1-dependent mitochondrial fission changes in the dorsal vagal complex regulate insulin action.
Cell Reports 18:2301-2309. DOI: https://doi.org/10.1016/j.celrep.2017.02.035, PMID: 28273447

Fink LN, Costford SR, Lee YS, Jensen TE, Bilan PJ, Oberbach A, Bliiher M, Olefsky JM, Sams A, Klip A. 2014.
Pro-inflammatory macrophages increase in skeletal muscle of high fat-fed mice and correlate with metabolic
risk markers in humans. Obesity 22:747-757. DOI: https://doi.org/10.1002/0by.20615, PMID: 24030890

Francke A, Herold J, Weinert S, Strasser RH, Braun-Dullaeus RC. 2011. Generation of mature murine monocytes
from heterogeneous bone marrow and description of their properties. The Journal of Histochemistry and
Cytochemistry 59:813-825. DOI: https://doi.org/10.1369/0022155411416007, PMID: 21705645

Boroumand et al. eLife 2022;11:€65553. DOI: https://doi.org/10.7554/eLife.65553 26 of 29


https://doi.org/10.7554/eLife.65553
https://doi.org/10.1016/j.stem.2017.02.009
https://doi.org/10.1016/j.stem.2017.02.009
http://www.ncbi.nlm.nih.gov/pubmed/28330582
https://doi.org/10.1126/science.1142883
http://www.ncbi.nlm.nih.gov/pubmed/17673663
https://doi.org/10.1084/jem.20081385
http://www.ncbi.nlm.nih.gov/pubmed/19273628
https://doi.org/10.2337/diabetes.54.9.2685
http://www.ncbi.nlm.nih.gov/pubmed/16123358
https://doi.org/10.1096/fj.12-221812
http://www.ncbi.nlm.nih.gov/pubmed/23682123
https://doi.org/10.1016/j.jhep.2016.05.037
http://www.ncbi.nlm.nih.gov/pubmed/27262757
https://doi.org/10.1002/eji.201747400
http://www.ncbi.nlm.nih.gov/pubmed/29879295
https://doi.org/10.1242/jcs.238394
http://www.ncbi.nlm.nih.gov/pubmed/32144195
https://doi.org/10.1172/jci.insight.145295
http://www.ncbi.nlm.nih.gov/pubmed/33554957
https://doi.org/10.1016/j.cell.2017.04.004
http://www.ncbi.nlm.nih.gov/pubmed/28475890
https://doi.org/10.3389/fimmu.2015.00225
https://doi.org/10.3389/fimmu.2015.00225
http://www.ncbi.nlm.nih.gov/pubmed/26042120
https://doi.org/10.3389/fimmu.2015.00637
http://www.ncbi.nlm.nih.gov/pubmed/26779183
https://doi.org/10.1002/cyto.a.20674
http://www.ncbi.nlm.nih.gov/pubmed/19023891
https://doi.org/10.3390/jcm8050707
http://www.ncbi.nlm.nih.gov/pubmed/31109063
https://doi.org/10.1002/oby.21660
http://www.ncbi.nlm.nih.gov/pubmed/27753270
https://doi.org/10.1210/en.2004-1520
http://www.ncbi.nlm.nih.gov/pubmed/16002529
https://doi.org/10.1002/jcp.24954
http://www.ncbi.nlm.nih.gov/pubmed/25663195
https://doi.org/10.2337/db11-0832
http://www.ncbi.nlm.nih.gov/pubmed/22522611
https://doi.org/10.1016/j.celrep.2017.02.035
http://www.ncbi.nlm.nih.gov/pubmed/28273447
https://doi.org/10.1002/oby.20615
http://www.ncbi.nlm.nih.gov/pubmed/24030890
https://doi.org/10.1369/0022155411416007
http://www.ncbi.nlm.nih.gov/pubmed/21705645

e Llfe Research article

Immunology and Inflammation | Medicine

Friedrich K, Sommer M, Strobel S, Thrum S, Bliher M, Wagner U, Rossol M. 2019. Perturbation of the monocyte
compartment in human obesity. Frontiers in Immunology 10:1874. DOI: https://doi.org/10.3389/fimmu.2019.
01874, PMID: 31440251

