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steatohepatitis (a progressive form
of fatty liver disease). We also show
� Systemic soluble TREM2 levels mirror NASH severity in mice
and humans.

� TREM2+ macrophages localize to areas of fibrosis.

� TREM2-deficient macrophages display decreased viability, profibro-
genic potential and impaired lipid handling.

� Hematopoietic TREM2 protects from steatohepatitis and
liver fibrosis.
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Soluble TREM2 levels reflect the recruitment and expansion of
TREM2+ macrophages that localize to fibrotic areas and limit NASH
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Background & Aims: Previous single-cell RNA-sequencing ana- Conclusions: Our studyhighlights the functional properties of bone

lyses have shown that Trem2-expressing macrophages are pre-
sent in the liver during obesity, non-alcoholic steatohepatitis
(NASH) and cirrhosis. Herein, we aimed to functionally charac-
terize the role of bone marrow-derived TREM2-expressing
macrophage populations in NASH.
Methods: We used bulk RNA sequencing to assess the hepatic
molecular response to lipid-dependent dietary intervention in
mice. Spatial mapping, bone marrow transplantation in two
complementary murine models and single-cell sequencing were
applied to functionally characterize the role of TREM2+ macro-
phage populations in NASH.
Results: We found that the hepatic transcriptomic profile during
steatohepatitis mirrors the dynamics of recruited bone marrow-
derived monocytes that already acquire increased expression of
Trem2 in the circulation. Increased Trem2 expression was re-
flected by elevated levels of systemic soluble TREM2 in mice and
humans with NASH. In addition, soluble TREM2 levels were su-
perior to traditionally used laboratory parameters for dis-
tinguishing between different fatty liver disease stages in two
separate clinical cohorts. Spatial transcriptomics revealed that
TREM2+ macrophages localize to sites of hepatocellular damage,
inflammation and fibrosis in the steatotic liver. Finally, using
multiple murine models and in vitro experiments, we demon-
strate that hematopoietic Trem2 deficiency causes defective lipid
handling and extracellular matrix remodeling, resulting in
exacerbated steatohepatitis, cell death and fibrosis.
words: Metabolic-associated fatty liver disease; Steatohepatitis; TREM2+ mac-
hages; Soluble TREM2; Liver fibrosis; Spatial transcriptomics.
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marrow-derived TREM2+ macrophages and implies the clinical
relevance of systemic soluble TREM2 levels in the context of NASH.
Lay summary: Our study defines the origin and function of
macrophages (a type of immune cell) that are present in the liver
and express a specific protein called TREM2. We find that these
cells have an important role in protecting against non-alcoholic
steatohepatitis (a progressive form of fatty liver disease). We
also show that the levels of soluble TREM2 in the blood could
serve as a circulating marker of non-alcoholic fatty liver disease.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of Euro-
pean Association for the Study of the Liver. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).

Introduction
Sedentary behavior and excess calorie intake have led to the high
prevalence of lifestyle-related disorders, including non-alcoholic
fatty liver disease (NAFLD), recently renamed as metabolic
dysfunction-associated fatty liverdisease (MAFLD).1NAFLD covers
a spectrum of liver disease stages ranging from simple steatosis to
more progressive inflammatory steatohepatitis (NASH), which
increases the risk of developing fibrosis and cirrhosis, ultimately
requiring a liver transplantation.1,2 In fact, NASH is predicted to
soon surpass viral hepatitis as the main cause of end-stage liver
disease and become the primary indication for liver trans-
plantation, thus posing a major clinical and economic burden.3,4

Therefore, there is an unmet need to identify factors that can be
targeted therapeutically to prevent NAFLD progression.

