REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

In the manuscript, the authors study the diversity monocyte and its contribution to BAT functions
during tissue remodeling/expansion. The manuscript is overall well written, and significance of the
study objective is clear. Data presentation is good. Techniques and methods are very elaborative and
appropriate.

The topic is interesting, but there are few concerns with this study.

1. CD11c monocytic population need to be focused also with regard to activated monocytic subset.
Similarly, I would suggest the authors to consider/include the F4/80 macrophage population in their
analysis.

2. CXCL14 is acritical BAT related chemokine relevant to macrophages recruitment. In my opinion
authors should also check changes in the expression of CXCL14. Fractalkine-CX3CR1 interaction in
recruitment of macrophages into the BAT which might contribute to adipose tissue remodeling and
regulation of metabolic-related genes. It might be interested to look at this marker in the adipose
tissue.

3. The authors are showing the reduction in the expression of M2 macrophage markers (CD206 &
CD301) in the BAT of ADIPQ mice, it would be useful to also study concomitant changes in a few M1
markers in the same tissue samples to assure whether M1 markers expression remain unchanged or
show modulation in their expression.

4. Authors found that TNF-a and CCL2 upregulated in BAT. It is reported well that TNF-a and CCL2
TNF-a inhibits UCP-1 expression in brown adipocytes. Please discuss this discrepancy.

Again my main concern is the data related to M1 and M2 markers and associated cytokines that
should be included in the main figures.

Reviewer #2 (Remarks to the Author):

Brown Adipose Tissue (BAT) is responsible for non-shivering thermogenesis, and its activation has
anti-obesity, anti-diabetic, and anti-dyslipidemia effects. Stunault and Gallerand et al. found that a
previously unknown monocyte infiltration is required for BAT expansion. and proved it with elegant
experiments. Overall, this manuscript is very well written and the experiments are beautifully
executed. I strongly recommend its publication should the following points are improved.

Major points.

Physiological significance of monocyte infiltration. The authors use an artificial model of adipocyte-
specific ATGL knockout, but does the same monocyte infiltration occur in physiological BAT expansion?
e.g., 1 week of cold exposure at 4-5°C?

The most important experiment that proves the function of monocyte in BAT expansion is Figure 4,
and more details of the depletion experiment should be written. The current method is too brief and
could be explained independently in a protocol repository such as Protocol Exchange.

For example, in Figure 4A, at which time point did the authors count the monocyte by FACS? S4A
should be included as a main figure. Also, should the control be PBS instead of isotype? For example,
the authors used Isotype in Figure 5 (co-culture).

Several single-cell, nuclei RNA-sequencing of BAT have been published (e.g., GSE144720/PMID:
32597862), but monocyte has not been analyzed in detail. One would like to know if monocyte is also



present in these existing RNA-seq datasets.

Minor points.

There are no details on the CD45 sorts that were subjected to scRNA-seq. It should be detailed in the
methods. Also, gates should be included as a supplement panel. Also, the gene names in Figure 1B
are too small to read. It would be better to plot the expression levels of cluster-specific genes on
UMAP rather than a heat map. In particular, the expression level of CD45 (PTPRC) should be included.

Kosaku Shinoda, Ph.D.
The Einstein-Mount Sinai Diabetes Research Center (ES-DRC)



REVIEWER COMMENTS

We would like to thank the reviewers for their careful reading of our manuscript, their positive feedback and their
constructive comments. All the changes are highlighted in red in the revised version of the manuscript.
We addressed each of their concerns below:

Reviewer #1 (Remarks to the Author):

In the manuscript, the authors study the diversity monocyte and its contribution to BAT functions during tissue
remodeling/expansion. The manuscript is overall well written, and significance of the study objective is clear. Data
presentation is good. Techniques and methods are very elaborative and appropriate. The topic is interesting, but there
are few concerns with this study.