Gan KX, Wang C, Chen JH, Zhu CJ, Song GY. 2013. Mitofusin-2 ameliorates high-fat diet-induced insulin
resistance in liver of rats. World Journal of Gastroenterology 19:1572-1581. DOI: https://doi.org/10.3748/wjg.
v19.i10.1572, PMID: 23538485

Geissmann F, Jung S, Littman DR. 2003. Blood monocytes consist of two principal subsets with distinct
migratory properties. Immunity 19:71-82. DOI: https://doi.org/10.1016/s1074-7613(03)00174-2, PMID:
12871640

Gibbings SL, Goyal R, Desch AN, Leach SM, Prabagar M, Atif SM, Bratton DL, Janssen W, Jakubzick CV. 2015.
Transcriptome analysis highlights the conserved difference between embryonic and postnatal-derived alveolar
macrophages. Blood 126:1357-1366. DOI: https://doi.org/10.1182/blood-2015-01-624809, PMID: 26232173

Gottlieb RA, Bernstein D. 2017. Mitochondrial remodeling: rearranging, recycling, and reprogramming. Cell
Calcium 60:88-101. DOI: https://doi.org/10.1016/j.ceca.2016.04.006, PMID: 27130902

Griffin C, Eter L, Lanzetta N, Abrishami S, Varghese M, McKernan K, Muir L, Lane J, Lumeng CNK, Singer K.
2018. TLR4, TRIF, and myd88 are essential for myelopoiesis and cd11c* adipose tissue macrophage production
in obese mice. The Journal of Biological Chemistry 293:8775-8786. DOI: https://doi.org/10.1074/jbc.RA117.
001526, PMID: 29636416

Kamei N, Tobe K, Suzuki R, Ohsugi M, Watanabe T, Kubota N, Ohtsuka-Kowatari N, Kumagai K, Sakamoto K,
Kobayashi M, Yamauchi T, Ueki K, Oishi Y, Nishimura S, Manabe |, Hashimoto H, Ohnishi Y, Ogata H,
Tokuyama K, Tsunoda M, et al. 2006. Overexpression of monocyte chemoattractant protein-1 in adipose tissues
causes macrophage recruitment and insulin resistance. The Journal of Biological Chemistry 281:26602-26614.
DOI: https://doi.org/10.1074/jbc.M601284200, PMID: 16809344

Kappel S, Hawkins P, Mend| MT. 2017. To group or not to group? good practice for housing male laboratory
mice. Animals 7:88. DOI: https://doi.org/10.3390/ani7120088, PMID: 28736299

Kelly B, O'Neill LAJ. 2015. Metabolic reprogramming in macrophages and dendritic cells in innate immunity. Cell
Research 25:771-784. DOI: https://doi.org/10.1038/cr.2015.68, PMID: 26045163

Kohyama M, Matsuoka S, Shida K, Sugihara F, Aoshi T, Kishida K, Ishii KJ, Arase H. 2016. Monocyte infiltration
into obese and fibrilized tissues is regulated by PILRa. European Journal of Immunology 46:1214-1223. DOI:
https://doi.org/10.1002/eji.201545897, PMID: 26840635

Kratofil RM, Kubes P, Deniset JF. 2017. Monocyte conversion during inflammation and injury. Arteriosclerosis,
Thrombosis, and Vascular Biology 37:35-42. DOI: https://doi.org/10.1161/ATVBAHA.116.308198, PMID:
27765768

Krings A, Rahman S, Huang S, Lu Y, Czernik PJ, Lecka-Czernik B. 2012. Bone marrow fat has brown adipose
tissue characteristics, which are attenuated with aging and diabetes. Bone 50:546-552. DOI: https://doi.org/
10.1016/j.bone.2011.06.016, PMID: 21723971

