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LETTER TO TH E JOURNAL

Single-cell RNA sequencing data identify a conserved
population of metallothionein-expressing macrophages that
may be ubiquitous in vital human organs

Dear Editor,
We used publicly available single-cell RNA sequencing

data to identify conserved tissue macrophage populations
in human organs. Among the subsets, we found a rare pop-
ulation of metallothionein-expressing macrophages that
are present in all vital organs analyzed. We deeply phe-
notype this subset and determine their localization in the
human liver.
In the first phase, we collected data from 10 livers,1

21 kidneys2 and 60 lungs,3 and selected myeloid-lineage
cells using published annotations and lineage markers:
CD68, S100, HLA-II, LYZ, C1Q, and CD74 (Figure S1).
After removing dendritic cells, we subclustered mono-
cytes and macrophages (liver, 8,197; kidney, 5,005; lung,
121,536), and identified eight subclusters in the monocyte-
macrophage (mono-mac) space, defined by their differen-
tially expressed genes (DEGs) (Figure 1A and Figure S2).
We evaluated the relatedness of subclusters across organs
by determining the Pearson correlations of fold-changes of
1126 DEGs that were significant [p.adj < .05 (Bonferroni)]
in at least two organs (Figure 1B). Cross-organ correla-
tions confirmed the relatedness of most subsets and were
highest for monocytes and cycling macrophages.
A survey of the mono-mac subtypes present in at least

two human organs revealed that the abundances of most
were similar across organs, but MAC_RES was dispro-
portionately large in the lung (alveolar macrophages)
and absent from the kidney (Figure 1C). Subset abun-
danceswere compared between fibrotic and control organs
and differed significantly for three: monocytes, MAC_RES
and SPP1+ macrophages (Figure S2). While most of the
eight subsets are widely known, we found an unexpected,
small population of macrophages (∼2.5% of each organ)
that highly expressed genes coding for metallothioneins
(MAC_MT). Metallothioneins are low molecular weight,
cysteine-rich proteins that bind metal ions. They enhance
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angiogenesis, protect against oxidative stress and metal
toxicity, and modulate macrophage function.4
Gene expression patterns of MAC_MTs were highly cor-

related across all three organs. Using aWilcoxon rank-sum
test to calculate DEGs, nine geneswere significant [FC> 0,
p.adj < .05 (Bonferroni)] in MAC_MTs in all three organs
(Figure 1D). Genes encodingmetallothioneins were highly
expressed by MAC_MTs only, unlike CTSL and SGK1,
whichwere expressed bymultiple sub-clusters. Of interest,
MTF1 andMTF2, which encodemetallothionein transcrip-
tion factors, were minimally expressed in MAC_MTs but
were highly expressed in the CYCLING subset, whichmay
provide a local source of MAC_MTs.
In each organ, two gene signatures were developed,

one distinguished MAC_MTs from other non-dendritic
myeloid-lineage cells, and the other distinguished
MAC_MTs from all other cells in the organ. To generate
each signature, we selected DEGs [FC > 0.75, p.adj < .05
(Bonferroni)] whose expression was significantly greater
in MAC_MTs than in the second-highest subset [FC > 0,
p.adj < .05 (Bonferroni)]. This method generates gene
signatures that can identify a subset of interest against a
background of other cells. It removes genes that are highly
expressed in other cell types and goes beyond an arbitrary
number of top DEGs.
We next scored all individual cells based on their expres-