1. CD11c¢c monocytic population need to be focused also with regard to activated monocytic subset. Similarly, | would
suggest the authors to consider/include the F4/80 macrophage population in their analysis.

CD11c expression is higher on blood Ly6C"°" monocytes when compared to Ly6C"9" monocytes'. The same
expression pattern was observed on BAT monocytes with our scRNA-seq data (Reply Figure 1A). We did not observe
any significant modulation in CD11c expression on BAT monocytes from control and Adipo®* mice (Reply Figure 1A;
now included in Figure 2J). However, we observed a significant increase in MHC Il expression by BAT monocytes from
Adipo®® mice (Figure 2J). This result suggests enhanced monocyte activation, along with accelerated monocyte
recruitment that was not paralleled by increased CD11c expression.

Although F4/80 was historically used to identify tissue macrophages?, F4/80 expression was recently reported on
eosinophils and dendritic cells (> and Immgen.org). We observed consistent F4/80 (Adgre1) mRNA expression in BAT
macrophages (clusters 5, 6, 7 and 8), but also lower (yet detectable) expression in neutrophils (cluster 0), dendritic cells
(cluster 9) and monocytes (clusters 2, 3 and 4) (Reply Figure 1B). Macrophages can be identified across tissues through
their co-expression of CD64 and MerTK, while monocytes are identified as CD64+ MerTK- CD11b+ cells*. This gating
strategy is shown in the Figure S2C and Reply Figure 1C. Monocyte-depleted animals allowed us to validate our
monocyte gating strategy (Reply Figure 1D). In agreement with our scRNA-seq data, F4/80 expression was found
predominantly on macrophages by flow cytometry (Reply Figure 1E). However, it was also found, at lower levels, on
monocytes and CD11b* CD64” MerTK cells, making it hard to dissociate monocytes and macrophages using this marker
(Reply Figure 1E).
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Figure 1
(A) Single Cell RNA-seq analysis of CD11c (Itgax) mRNA expression by BAT myeloid cells and flow cytometry

analysis of CD11c expression by BAT monocytes. (B) Single Cell RNA-seq analysis of F4/80 (Adgre1) mRNA
expression by BAT myeloid cells. (C) Gating strategy used to identify BAT macrophages and monocytes. (D)
Flow cytometry plot showing disappearance of BAT MerTK CD11b* CD64* monocytes in anti-CCR2-treated
Adipo®2 mice. (E) Flow cytometry plot showing (left) F4/80* cells (in red) among BAT CD45* cells and (right)
F4/80 expression by indicated BAT myeloid cells.



2. CXCL14 is acritical BAT related chemokine relevant to macrophages recruitment. In my opinion authors should also
check changes in the expression of CXCL14. Fractalkine-CX3CR1 interaction in recruitment of macrophages into the
BAT which might contribute to adipose tissue remodeling and regulation of metabolic-related genes. It might be
interested to look at this marker in the adipose tissue.

Cereijo et al. reported that BAT from CXCL14-deficient mice presents reduced numbers of F4/80" cells, reduced
thermogenic function and increased lipid content®. To apprehend how monocytes may interact with their local
microenvironment in the expanding BAT of Adipo®” mice, we recently performed bulk RNA-Seq analysis of BAT from
vehicle-treated and MC-21-treated Adipo®* mice. Principal Component Analysis revealed a distinct signature between
the two groups (Reply Figure 2A). Interestingly, CXCL14 mRNA was found to be up-regulated in the expanding BAT in
the absence of monocytes, when compared to control animals (Reply Figure 2A). Additional experiments are required
to investigate how myeloid cells interact with BAT adipocytes through CXCL14-dependent and independent
mechanisms in our experimental conditions, and these studies are beyond the scope of the current manuscript.