Lanthier N, Molendi-Coste O, Horsmans Y, van Rooijen N, Cani PD, Leclercq IA. 2010. Kupffer cell activation is a
causal factor for hepatic insulin resistance. American Journal of Physiology. Gastrointestinal and Liver
Physiology 298:G107-G116. DOI: https://doi.org/10.1152/ajpgi.00391.2009, PMID: 19875703

Lee MKS, Al-Sharea A, Shihata WA, Veiga CB, Cooney OD, Fleetwood AJ, Flynn MC, Claeson E, Palmer CS,
Lancaster G, Henstridge DC, Hamilton JA, Murphy AJ. 2019. Glycolysis is required for LPS-induced activation
and adhesion of human CD14+CD16— monocytes. Frontiers in Immunology 10:2054. DOI: https://doi.org/10.
3389/fimmu.2019.02054, PMID: 31555280

Lessard AJ, LeBel M, Egarnes B, Préfontaine P, Thériault P, Droit A, Brunet A, Rivest S, Gosselin J. 2017.
Triggering of NOD2 receptor converts inflammatory Ly6C high into Ly6C low monocytes with patrolling
properties. Cell Reports 20:1830-1843. DOI: https://doi.org/10.1016/j.celrep.2017.08.009, PMID: 28834747

Leung DW, Cachianes G, Kuang WJ, Goeddel DV, Ferrara N. 1989. Vascular endothelial growth factor is a
secreted angiogenic mitogen. Science 246:1306-1309. DOI: https://doi.org/10.1126/science.2479986, PMID:
2479986

Lin SL, Castafio AP, Nowlin BT, Lupher ML, Duffield JS. 2009. Bone marrow ly6chigh monocytes are selectively
recruited to injured kidney and differentiate into functionally distinct populations. Journal of Immunology
183:6733-6743. DOI: https://doi.org/10.4049/jimmunol.0901473, PMID: 19864592

Liu T, Sun YC, Cheng P, Shao HG. 2019. Adipose tissue macrophage-derived exosomal mir-29a regulates
obesity-associated insulin resistance. Biochemical and Biophysical Research Communications 515:352-358.
DOI: https://doi.org/10.1016/j.bbrc.2019.05.113, PMID: 31153636

Lumeng C.N., Deyoung SM, Bodzin JL, Saltiel AR. 2007. Increased inflammatory properties of adipose tissue
macrophages recruited during diet-induced obesity. Diabetes 56:16-23. DOI: https://doi.org/10.2337/db06-
1076, PMID: 17192460

Lumeng CN, DelProposto JB, Westcott DJ, Saltiel AR. 2008. Phenotypic switching of adipose tissue
macrophages with obesity is generated by spatiotemporal differences in macrophage subtypes. Diabetes
57:3239-3246. DOI: https://doi.org/10.2337/db08-0872, PMID: 18829989

Manicone AM, Gong K, Johnston LK, Giannandrea M. 2016. Diet-induced obesity alters myeloid cell populations
in naive and injured lung. Respiratory Research 17:24. DOI: https://doi.org/10.1186/512931-016-0341-8, PMID:
26956558

Nagareddy PR, Kraakman M, Masters SL, Stirzaker RA, Gorman DJ, Grant RW, Dragoljevic D, Hong ES,
Abdel-Latif A, Smyth SS, Choi SH, Korner J, Bornfeldt KE, Fisher EA, Dixit VD, Tall AR, Goldberg IJ, Murphy AJ.