The presence of chronic low-grade inflammation character-
ized by immune cell activation, abnormal cytokine production
and increased acute phase protein levels is a hallmark of NASH.5,6

Particularly, macrophages are thought to represent key media-
tors responsible for the initiation and propagation of hepatic
inflammation and the regulation of fibrosis.7 Upon activation of
resident Kupffer cells (ResKCs), proinflammatory cytokines and
22 vol. 77 j 1373–1385
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Fig. 1. Hepatic differential gene expression signature associated with diet-induced inflammation reflects dynamics of Trem2-expressing macrophages. (A)
Experimental design of dietary intervention study in female Ldlr-/- mice. (B) Hepatic cholesterol and triglyceride levels normalized to liver protein content. (C)
Hepatic infiltrating macrophages as assessed by immunohistochemical staining of liver sections for Mac-1. (D) Heatmap of genes differentially expressed
compared to 2 weeks of HFC following 3, 7 and 14 days of dietary switching to chow, showing 7 distinct gene expression patterns. Data are derived from bulk RNA
sequencing from whole liver tissue of mice following the dietary intervention pattern shown in Fig. 1A. Fold change represents expression (log2) relative to
expression in livers from 2-week HFC-fed mice. (E) Patterns of gene expression changes following dietary switching. Number of differentially expressed genes
following the respective pattern are annotated above bars. (F) Heatmap of the 31 genes in cluster 1, whose expression is altered upon HFC and significantly
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chemokines are produced, resulting in recruitment of leukocytes
to areas of inflammation.8 Moreover, ResKC are depleted during
NASH followed by replenishment of their local niche by circu-
lating bone marrow-derived monocytes that acquire KC features
(MoKCs) and eventually take over their function.9–13 Importantly,
recent studies have demonstrated considerable heterogeneity
among macrophages in the liver that may differentially influence
disease progression via their interplay with other hepatic
cells.13–18 Yet, the specific functional properties of distinct
macrophage populations, particularly the role of bone marrow-
derived monocytes in the context of NASH are not fully under-
stood and require better characterization.

Herein, using an unbiased approach to decipher factors and
pathways contributing to hepatic inflammation during NAFLD,
we found that murine steatohepatitis is associated with a hepatic
transcriptomic profile characterized by hyperlipidemia-
dependent induction of Triggering receptor expressed on
myeloid cells 2 (Trem2). Previous single-cell RNA-sequencing
analyses have shown that Trem2-expressing macrophages are
present in the liver during obesity (lipid-associated macrophage,
LAMs19), during murine NASH (NASH-associated macrophages or
NAMs20) and in human and murine cirrhosis (scar-associated
macrophages or SAMs21). Herein, we aimed to functionally
characterize the role of bone marrow-derived TREM2+ macro-
phage populations in NASH.

Materials and methods
A full description of the materials and methods used can be
found in the supplementary methods.

Results
Hepatic gene expression profile in NAFLD reflects the
dynamics of recruited TREM2-associated macrophages
In order to study factors involved in non-alcoholic hepatic
inflammation, we designed a murine study using Ldlr-/- mice,
which develop NAFLD with a human-like lipoprotein profile
upon feeding a high-fat high-cholesterol (HFC) diet.22,23 Ldlr-/-