A recent report showed that both CX3CR1* and CX3CR1 macrophages are indeed present in mouse BAT at
steady state®. The CX3CR1" subset was found to be derived from CX3CR1+ cells that seed, at least in part, BAT-
resident macrophages. These cells were proposed to control homeostatic thermogenesis in BATS. Using CX3CR16P
reporter mice, we observed numerous CX3CR1* cells among BAT immune cells (Reply Figure 2B). Around 25% of BAT
macrophages were found to be CX3CR1* at steady state and this proportion rose up to 40% in the BAT of Adipo®” mice
(Reply Figure 2C). The role of Fractalkine-CX3CR1 interactions in white adipose tissue biology remains controversial’
%, In this study, we used heterozygous CX3CR1C"P* reporter mice to track monocytes. Nevertheless, we got the
opportunity to analyze CX3CR1-deficient (CX3CR1CFP/6FP) mice during BAT expansion. Adipo™* mice that were
CX3CR1 heterozygous (GFP/+) and double knock-in (GFP/GFP) were found to have BAT weight, macrophage
proportions and macrophage numbers comparable to CX3CR1** Adipo®” mice (Reply Figure 2D). This was added to
the discussion in our revised manuscript (p7.1368.).
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Figure 2
(A) PCA-plot and RNA-seq analysis of Cxcl14 mRNA expression in BAT from vehicle-treated and MC-21-treated

Adipo®2 mice. (B) Flow cytometry plot showing (left) CX3CR1-GFP* cells (in green) among BAT CD45* cells and
(right) CX3CR1 expression by indicated BAT myeloid cells. (C) Proportions of CX3CR1-GFP* BAT macrophages
in Ctrl and Adipo”® mice. (D) Analysis of BAT weight and macrophage content in CX3CR1**, CX3CR1¢P* and
CX3CR1CFPIGFP Adipo®2 mice.

3. The authors are showing the reduction in the expression of M2 macrophage markers (CD206 & CD301) in the BAT
of ADIPQ mice, it would be useful to also study concomitant changes in a few M1 markers in the same tissue samples
to assure whether M1 markers expression remain unchanged or show modulation in their expression.

CD11c expression was reported to be an inflammatory marker in adipose tissue macrophages'®''. CD11¢c
expression was observed on Plin2"" macrophages (cluster 8) and matrix macrophages (cluster 5) in our scRNA-seq
data (Reply Figure 3A). Flow cytometry analysis did not reveal any significant changes in membrane CD11c protein
levels by BAT macrophages from control and Adipo®* mice (Reply Figure 3A; now included in the revised Figure 2K).
Expression of inflammatory cytokines by BAT macrophages appeared scarce in our scRNA-seq data, as illustrated by
IL-18 and TNFo expression (Reply Figure 3B).
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Figure 3
(A) (left) Single Cell RNA-seq analysis of CD11c (Itgax) mRNA expression by BAT myeloid cells and (right) flow
cytometry analysis of CD11c expression by BAT macrophages. (B) Single Cell RNA-seq analysis of IL-1 and
TNFa mRNA expression by BAT myeloid cells.

4. Authors found that TNF-a and CCL2 upregulated in BAT. It is reported well that TNF-a and CCL2 TNF-a inhibits UCP-
1 expression in brown adipocytes. Please discuss this discrepancy. Again my main concern is the data related to M1
and M2 markers and associated cytokines that should be included in the main figures.

ATGL" mice crossed with constitutive AdipoQ-driven Cre expression were shown to have reduced UCP1
expression in BAT and increased CCL2 and TNFa expression'?. We have now performed ELISA analysis of CCL2 and
TNFo on BAT homogenates. ELISA analysis confirmed an increase in CCL2 protein levels in the BAT of Adipo®* mice
(Reply Figure 4A; now included in the revised Figure 3H). We did not detect differences in TNFa protein levels in the
BAT of control and Adipo®” mice. These results suggest that Adipo® mice display a very low-grade BAT inflammation
with specific CCL2-mediated monocyte recruitment during BAT expansion. The potential role of CCL2 and TNFa during
thermogenesis is discussed in the revised version of our manuscript (p8.1390.).