Boroumand et al. eLife 2022;11:€65553. DOI: https://doi.org/10.7554/eLife.65553 27 of 29


https://doi.org/10.7554/eLife.65553
https://doi.org/10.3389/fimmu.2019.01874
https://doi.org/10.3389/fimmu.2019.01874
http://www.ncbi.nlm.nih.gov/pubmed/31440251
https://doi.org/10.3748/wjg.v19.i10.1572
https://doi.org/10.3748/wjg.v19.i10.1572
http://www.ncbi.nlm.nih.gov/pubmed/23538485
https://doi.org/10.1016/s1074-7613(03)00174-2
http://www.ncbi.nlm.nih.gov/pubmed/12871640
https://doi.org/10.1182/blood-2015-01-624809
http://www.ncbi.nlm.nih.gov/pubmed/26232173
https://doi.org/10.1016/j.ceca.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27130902
https://doi.org/10.1074/jbc.RA117.001526
https://doi.org/10.1074/jbc.RA117.001526
http://www.ncbi.nlm.nih.gov/pubmed/29636416
https://doi.org/10.1074/jbc.M601284200
http://www.ncbi.nlm.nih.gov/pubmed/16809344
https://doi.org/10.3390/ani7120088
http://www.ncbi.nlm.nih.gov/pubmed/28736299
https://doi.org/10.1038/cr.2015.68
http://www.ncbi.nlm.nih.gov/pubmed/26045163
https://doi.org/10.1002/eji.201545897
http://www.ncbi.nlm.nih.gov/pubmed/26840635
https://doi.org/10.1161/ATVBAHA.116.308198
http://www.ncbi.nlm.nih.gov/pubmed/27765768
https://doi.org/10.1016/j.bone.2011.06.016
https://doi.org/10.1016/j.bone.2011.06.016
http://www.ncbi.nlm.nih.gov/pubmed/21723971
https://doi.org/10.1152/ajpgi.00391.2009
http://www.ncbi.nlm.nih.gov/pubmed/19875703
https://doi.org/10.3389/fimmu.2019.02054
https://doi.org/10.3389/fimmu.2019.02054
http://www.ncbi.nlm.nih.gov/pubmed/31555280
https://doi.org/10.1016/j.celrep.2017.08.009
http://www.ncbi.nlm.nih.gov/pubmed/28834747
https://doi.org/10.1126/science.2479986
http://www.ncbi.nlm.nih.gov/pubmed/2479986
https://doi.org/10.4049/jimmunol.0901473
http://www.ncbi.nlm.nih.gov/pubmed/19864592
https://doi.org/10.1016/j.bbrc.2019.05.113
http://www.ncbi.nlm.nih.gov/pubmed/31153636
https://doi.org/10.2337/db06-1076
https://doi.org/10.2337/db06-1076
http://www.ncbi.nlm.nih.gov/pubmed/17192460
https://doi.org/10.2337/db08-0872
http://www.ncbi.nlm.nih.gov/pubmed/18829989
https://doi.org/10.1186/s12931-016-0341-8
http://www.ncbi.nlm.nih.gov/pubmed/26956558

e Llfe Research article

Immunology and Inflammation | Medicine

2014. Adipose tissue macrophages promote myelopoiesis and monocytosis in obesity. Cell Metabolism
19:821-835. DOI: https://doi.org/10.1016/j.cmet.2014.03.029, PMID: 24807222

Nakagami H. 2013. The mechanism of white and brown adipocyte differentiation. Diabetes & Metabolism
Journal 37:85-90. DOI: https://doi.org/10.4093/dmj.2013.37.2.85, PMID: 23641348

Nascimento EBM, Boon MR, van Marken Lichtenbelt WD. 2014. Fat cells gain new identities. Science
Translational Medicine 6:1-4. DOI: https://doi.org/10.1126/scitranslmed.3009809, PMID: 25080474

Nov O, Shapiro H, Ovadia H, Tarnovscki T, Dvir |, Shemesh E, Kovsan J, Shelef I, Carmi Y, Voronov E, Apte RN,
Lewis E, Haim Y, Konrad D, Bashan N, Rudich A. 2013. Interleukin-1f regulates fat-liver crosstalk in obesity by
auto-paracrine modulation of adipose tissue inflammation and expandability. PLOS ONE 8:€53626. DOI:
https://doi.org/10.1371/journal.pone.0053626, PMID: 23341960

OECD. 2017. Obesity Update. OECD. https://www.oecd.org/health/health-systems/Obesity-Update-2017.pdf