mice were placed on HFC diet for 2 or 4 weeks, while additional
groups of mice were switched back to chow diet for 3, 7 or 14
days after 2 weeks of HFC diet (to study disease onset, while still
allowing full disease reversal) or only received regular chow for 4
weeks (Fig. 1A). Upon HFC feeding, mice developed increased
hepatic and plasma triglyceride and cholesterol levels that
reverted to levels comparable to the chow group after 7 days of
dietary switching, which was also reflected in histological
changes (Fig. 1B and Fig. S1A,C). A similar pattern was observed
in the accumulation of immune cells, including infiltrating
macrophages (Mac1+), neutrophils (Ly6G+) and T cells (CD3+) in
reverted to levels comparable to livers of chow-fed mice by 3, 7 and 14 days
expression in livers of chow-fed mice. Genes are ranked based on the fold change
livers of Ldlr-/- mice after the HFC dietary intervention shown in Fig. 1A and of w
shown relative to the respective chow-fed mice. (H) Trem2 expression in sorted TIM
for 2 weeks. Data are shown relative to expression in ResKCs from chow-fed anim
fed chow or HFC diet for 2 weeks. (J) Trem2 expression in sorted TIM4+ ResKCs,
weeks. Data are shown relative to expression in ResKCs from chow-fed animals.
fed chow or MCD diet for 4 weeks. (L) Trem2 expression in livers of chow or MCD-fe
B, C, G, H, I, J, K and L, data are shown as mean ± SEM of n = 4-9 mice per group.
one-way ANOVA with Bonferroni correction or 2-tailed unpaired Student’s t test
D-F, n = 2 mice per group. *p <−0.05, **p <−0.01, ***p <−0.001, ****p <−0.0001. Abbrev
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the liver (Fig. 1C, S1B-C), and the hepatic gene expression levels
of several proinflammatory cytokines (Tnfa, Cxcl1, Cxcl2;
Fig. S1D). Moreover, in line with previous data illustrating that
caloric restriction regulates peripheral monocyte numbers,24

dietary switching reverted the increase in circulating inflam-
matory monocytes and neutrophils upon HFC diet feeding
(Fig. S1E). These data indicate that early NAFLD progression is
characterized by monocytosis and infiltrating immune cells that
can be rapidly reverted by dietary intervention.

Transcriptomic profiling of whole liver tissue revealed 3 ma-
jor transcriptomic patterns in the livers of HFC-fed mice
compared to mice on chow (Fig. S2A). The majority of differential
gene expression occurred early and persisted for the duration of
the HFC diet (461 genes; ‘sustained response’; Fig. S2A-B), while
264 genes were only altered after 4 weeks of HFC feeding (‘late
response’) and 217 genes were only differently regulated in mice
receiving 2 weeks HFC (‘early response’). In line with our pre-
vious data,23 hepatic inflammation during NAFLD is character-
ized by an innate immunity-associated gene expression
signature likely arising from enhanced recruitment of various
immune cells to the liver (Fig. S2C-D).

We next compared expression levels of the ‘sustained
response’ genes in livers of mice switched to regular chow for 3,
7 and 14 days to mice on HFC diet for 2 weeks (Fig. 1D-E). The
expression of 31 genes reverted to levels comparable to chow
already by 3 days, suggesting these genes to be particularly
responsive to diet-induced inflammation (Fig. 1E-F). A majority
of these genes (Gpnmb, Trem2,Mmp12, Lgals3, Itgax, Cd63, Clec7a)
have previously been found to be highly expressed in TREM2+

macrophages also present in the livers of humans and mice with
NASH,19–21 suggesting that changes in hepatic gene expression in
our murine model are determined by the presence of TREM2+

macrophages in the liver.
Furthermore, we applied the methionine- and choline-

deficient (MCD) diet model, which results in a more advanced
NASH-like phenotype characterized by extensive inflammation
and hepatic fibrosis25,26 in a similar dietary intervention setting
(Fig. S3A-E). Similar to the hypercholesterolemic HFC model,
hepatic expression of TREM2+ macrophage-related genes Trem2,
Gpnmb, Lgals3, Mmp12 and Clec7a was strongly increased upon
MCD-induced NASH and reached expression levels comparable
to the livers of chow-fed controls by 3-7 days after dietary
switching (Fig. 1G). In addition, induction of hepatic Trem2
expression was observed in the STAM model, which reflects
multiple stages of progressive NASH25–27 (Fig. S4A-B) and in mice
receiving high-fat diet (HFD) (Fig. S4C-D), indicating that the
induction of a TREM2-related gene signature represents a gen-
eral feature of NAFLD.
after dietary switching. Fold change represents expression (log2) relative to
after 2 weeks HFC diet vs. chow-fed mice. (G) Expression of indicated genes in
ild-type mice following MCD dietary intervention shown in Fig. S3A. Data are
4+ ResKCs, TIM4- MoKCs and CD11b+ MoMs of Ldlr-/- mice fed chow or HFC diet