sion of both MAC_MT organ-specific gene signatures and
compared scores across the subsets (Figure 1E and Table
S1). The signatures of MAC_MTs vs. myeloid-lineage cells
were dominated byMT1 genes andMT2A but also included
other immune response andmetabolism-associated genes.
The signature of liverMAC_MTs includedHAMP (encodes
hepcidin), an iron regulator. The signatures distinguished
MAC_MTs from other myeloid-lineage cells, as demon-
strated by UMAP overlays (Figure S3). The whole-organ
signatures distinguished MAC_MTs of the liver and lung
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F IGURE 1 Transcriptional profiling of myeloid subsets in human liver, kidney, and lung identifies a rare population of macrophages
expressing high levels of metallothionein-encoding genes. (A) UMAP representations of myeloid populations in published liver, kidney, and
lung scRNA-Seq data (n = number of cells). Subsets are color-coded and numbered. (B) Heatmaps of the pair-wise cross-organ Pearson
correlations of the fold changes of 1126 significant DEGs in the eight monocyte-macrophage subsets. (C) Stacked bar graph of colour-coded
subset proportions per organ. (D) Violin plots showing expression levels of metallothionein-encoding genes and transcription factors and
selected additional DEGs in colour-coded subsets. (E) Boxplots of MT_MAC module scores of colour-coded monocyte-macrophage subsets in
the liver, kidney and lung. Gene signatures for MAC_MTs against myeloid and all cells are in Table S1. (F) UMAP representations of each
organ coloured by pseudotime and overlaid with the trajectory plot, with cells coloured to reflect the pseudotime scale. Arrows indicate the
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path from the starting node. (G) Pathways upregulated by the predicted MT_MAC ligand-receptor interactions, according to gene set
enrichment of Gene Ontology Biological Process (GO:BP). DEG, Differentially Expressed Genes.

from all other cell types in the source organ (Figure S4),
but did not distinguish kidneyMAC_MTswith confidence,
likely due to the high expression of metallothionein-
encoding genes in kidney epithelial cells (Figure S5).

To infer the differentiation status of MAC_MTs, we per-
formed pseudotemporal analysis with monocytes as the
starting node. The trajectories suggest thatMAC_MTsorig-
inate frommonocytes and are not terminally differentiated

F IGURE 2 Validation of MAC_MTs by identifying them in data of Mulder et al. and by using immunohistochemistry to show their
location in human liver. (A) UMAP representation from Mulder et al with cells coloured by cell type as defined by the authors. (B) Top 20
significant (p_val_adj < .05, Bonferroni) positively differentially expressed genes, ranked by avg_log2 fold change. Genes related to
metallothionein function or present in our MT_MAC module are noted in red. The dashed line indicates fold change = 1. (C) Bar graphs
showing the percentage of the monocytes-macrophage in each tissue/compartment in the Mac-11 cluster (MT_MACs), ranked by proportion.
(D) Violin plots of metallothionein-encoding genes in the Mac-11 cluster and other clusters. (E) Micrographs of human liver specimens, with
regions of interest (ROI) indicated on H&E stained-sections, and magnified views of the ROIs after consecutive staining with anti-CD68 and
anti-MT antibodies (left side). Overlapped reconstructions with red, green, and blue representing MT, CD8 and hematoxylin, respectively,
analyzed by ImageJ.
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(Figure 1F). Lineage tracing studies are needed to further
define their origin and progeny.
To predict the potential functional roles of MAC_MTs

in tissue, we inferred ligand-receptor interactions between
MAC_MTs and all other cell types, focusing on ligands
secreted by MAC_MTs. We identified 15 interactions con-
served across tissues (Figure S6). Gene set enrichment
analysis highlighted biological processes involving cel-
lular migration, vascularization and angiogenesis. The
genes driving these enrichments (GRN, TNFSF12, IL1B,
VEGFB and VEGFA) may indicate that MAC_MTs par-
ticipate in blood vessel formation and tissue remodelling
(Figure 1G).
To gain a wider view of human MAC_MTs, we ana-