O'Neill LAJ, Kishton RJ, Rathmell J. 2016. A guide to immunometabolism for immunologists. Nature Reviews.
Immunology 16:553-565. DOI: https://doi.org/10.1038/nri.2016.70, PMID: 27396447

Orr JS, Kennedy AJ, Hasty AH. 2013. Isolation of adipose tissue immune cells. Journal of Visualized Experiments
1:e50707. DOI: https://doi.org/10.3791/50707, PMID: 23728515

Patel AA, Zhang Y, Fullerton JN, Boelen L, Rongvaux A, Maini AA, Bigley V, Flavell RA, Gilroy DW, Asquith B,
Macallan D, Yona S. 2017. The fate and lifespan of human monocyte subsets in steady state and systemic
inflammation. The Journal of Experimental Medicine 214:1913-1923. DOI: https://doi.org/10.1084/jem.
20170355, PMID: 28606987

Pence BD, Yarbro JR. 2019. Classical monocytes maintain ex vivo glycolytic metabolism and early but not later
inflammatory responses in older adults. Immunity & Ageing 16:3. DOI: https://doi.org/10.1186/512979-019-
0143-1, PMID: 30700992

Pham TT, Ivaska KK, Hannukainen JC, Virtanen KA, Lidell ME, Enerback S, Makela K, Parkkola R, Piirola S,
Oikonen V, Nuutila P, Kiviranta R. 2020. Human bone marrow adipose tissue is a metabolically active and
insulin-sensitive distinct fat depot. The Journal of Clinical Endocrinology and Metabolism 105:dgaa216. DOI:
https://doi.org/10.1210/clinem/dgaa216, PMID: 32311037

Rambold AS, Kostelecky B, Elia N, Lippincott-Schwartz J. 2011. Tubular network formation protects
mitochondria from autophagosomal degradation during nutrient starvation. PNAS 108:10190-10195. DOI:
https://doi.org/10.1073/pnas.1107402108, PMID: 21646527

Renovato-Martins M, Matheus ME, de Andrade IR, Moraes JA, da Silva SV, Citelli dos Reis M, de Souza AAP,
da Silva CC, Bouskela E, Barja-Fidalgo C. 2017. Microparticles derived from obese adipose tissue elicit a
pro-inflammatory phenotype of CD16 +, CCR5 + and TLR8 + monocytes. Molecular Basis of Disease
1863:139-151. DOI: https://doi.org/10.1016/j.bbadis.2016.09.016, PMID: 27677832

Rosen ED, MacDougald OA. 2006. Adipocyte differentiation from the inside out. Nature Reviews. Molecular Cell
Biology 7:885-896. DOI: https://doi.org/10.1038/nrm2066, PMID: 17139329

Saghizadeh M, Ong JM, Garvey WT, Henry RR, Kern PA. 1996. The expression of TNF alpha by human muscle:
relationship to insulin resistance. The Journal of Clinical Investigation 97:1111-1116. DOI: https://doi.org/10.
1172/JCI1118504, PMID: 8613535

Scheller EL, Doucette CR, Learman BS, Cawthorn WP, Khandaker S, Schell B, Wu B, Ding SY, Bredella MA,
Fazeli PK, Khoury B, Jepsen KJ, Pilch PF, Klibanski A, Rosen CJ, MacDougald OA. 2015. Region-specific
variation in the properties of skeletal adipocytes reveals regulated and constitutive marrow adipose tissues.
Nature Communications 6:1-13. DOI: https://doi.org/10.1038/ncomms8808, PMID: 26245716

Scheller EL, Khoury B, Moller KL, Wee NKY, Khandaker S, Kozloff KM, Abrishami SH, Zamarron BF, Singer K.
2016. Changes in skeletal integrity and marrow adiposity during high-fat diet and after weight loss. Frontiers in
Endocrinology 7:1-13. DOI: https://doi.org/10.3389/fendo.2016.00102, PMID: 27512386