als. (I) Trem2 expression in sorted circulating Ly6Chigh monocytes of Ldlr-/- mice
TIM4- MoKCs and CD11b+ MoMs of C57Bl6/J mice fed chow or MCD diet for 4
(K) Trem2 expression in sorted circulating Ly6Chigh monocytes of C57Bl6/J mice
d Ccr2+/+ and Ccr2-/- mice. Data are shown relative to chow-fed Ccr2+/+ mice. For
Significance is indicated compared to the respective chow group after applying
for comparing multiple or 2 groups respectively, after testing for normality. For
iations defined at the end of manuscript.
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Fig. 2. Soluble TREM2 levels correlate with disease severity in mice and humans. (A) Plasma sTREM2 levels in chow-, HFC-fed and diet switched female Ldlr-/-

mice during the dietary intervention study depicted in Fig. 1A. (B) Plasma sTREM2 levels in chow-, MCD-fed and diet switched male C57Bl6/J mice during the
dietary intervention study depicted in Fig. S3A. (C) Plasma sTREM2 levels in STZ-injected male C57Bl6/J mice fed chow or a 46% HFD for 4 and 8 weeks. (D) Plasma
sTREM2 levels in male C57Bl6/J mice fed chow or a 60% HFD for 6, 12 and 28 weeks. (E) Violin plot showing plasma sTREM2 levels in patients with biopsy-proven
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<−0.0001. Abbreviations defined at the end of manuscript.
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In order to pinpoint the cellular source of increased hepatic
Trem2 expression during NASH, we assessed Trem2mRNA levels
in sorted TIM4+ ResKCs, TIM4- MoKCs and CD11b+ monocyte-
derived macrophages (MoMs) from livers (Fig. S3G-J),12,13 as
well as in circulating blood Ly6Chigh monocytes. Compared to
chow, Trem2 expression was strongly induced in all 3 hepatic
macrophage subsets in HFC- and particularly in MCD-fed mice
(Fig. 1H, 1J, S3K-L). Remarkably, Trem2 expression was also
increased in circulating Ly6Chigh monocytes in both dietary
models (Fig. 1I, 1K, S3K-L), indicating increased Trem2 expres-
sion on myeloid cells occurs both in the liver and in the pe-
riphery. Consistent with previous data,11–15 we observed that
the hepatic macrophage pool during NASH mainly consists of
recruited MoMs, while ResKCs are depleted (Fig. S3G-J), indi-
cating recruited MoMs are the main contributors to total he-
patic Trem2 levels. In line with this, mice deficient in CCR2,
which have less recruited MoMs in the liver, failed to induce
hepatic Trem2 expression after MCD diet feeding (Fig. 1L, S3M-
N). Moreover, the number of infiltrating macrophages (CD11b+)
positively correlated with the expression of Trem2 in the liver in
both dietary models (Fig. S1F, S3F). Therefore, our data
demonstrate that the diet-sensitive hepatic gene expression
profile reflects the dynamics of recruited Trem2-express-
ing monocytes.
Systemic soluble TREM2 levels are elevated during NASH in
mice and humans
TREM2 occurs both in membrane-bound form and in soluble
form, consisting of its ectodomain upon cleavage by A disintegrin
and metalloproteinase (ADAM) 10 or ADAM17.28 Given the
strong induction of Trem2 expression during murine NASH, we
assessed the circulating levels of soluble TREM2 (sTREM2) in
these mice. Intriguingly, plasma sTREM2 levels followed the
same pattern as hepatic Trem2 expression in Ldlr-/- mice on HFC
diet and C57Bl6/J mice on MCD diet (Fig. 2A-B). Additionally,
systemic sTREM2 levels were increased during steatohepatitis in
the STAM model and in HFD-induced fatty liver disease (Fig. 2C-
D). Consistent with the positive correlation between infiltrating
macrophages and hepatic Trem2 expression, plasma sTREM2
levels also significantly correlated with liver-infiltrating macro-
phages in HFC- and MCD-induced NASH (Fig. S5A-B), suggesting
that sTREM2 is mostly MoM-derived.