lyzed an additional dataset5 in which the Macrophage-11
sub-cluster represents MAC_MTs (Figure 2A,B). Metal-
lothionein gene expression was specific to this sub-cluster
and present in all 10 vital organs (stomach, kidney, pan-
creas, colon, lung, ascites, tonsil, liver, breast, and skin)
but absent from spleen, blood, and ascites fluid.MAC_MTs
were a small percentage of mono-macs, less than 5% in
all organs tested (Figure 2C). Metallothionein genes were
highly expressed and specific to theMacrophage-11 cluster,
as indicated by the high score of ourMAC_MTmyeloid sig-
nature (Figure 2D and Figure S7). These findings indicate
that MAC_MTs are a distinctive subset present in multiple
vital organs. They were previously reported to be limited to
prostate, but have also been localized in lung.6,7
We used an advanced immunohistochemistry

technique,8 consecutive immunohistochemically staining
on a single section, to localize MAC_MTs in human liver
tissue (Figure 2E). The liver tissues of three patients with
advanced liver disease were consecutively stained with
an anti-CD68 antibody and an antibody that recognizes
MT1 and MT2. Rare CD68+/MT+ cells were identified in
all patients and were localized to the regions of ductular
reactions that surround regenerative nodules in the cir-
rhotic liver and support neovascular development. These
findings combine with the receptor-ligand data to suggest
a role of MAC_MTs in neoangiogenesis.
In conclusion, using publicly available scRNA-

sequencing data and immunohistochemistry, we
transcriptionally profiled MAC_MTs, delineated shared
marker genes of MAC_MTs, established their presence in
transcriptomic data from multiple vital organs, identified
predictors of MAC_MT function, and determined their
localization in human liver. Our research suggests that
MAC_MTs occur in the majority of vital human organs.
Trajectory analysis suggests they differentiate locally
within their resident organ, consistent with evidence that
corneal tissue upregulates MT genes when cultured with
monocyte-derived macrophages.9 Our work sets the stage

for mechanistic studies defining the functional role of
MAC_MTs in tissue homeostasis and remodelling.
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Human samples for IHC staining were collected under
GCO numbers 15−1671 and 18−1512.

Joseph A. Daccache1,2
Francis Eng1

Lei Cao1
Ning Ma1

Stephen C. Ward3
Thomas Schiano4
Mark Miller1

Daniel Herron5
Anthony V. Azzara6

Steven S. Pullen6
Paolo Guarnieri6
Costica Aloman7

Andrea D. Branch1

1Department of Medicine, Division of Liver Disease, Icahn
School of Medicine at Mount Sinai, New York, New York,

USA
2Department of Pathology, NYU Langone Health, New

York, New York, USA
3The Department of Pathology, Molecular and Cell-Based
Medicine, Icahn School of Medicine at Mount Sinai, New

York, New York, USA
4Recanati/Miller Transplant Institute, Icahn School of
Medicine at Mount Sinai, New York, New York, USA
5Department of Abdominal Surgery, Icahn School of
Medicine at Mount Sinai, New York, New York, USA

6Cardiometabolic Disease Research, Boehringer Ingelheim
Pharmaceutical Inc., Ridgefield, Connecticut, USA

7Department of Surgery, Westchester Medical Center,
Valhalla, New York, USA

Correspondence
Andrea D. Branch, Department of Medicine, Division of
Liver Disease, Icahn School of Medicine at Mount Sinai,

New York, NY, USA.
Email: Andrea.Branch@mssm.edu

ORCID
JosephA.Daccache https://orcid.org/0000-0003-4847-
4398

NingMa https://orcid.org/0000-0001-7630-3305
MarkMiller https://orcid.org/0009-0002-3076-9681
DanielHerron https://orcid.org/0000-0001-8910-1585
AndreaD.Branch https://orcid.org/0000-0003-2865-
3188

REFERENCES
1. Ramachandran P, Dobie R, Wilson-Kanamori JR, et al. Resolv-

ing the fibrotic niche of human liver cirrhosis at single-cell level.
Nature. 2019;575(7783):512-518. doi:10.1038/s41586-019-1631-3

2. Kuppe C, Ibrahim MM, Kranz J, et al. Decoding myofibroblast
origins in human kidney fibrosis. Nature. 2021;589(7841):281-286.
doi:10.1038/s41586-020-2941-1