Shanmugam N, Reddy MA, Guha M, Natarajan R. 2003. High glucose-induced expression of proinflammatory
cytokine and chemokine genes in monocytic cells. Diabetes 52:1256-1264. DOI: https://doi.org/10.2337/
diabetes.52.5.1256, PMID: 12716761

Sharma M, Boytard L, Hadi T, Koelwyn G, Simon R, Ouimet M, Seifert L, Spiro W, Yan B, Hutchison S, Fisher EA,
Ramasamy R, Ramkhelawon B, Moore KJ. 2020. Enhanced glycolysis and HIF-1a activation in adipose tissue
macrophages sustains local and systemic interleukin-1B production in obesity. Scientific Reports 10:1-12. DOI:
https://doi.org/10.1038/s41598-020-62272-9, PMID: 32221369

Singer K, DelProposto J, Morris DL, Zamarron B, Mergian T, Maley N, Cho KW, Geletka L, Subbaiah P, Muir L,
Martinez-Santibanez G, Lumeng CNK. 2014. Diet-induced obesity promotes myelopoiesis in hematopoietic
stem cells. Molecular Metabolism 3:664-675. DOI: https://doi.org/10.1016/j.molmet.2014.06.005, PMID:
25161889

Singer K, Maley N, Mergian T, DelProposto J, Cho KW, Zamarron BF, Martinez-Santibanez G, Geletka L, Muir L,
Wachowiak P, Demirjian C, Lumeng CN. 2015. Differences in hematopoietic stem cells contribute to sexually
dimorphic inflammatory responses to high fat diet-induced obesity. The Journal of Biological Chemistry
290:13250-13262. DOI: https://doi.org/10.1074/jbc.M114.634568, PMID: 25869128

Sulston RJ, Cawthorn WP. 2016. Bone marrow adipose tissue as an endocrine organ: close to the bone?
Hormone Molecular Biology and Clinical Investigation 28:21-38. DOI: https://doi.org/10.1515/hmbci-2016-
0012, PMID: 27149203

Takahashi K, Mizuarai S, Araki H, Mashiko S, Ishihara A, Kanatani A, Itadani H, Kotani H. 2003. Adiposity elevates
plasma MCP-1 levels leading to the increased cd11b-positive monocytes in mice. The Journal of Biological
Chemistry 278:46654-46660. DOI: https://doi.org/10.1074/jbc.M309895200, PMID: 13129912

Boroumand et al. eLife 2022;11:€65553. DOI: https://doi.org/10.7554/eLife.65553 28 of 29


https://doi.org/10.7554/eLife.65553
https://doi.org/10.1016/j.cmet.2014.03.029
http://www.ncbi.nlm.nih.gov/pubmed/24807222
https://doi.org/10.4093/dmj.2013.37.2.85
http://www.ncbi.nlm.nih.gov/pubmed/23641348
https://doi.org/10.1126/scitranslmed.3009809
http://www.ncbi.nlm.nih.gov/pubmed/25080474
https://doi.org/10.1371/journal.pone.0053626
http://www.ncbi.nlm.nih.gov/pubmed/23341960
https://www.oecd.org/health/health-systems/Obesity-Update-2017.pdf
https://doi.org/10.1038/nri.2016.70
http://www.ncbi.nlm.nih.gov/pubmed/27396447
https://doi.org/10.3791/50707
http://www.ncbi.nlm.nih.gov/pubmed/23728515
https://doi.org/10.1084/jem.20170355
https://doi.org/10.1084/jem.20170355
http://www.ncbi.nlm.nih.gov/pubmed/28606987
https://doi.org/10.1186/s12979-019-0143-1
https://doi.org/10.1186/s12979-019-0143-1
http://www.ncbi.nlm.nih.gov/pubmed/30700992
https://doi.org/10.1210/clinem/dgaa216
http://www.ncbi.nlm.nih.gov/pubmed/32311037
https://doi.org/10.1073/pnas.1107402108
http://www.ncbi.nlm.nih.gov/pubmed/21646527
https://doi.org/10.1016/j.bbadis.2016.09.016
http://www.ncbi.nlm.nih.gov/pubmed/27677832
https://doi.org/10.1038/nrm2066
http://www.ncbi.nlm.nih.gov/pubmed/17139329
https://doi.org/10.1172/JCI118504
https://doi.org/10.1172/JCI118504
http://www.ncbi.nlm.nih.gov/pubmed/8613535
https://doi.org/10.1038/ncomms8808
http://www.ncbi.nlm.nih.gov/pubmed/26245716
https://doi.org/10.3389/fendo.2016.00102
http://www.ncbi.nlm.nih.gov/pubmed/27512386
https://doi.org/10.2337/diabetes.52.5.1256
https://doi.org/10.2337/diabetes.52.5.1256
http://www.ncbi.nlm.nih.gov/pubmed/12716761
https://doi.org/10.1038/s41598-020-62272-9
http://www.ncbi.nlm.nih.gov/pubmed/32221369
https://doi.org/10.1016/j.molmet.2014.06.005
http://www.ncbi.nlm.nih.gov/pubmed/25161889
https://doi.org/10.1074/jbc.M114.634568
http://www.ncbi.nlm.nih.gov/pubmed/25869128
https://doi.org/10.1515/hmbci-2016-0012
https://doi.org/10.1515/hmbci-2016-0012
http://www.ncbi.nlm.nih.gov/pubmed/27149203
https://doi.org/10.1074/jbc.M309895200
http://www.ncbi.nlm.nih.gov/pubmed/13129912