Previous reports demonstrated that UCP1°¢¢-mediated BAT-specific ATGL deficiency did not impact BAT UCP1
mRNA and protein levels and did not affect thermogenesis at room temperature’®'4. We generated and analyzed BAT
from UCP1°® x ATGL" mice, and we observed an accumulation of macrophages and monocytes similar to what we
observed in the BAT of Adipo®“ mice (Reply Figure 4B; now included in the revised Supplemental Figure 2F).

We measured a decrease in CD206 and CD301 mean fluorescence intensity (MFI) when considering total BAT
macrophages obtained from control and Adipo®” mice. However, our scRNA-seq data showed the presence of multiple
macrophage subsets, and did not reflect changes in CD206 and CD301 expression in M2-like macrophages (cluster 6)
and matrix macrophages (cluster 5), the main macrophage subsets in healthy BAT. Slingshot trajectory analysis
suggested that BAT monocytes can differentiate into CD206°" CD301°% macrophages (clusters 7 and 8) that
accumulate in the BAT of Adipo®* mice in comparison to controls (Reply Figure 4C). Flow cytometry analysis allowed
us to validate the accumulation of CD206'°" macrophages in the BAT of Adipo** mice while CD206+ macrophages did
not down-regulate this marker (Reply Figure 4D). We therefore conclude that the decrease in CD206 and CD301 MFI
observed on total BAT macrophages reflects accumulation of CD206"°% CD301°" monocyte-derived macrophages
rather than a shift in their polarization.
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Figure 4
(A) Quantification of CCL2 and TNFa. protein levels in BAT homogenates from control (n=8) and Adipo** (n=7)

mice by ELISA. (B) Quantification of BAT monocyte and macrophage numbers in control (n=6) and BAT** (n=4)
mice using flow cytometry. (C) Single Cell RNA-seq analysis of CD206 (Mrc1, left) and CD301 (Clec10a, right)
expression by BAT myeloid cells represented in a differentiation pattern predicted by Slingshot analysis. (D)
Flow cytometry plots representing CD206 expression by BAT macrophages from Ctrl and Adipo** mice.



Reviewer #2 (Remarks to the Author):

Brown Adipose Tissue (BAT) is responsible for non-shivering thermogenesis, and its activation has anti-obesity, anti-
diabetic, and anti-dyslipidemia effects. Stunault and Gallerand et al. found that a previously unknown monocyte
infiltration is required for BAT expansion and proved it with elegant experiments. Overall, this manuscript is very well
written and the experiments are beautifully executed. | strongly recommend its publication should the following points
are improved.

Major points.

Physiological significance of monocyte infiltration. The authors use an artificial model of adipocyte-specific ATGL
knockout, but does the same monocyte infiltration occur in physiological BAT expansion? e.g., 1 week of cold exposure
at 4-5°C?

Using the same CCR2-tracing PET-CT approach as in the current study, we previously reported that mice housed
at thermoneutrality (30°C) show reduced BAT monocyte content in comparison to mice housed at 22°C'™.
Thermoneutrality induces BAT expansion through TG accumulation, which happens in the absence of thermogenic
activity. This result could suggest that BAT activation may induce monocyte recruitment to this tissue, or that
thermoneutrality represses the constant influx of monocytes that we observed at steady state. We recently performed
bulk RNA-seq analysis of BAT from vehicle-treated and MC-21-treated Adipo®* mice housed at 22°C. Pathway
enrichment analysis revealed differential expression of pathways involved in heat production, further suggesting that
monocytes play a key role in BAT activation (Reply Figure 5).

We have been working on animal housing at different ambient temperatures’® and those experimental set-ups
require dedicated rooms with limited user access, adapted light/dark cycles and controlled environment. We currently,
do not have access to such a facility in our local structures. We would be able to perform overnight (16h) experiment,
but this experiment would not correctly address the role of monocytes during thermogenesis because short-term 4°C
housing triggers a stress-related inflammation. Nevertheless, we believe that this is an important question to address in
our future directions.
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Figure 5
Pathway enrichment analysis showing modulations of the Reactome heat production pathway in BAT from

vehicle-treated and MC-21-treated Adipo®* mice.