Since TREM2+ macrophages were previously described in
human cirrhotic livers,21 we assessed whether systemic sTREM2
also associates with disease severity in a cohort of patients with
biopsy-proven NAFLD. Intriguingly, patients diagnosed with
cirrhosis showed significantly higher levels of sTREM2 than
those with NASH or simple steatosis, while NASH patients also
had elevated sTREM2 compared to people with steatosis only
(Fig. 2E). Moreover, plasma sTREM2 correlated positively with
multiple markers for liver disease, among them alanine amino-
transferase (ALT), aspartate aminotransferase (AST), gamma-
glutamyltransferase (GGT), histological NAFLD activity score
and Fibrosis-4 (FIB-4)29 scoring (Fig. 2F). To assess the accuracy
of sTREM2 in distinguishing different stages of NAFLD, we per-
formed an AUROC analysis. sTREM2 could distinguish patients
Journal of Hepatology 20
with cirrhosis vs. simple steatosis (6,179 ± 1,538 pg/ml vs. 2,176 ±
328.7 pg/ml, AUROC 0.907, p = 0.0003; Fig. 2G) with very
high accuracy.

In a second independent cohort consisting of patients who
underwent ultrasonography-based Fibroscan measurements to
determine liver disease status, patients classified as having
fibrotic NASH also had significantly increased sTREM2 levels
compared to patients without steatosis or with simple steatosis
only (Fig. 2H). sTREM2 levels correlated significantly with spe-
cific liver disease parameters including the controlled attenua-
tion parameter (a sonographic measure of steatosis), liver
stiffness assessed by Fibroscan, ALT, AST and FIB-4 scoring
(Fig. 2I). AUROC analysis revealed a clear distinction between
‘fibrotic NASH’ and patients without steatosis (13,298 ± 1,200 pg/
ml vs. 7,069 ± 551.7 pg/ml, AUROC 0.883, p <0.0001; Fig. 2J) or
with simple steatosis (9,730 ± 523.2 pg/ml, AUROC 0.695, p
<0.0092, Fig. S5E). Plasma sTREM2 showed no correlations with
metabolic parameters (i.e. BMI, LDL, HDL, total cholesterol, tri-
glycerides) in the biopsy-proven cohort (Fig. S5C) and only mild
correlations with plasma VLDL and triglycerides in the second
cohort (Fig. S5D). Intriguingly, 2 established liver damage
markers, ALT and AST, as well as FIB-4 fibrosis scoring, showed
no or poorer predictive value in differentiating liver disease
stages compared to sTREM2 (Fig. S5F-N). Overall, these data
demonstrate the clinical relevance of macrophage-derived
TREM2 and demonstrate that plasma sTREM2 can distinguish
between absent or mild and advanced NASH with higher accu-
racy than traditional liver disease-associated parameters such as
ALT and AST.
Trem2-expressing macrophages localize to areas of
inflammation, oxidative stress and fibrosis
In order to gain insight into the interaction of TREM2+ macro-
phage subsets with the local niche and to assess their tissue
localization, we performed spatial transcriptomics on 6 liver
sections from Ldlr-/- mice fed chow (n = 3) or HFC diet for 2
weeks (n = 3) from 2 independent studies using 2 10X Visium
Spatial gene expression slides. Uniform manifold approximation
and projection (UMAP) clustering and principal component
analysis revealed a clear separation of gene expression profiles in
spots of livers from HFC-fed mice compared to chow-fed con-
trols. We also observed a second separation based on experi-
ment, suggesting that external study factors (e.g. time of
experiment, cage effects, fasting time) may have affected hepatic
gene expression (Fig. S6A-B). Importantly, in line with our bulk
RNA-sequencing results, the expression of Trem2, Gpnmb and
Lgals3 was significantly upregulated (to a similar extent) in the
livers and spots containing immune cells (Ptprc+) of all 3 HFC-fed
mice compared to controls, irrespective of potential batch effects
(Fig. 3A-C, S6C). While no spots were positive for the combina-
tion of Trem2, Gpnmb and Lgals3 in livers of chow-fed mice, up to
10% of tissue-covered spots were triple-positive in livers of HFC-
fed mice (Trem2+Gpnmb+Lgals3+, Fig. S6D). Consistent with our
findings in sorted hepatic macrophage subsets, we identified
Trem2+Gpnmb+Lgals3+ spots positive for either ResKC
(Adgre1+Clec4f+Timd4+), MoKC (Adgre1+Clec4f+Timd4-) or MoM
22 vol. 77 j 1373–1385 1377
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(Ly6c2+) markers (Fig. S6E-F). Moreover, the expression of Trem2
and TREM2+ macrophage-related markers (Gpnmb, Lgals3, Cd9,
Cd63, Tyrobp, Mmp12) was higher in spots containing ResKC,
MoKC and MoM than in spots containing other immune cells
(Ptprc+Adgre1-Clec4f-Timd4-Ly6c2-) or non-immune cells
(Ptprc-Adgre1-Clec4f-Timd4-Ly6c2-) to a similar extent in all 3 HFC
livers (Fig. S6G-H).