ELlfe Research article

Immunology and Inflammation | Medicine

Thapa B, Lee K. 2019. Metabolic influence on macrophage polarization and pathogenesis. BMB Reports
52:360-372. DOI: https://doi.org/10.5483/BMBRep.2019.52.6.140, PMID: 31186085

Tratwal J, Labella R, Bravenboer N, Kerckhofs G, Douni E, Scheller EL, Badr S, Karampinos DC, Beck-Cormier S,
Palmisano B, Poloni A, Moreno-Aliaga MJ, Fretz J, Rodeheffer MS, Boroumand P, Rosen CJ, Horowitz MC,
van der Eerden BCJ, Veldhuis-Vlug AG, Naveiras O. 2020. Reporting guidelines, review of methodological
Standards, and challenges toward harmonization in bone marrow adiposity research: report of the
methodologies Working group of the International bone marrow adiposity Society. Frontiers in Endocrinology
11:1-36. DOI: https://doi.org/10.3389/fendo.2020.00065, PMID: 32180758

Trottier MD, Naaz A, Li Y, Fraker PJ. 2012. Enhancement of hematopoiesis and lymphopoiesis in diet-induced
obese mice. PNAS 109:7622-7629. DOI: https://doi.org/10.1073/pnas. 1205129109, PMID: 22538809

Ussar S, Lee KY, Dankel SN, Boucher J, Haering MF, Kleinridders A, Thomou T, Xue R, Macotela Y, Cypess AM,
Tseng YH, Mellgren G, Kahn CR. 2014. ASC-1, PAT2, and P2RX5 are cell surface markers for white, beige, and
brown adipocytes. Science Translational Medicine 6:247ra103. DOI: https://doi.org/10.1126/scitransImed.
3008490, PMID: 25080478

Verdeguer F, Aouadi M. 2017. Macrophage heterogeneity and energy metabolism. Experimental Cell Research
360:35-40. DOI: https://doi.org/10.1016/j.yexcr.2017.03.043, PMID: 28341447

Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW. 2003. Obesity is associated with
macrophage accumulation in adipose tissue. The Journal of Clinical Investigation 112:1796-1808. DOI: https://
doi.org/10.1172/JCI19246, PMID: 14679176

Weisberg SP, Hunter D, Huber R, Lemieux J, Slaymaker S, Vaddi K, Charo |, Leibel RL, Ferrante AW. 2006. CCR2
modulates inflammatory and metabolic effects of high-fat feeding. The Journal of Clinical Investigation
116:115-124. DOI: https://doi.org/10.1172/JCI24335, PMID: 16341265