The most important experiment that proves the function of monocyte in BAT expansion is Figure 4, and more details of
the depletion experiment should be written. The current method is too brief and could be explained independently in a
protocol repository such as Protocol Exchange.

We have added more details on the depletion experiment (p6.1296.).

For example, in Figure 4A, at which time point did the authors count the monocyte by FACS? S4A should be included
as a main figure. Also, should the control be PBS instead of isotype? For example, the authors used Isotype in Figure
5 (co-culture).

We have included panel S4A in the main figures (Figure 4A). For each monocyte depletion experiment, mice
were sacrificed 16 hours after the MC-21 injection. Blood and tissues were analyzed at the moment of sacrifice.

MC-21-mediated monocyte depletion has been extensively described'®, and no non-specific or Fc receptor-
mediated effects have been reported with this treatment '8, MC-21 treatment leads to a rapid (4-6 hours) monocyte
disappearance from the blood circulation, while other leukocytes remain unaffected. Blood profiling allowed us to confirm
that MC-21 treatment induces a specific monocyte depletion in Adipo*” mice (Reply Figure 6). We did not deem the use
of an isotype control necessary considering the low dose used (20ug) and short treatment period.
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Figure 6
(Left) Gating strategy and (Right) quantification of blood Neutrophils, T cells and B cells from Ctrl and Adipo**
mice.

Several single-cell, nuclei RNA-sequencing of BAT have been published (e.g., GSE144720/PMID: 32597862), but
monocyte has not been analyzed in detail. One would like to know if monocyte is also present in these existing RNA-
seq datasets.

We would like to thank the reviewer for this suggestion. We discussed these previous studies in the discussion
section of our manuscript (p7.1358.). These snRNA-sequencing experiments were performed on whole BAT and present
few CD45" cells, making it hard to have a robust identification of monocytes and macrophages. To our knowledge, we
report the first sScRNA-seq of BAT immune cells (CD45" cells).

Minor points.

There are no details on the CD45 sorts that were subjected to scRNA-seq. It should be detailed in the methods. Also,
gates should be included as a supplement panel. Also, the gene names in Figure 1B are too small to read. It would be
better to plot the expression levels of cluster-specific genes on UMAP rather than a heat map. In particular, the
expression level of CD45 (PTPRC) should be included.

We have added more details in the methods about the cell preparation and sorting strategy used for scRNA-seq
(p29.1997). Since macrophages display inherent autofluorescence, we acquired part of the sample before addition of
DAPI to position the sorting gate. CD45* Dapi- cells were sorted to perform scRNA-seq (Reply Figure 7A; now included
in the revised Figure S1A). We have addressed the concerns raised by Reviewer 2 concerning the presentation of the
scRNA-seq data. Gene names in are now bigger on the heatmap, and expression levels of cluster-specific genes have
been shown on UMAP (now included in the revised Figure 1B). The expression level of Ptprc (Reply Figure 7B; now
included in the revised Figure S1A) has been included in the supplemental Figure 1.
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Figure 7
(A) Sorting strategy used to isolate BAT CD45" cells for scRNA-seq. (B) Analysis of Ptprc expression among

BAT cells that were submitted to scRNA-sequencing.
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REVIEWERS' COMMENTS
Reviewer #1 (Remarks to the Author):

Thank you for addressing all the comments- Excellent study-

Reviewer #2 (Remarks to the Author):

The authors responded appropriately to the reviewers' points, and I think this is a great paper that
deserves to be published in Nature Communications.
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Reviewer #2 (Remarks to the Author):

The authors responded appropriately to the reviewers' points, and | think this is a great
paper that deserves to be published in Nature Communications.

We would like to thank the reviewers for their constructive and positive evaluations of our
manuscript.