To evaluate the transcriptomic profile at spots occupied by
TREM2+ macrophages, we selected Trem2+Gpnmb+Lgals3+

(TREM2+) spots and compared them to Trem2-Gpnmb-Lgals3-

(TREM2-) spots within HFC livers. Gene ontology analysis revealed
that TREM2+ spots were enriched for genes associated with in-
flammatory processes (Ccl2, Ccl5, Ccl6), lipid metabolism (Lpl, Ctss),
liver injury (Saa1, Saa2, Saa3), as well as fibrosis and extracellular
matrix remodeling (Col1a1, Col1a2, Col3a1, Mmp12) (Fig. 3D-E). To
further investigate the local microenvironment of Trem2-express-
ing cells,wemanually selected all the immediate neighboring spots
of TREM2+ leukocytes (Trem2+Gpnmb+Lgals3+Ptprc+) and TREM2-

leukocytes (Trem2-Gpnmb-Lgals3-Ptprc+) in the livers of HFC-fed
mice (Fig. 3F). Interestingly, besides more expression of TREM2-
related markers (Fig. S6I), spots containing TREM2+ leukocytes
and their direct neighborhoods showed significant enrichment of
gene sets related to inflammation, collagen degradation and cell
death compared toTREM2- cells and their neighboring spots, while
expression of genes related to cholesterol and bile acidmetabolism
were not different (Fig. 3G, S6J). In addition, TREM2+ spots and
neighborhoods were predominantly detected at sites of collagen
deposition as indicated by Sirius Red staining, while cells staining
positive for CD63, a surrogate marker for TREM2+ macrophages,
localized to alpha-smoothmuscle actin-rich areas (Fig. 3H-I). Taken
together, these findings imply the prominent involvement of
Trem2-expressing macrophages in regions of inflammation, cell
death, fibrosis and extracellular matrix remodeling.
Hematopoietic TREM2 deficiency exacerbates steatohepatitis
Our data suggested an important contribution of recruited
leukocytes to the hepatic accumulation of macrophages in the
context of NASH. Indeed, mice fed an MCD diet display a rela-
tive depletion of ResKCs and an increase of MoKCs and MoMs
(Fig. S3I, S7A-B). Moreover, using CD45.1+ bone marrow-
chimeric mice, we could show that all 3 hepatic macrophage
populations are predominantly derived from recruited he-
matopoietic cells in bone marrow-transplanted mice fed an
MCD diet, albeit with a generally low contribution of ResKCs in
this model (Fig. S7B-C). To address the role of hematopoietic
TREM2 in NASH, wild-type mice were lethally irradiated to
receive bone marrow from Trem2-/- or Trem2+/+ littermates and
put on an MCD diet for 4 weeks (Fig. 4A). Compared to wild-
type-transplanted mice, sTREM2 levels were greatly reduced
in mice transplanted with TREM2-deficient bone marrow, in
Reactome, KEGG and GO Biological Process analysis of differentially expressed g
pathways are presented. (F) Images showing selection of TREM2- spots (Trem2-Gp
areas (Trem2+Gpnmb+Lgals3+Ptprc+, blue) and their direct neighboring spots (green