World Health Organization. 2016. Global Report on Diabetes. World Health Organization. https://www.who.int/
publications/i/item/9789241565257

Yanez A, Coetzee SG, Olsson A, Muench DE, Berman BP, Hazelett DJ, Salomonis N, Grimes HL, Goodridge HS.
2017. Granulocyte-monocyte progenitors and monocyte-dendritic cell progenitors independently produce
functionally distinct monocytes. Immunity 47:890-902. DOI: https://doi.org/10.1016/j.immuni.2017.10.021,
PMID: 29166589

Yao CH, Wang R, Wang Y, Kung CP, Weber JD, Patti GJ. 2019. Mitochondrial fusion supports increased oxidative
phosphorylation during cell proliferation. eLife 8:e41351. DOI: https://doi.org/10.7554/elife.41351, PMID:
30694178

Boroumand et al. eLife 2022;11:€65553. DOI: https://doi.org/10.7554/eLife.65553 29 of 29


https://doi.org/10.7554/eLife.65553
https://doi.org/10.5483/BMBRep.2019.52.6.140
http://www.ncbi.nlm.nih.gov/pubmed/31186085
https://doi.org/10.3389/fendo.2020.00065
http://www.ncbi.nlm.nih.gov/pubmed/32180758
https://doi.org/10.1073/pnas.1205129109
http://www.ncbi.nlm.nih.gov/pubmed/22538809
https://doi.org/10.1126/scitranslmed.3008490
https://doi.org/10.1126/scitranslmed.3008490
http://www.ncbi.nlm.nih.gov/pubmed/25080478
https://doi.org/10.1016/j.yexcr.2017.03.043
http://www.ncbi.nlm.nih.gov/pubmed/28341447
https://doi.org/10.1172/JCI19246
https://doi.org/10.1172/JCI19246
http://www.ncbi.nlm.nih.gov/pubmed/14679176
https://doi.org/10.1172/JCI24335
http://www.ncbi.nlm.nih.gov/pubmed/16341265
https://www.who.int/publications/i/item/9789241565257
https://www.who.int/publications/i/item/9789241565257
https://doi.org/10.1016/j.immuni.2017.10.021
http://www.ncbi.nlm.nih.gov/pubmed/29166589
https://doi.org/10.7554/eLife.41351
http://www.ncbi.nlm.nih.gov/pubmed/30694178

	Bone marrow adipocytes drive the development of tissue invasive Ly6C﻿high﻿ monocytes during obesity
	Editor's evaluation
	Introduction
	Results
	Increased fasting blood glucose, peripheral and BM adiposity by 3 weeks of HFD
	BM monocytes increase prior to accumulation of EWAT macrophages and monocytes with HFD
	Glycolytic metabolic reprograming in monocyte subsets with HFD
	Expression of mitochondrial fusion and fission genes in monocytes is altered by HFD
	A shift in BMA type at 8 weeks of HFD influences monocyte subset preference and mitochondrial dynamic gene expression
	White adipocytes favour Ly6C﻿high﻿ monocytes and promote mitochondrial fragmentation﻿﻿
	White and brown adipocytes influence monocytes through distinct mechanisms

	Discussion
	BM as an early sensor and an active contributor to HFD-induced AT macrophage accumulation
	Changes in BMA influence monocyte subset skewing
	How do adipocytes skew myeloid lineage subsets?

	Materials and methods
	Animal procedures
	EWAT-derived stromal vascular fraction (SVF) isolation
	BM histology
	BM cell fractionation
	Primary adipocyte isolation and culture to generate conditioned media
	In vitro-generated BM-derived monocytes
	Flow cytometry
	Fluorescent activated cell sorting﻿ of ﻿m﻿onocytes﻿
	BrdU incorporation
	Quantitative PCR (qPCR)
	Lactate quantification
	Cell metabolism analysis
	Immunofluorescence staining for super-resolution microscopy
	Colony-forming unit assay
	ELISA determinations
	Statistical analysis

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