3. Adams TS, Schupp JC, Poli S, et al. Single-cell RNA-seq reveals
ectopic and aberrant lung-resident cell populations in idiopathic
pulmonary fibrosis. Sci Adv. 2020;6(28):eaba1983. doi:10.1126/
sciadv.aba1983

4. Zbinden S, Wang J, Adenika R, et al. Metallothionein enhances
angiogenesis and arteriogenesis by modulating smooth muscle
cell and macrophage function. Arterioscler Thromb Vasc Biol.
2010;30(3):477-482. doi:10.1161/atvbaha.109.200949

5. Mulder K, Patel AA, Kong WT, et al. Cross-tissue single-cell
landscape of human monocytes and macrophages in health and
disease. Immunity. 2021;54(8):1883-1900.e5. doi:10.1016/j.immuni.
2021.07.007

6. Sauler M, McDonough JE, Adams TS, et al. Characterization of
the COPD alveolar niche using single-cell RNA sequencing. Nat
Commun. 2022;13(1):494. doi:10.1038/s41467-022-28062-9

7. Tuong ZK, Loudon KW, Berry B, et al. Resolving the immune
landscape of human prostate at a single-cell level in health
and cancer. Cell Rep. 2021;37(12):110132. doi:10.1016/j.celrep.2021.
110132

8. Akturk G, Sweeney R, Remark R, Merad M, Gnjatic S. Mul-
tiplexed immunohistochemical consecutive staining on single
slide (MICSSS): multiplexed chromogenic IHC assay for high-
dimensional tissue analysis.MethodsMol Biol. 2020;2055:497-519.
doi:10.1007/978-1-4939-9773-2_23

9. Wolf J, Zhuang X, Hildebrand A, et al. Corneal tissue
induces transcription of metallothioneins in monocyte-
derived human macrophages. Mol Immunol. 2020;128:188-194.
doi:10.1016/j.molimm.2020.10.016

SUPPORT ING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

 27680622, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ctd2.348 by C

D
C

 N
C

H
ST

P Info C
tr, W

iley O
nline L

ibrary on [04/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-4847-4398
https://orcid.org/0000-0001-7630-3305
https://orcid.org/0009-0002-3076-9681
https://orcid.org/0000-0001-8910-1585
https://orcid.org/0000-0003-2865-3188
mailto:Andrea.Branch@mssm.edu
https://orcid.org/0000-0003-4847-4398
https://orcid.org/0000-0003-4847-4398
https://orcid.org/0000-0003-4847-4398
https://orcid.org/0000-0001-7630-3305
https://orcid.org/0000-0001-7630-3305
https://orcid.org/0009-0002-3076-9681
https://orcid.org/0009-0002-3076-9681
https://orcid.org/0000-0001-8910-1585
https://orcid.org/0000-0001-8910-1585
https://orcid.org/0000-0003-2865-3188
https://orcid.org/0000-0003-2865-3188
https://orcid.org/0000-0003-2865-3188
https://doi.org/10.1038/s41586-019-1631-3
https://doi.org/10.1038/s41586-020-2941-1
https://doi.org/10.1126/sciadv.aba1983
https://doi.org/10.1126/sciadv.aba1983
https://doi.org/10.1161/atvbaha.109.200949
https://doi.org/10.1016/j.immuni.2021.07.007
https://doi.org/10.1016/j.immuni.2021.07.007
https://doi.org/10.1038/s41467-022-28062-9
https://doi.org/10.1016/j.celrep.2021.110132
https://doi.org/10.1016/j.celrep.2021.110132
https://doi.org/10.1007/978-1-4939-9773-2_23
https://doi.org/10.1016/j.molimm.2020.10.016

	Single-cell RNA sequencing data identify a conserved population of metallothionein-expressing macrophages that may be ubiquitous in vital human organs
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