assessment of enrichment of indicated gene set modules in TREM2+ and TREM2
change of the average enrichment within indicated spots compared to TREM2- spo
*p <−0.05, **p <−0.01. (H) Overlay (middle) of spatial slide Hfc3 indicating spots d
cryosection stained for fibrosis using Sirius Red (right). (I) Colocalization of CD6
breviations defined at the end of manuscript.
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line with the hematopoietic origin of systemic sTREM2 (Fig. 4B).
Mice with hematopoietic TREM2 deficiency developed signifi-
cantly increased liver injury and steatohepatitis, as indicated by
increased plasma ALT levels (Fig. 4C) and hepatic triglyceride
and lipid content (Fig. 4D-E). The heightened inflammation was
mirrored in increased infiltrating macrophages (CD11b+)
(Fig. 4F-G) and the expression of proinflammatory genes Saa1
and Il1b, which have been implicated in NASH30–32 (Fig. 4H).
Moreover, there was significantly more cell death, as evidenced
by increased numbers of TUNEL-positive cells (Fig. 4I), higher
percentage of AnnexinV+ F4/80+ KCs and a similar trend for
AnnexinV+ CD11b+ MoMs (Fig. 4J). This was mirrored in
increased cell death in Trem2-/- vs. Trem2+/+ bone marrow-
derived macrophages (BMDMs) cultured in vitro without and
with IL-4, a known inducer of Trem233 (Fig. 4K). Importantly,
Trem2-/--bone marrow-chimeric mice developed markedly
aggravated fibrosis, as indicated by immunohistochemical
detection of Sirius Red and Masson’s Trichrome staining
(Fig. 4L-M). Moreover, expression of profibrotic genes Acta2,
Col1a1 and Col3a1 and levels of hydroxyproline and COL1A1
were increased in livers of Trem2-/- bone marrow-chimeric mice
(Fig. 4N-P). Consistent with this, we also found that hyper-
cholesterolemic Ldlr-/- mice with hematopoietic (Fig. S8A-F) or
global (Fig. S8G-J) TREM2 deficiency developed aggravated
steatohepatitis upon HFC diet. Overall, these findings indicate a
protective function for bone marrow-derived TREM2 in the
development of NASH and liver fibrosis.
Hematopoietic TREM2 modulates the composition of the
hepatic myeloid cell compartment during NASH
To gain insights into the effects of hematopoietic TREM2 defi-
ciency on the hepatic immune cell composition during NASH, we
performed single-cell RNA-sequencing of pooled CD45+ cells
sorted from livers of 4-week-old MCD-fed mice transplanted
with TREM2-deficient or wild-type bone marrow (Fig. S9).
Following quality control and doublet exclusion, unsupervised
Louvain clustering and UMAP projection of 10,589 cells (5,607
Trem2+/+, 4,982 Trem2-/-) resulted in 24 clusters representing
different cell subsets that were annotated based on differentially
expressed hematopoietic lineage-defining genes, revealing
changes in the immune cell landscape (e.g. T cells) upon he-
matopoietic TREM2 deficiency (Fig. S9A-D).

Since Trem2 was primarily expressed in hepatic macrophages
as well as circulating Ly6Chigh monocytes during NASH, we per-
formed sub-clustering of macrophages, KCs and monocytes
(clusters 2, 3, 5, 10, 18, 22) to further dissect changes in the
heterogeneous hepatic myeloid compartment in the context of
hematopoietic TREM2 deficiency. Sub-clustering revealed 13
clusters that were identified based on the expression of lineage-
defining markers (Fig. 5A-B, S10A-E). Of these, cluster 0 showed
enes in TREM2+ vs. TREM2- spots in HFC-fed livers. Top 5 significantly altered
nmb-Lgals3-Ptprc+, orange) and their direct neighboring spots (red), and TREM2+

) in the liver sections of 2-week HFC-fed Ldlr-/- mice. (G) Spatial transcriptomic
- spots and their direct neighbors as defined in Fig. 3F. Data are shown as fold
ts. One-way ANOVAwas used for testing significance between multiple groups.
efined as TREM2+, TREM2- and their neighbors (left), with the adjacent serial
3+ cells and a-SMA (40x magnification) in liver after 4 weeks MCD diet. Ab-
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(N) Hepatic expression of Acta2, Col1a1 and Col3a1. Data are shown relative to Trem2+/+-tp mice. (O) Hepatic hydroxyproline content. (P) Hepatic collagen I alpha 1
content. Data shown as mean ± SEM of n = 11-15 mice per group. Significance is indicated between Trem2-/--tp and Trem2+/+-tp mice or Trem2-/- and Trem2+/+

BMDMs (K) after applying 2-tailed unpaired Student’s t test comparing 2 groups after testing for normality. *p <−0.05, ****p <−0.0001. Abbreviations defined at the
end of manuscript.
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high expression of Spp1, Cd9, Gpnmb, Lgals3, Cd63, Cd36, Lpl,
Fabp5, several cathepsins and Mmp12, resembling previously
described pre-moKCs and MMP12+ macrophages.13 Some of
these signatures were also seen in cluster 2, which were also
enriched for similar markers, but were negative for Spp1. Cluster
7 resembled hepatic LAMs13 and were further characterized by
elevated expression of Cx3cr1, Ccr2 and Itgam, suggesting they
represent a monocyte-derived population (Figs 5C-E and
S10B-D).

Since clusters 0, 2 and 7 showed the strongest enrichment in
Trem2 (Fig. 5C) and its associated markers Gpnmb, Cd9, Itgax,
Lgals3 and partially Spp1 (Fig. S10B-D), we focused on these cell
clusters. Notably, Trem2 enrichment associated with expression
of Ccr2 and Cxc3cr1 (Fig. 5D-E), further supporting monocyte-
derived Trem2 expression in the context of NASH.

Importantly, TREM2 deficiency resulted in downregulation
of several SAM/LAM-related genes in these clusters including
Gpnmb, Cd63, Cd36, Lpl, Fabp4 and Fabp5, while the percentage
of cells expressing these genes within these clusters was similar
between Trem2-deficient and wild-type bone marrow re-
cipients (Fig. 5F-H, S10F). Moreover, comparison of the cluster
composition between the conditions suggests potential re-
ductions in the relative proportion of LAM-like clusters 0 and 2
and increases in monocyte clusters 4 and 10 (Fig. 5B, S10G).
Thus, TREM2 may be partially required for the adoption of a
SAM/LAM-like phenotype or the differentiation, maintenance
or survival of these cells.

Expression changes in LAM/SAM-related genes were also re-
flected in gene expression levels in the total liver of MCD-fed
Trem2-/- bone marrow-chimeric mice (Fig. 5I) and in in vitro-
cultured BMDMs from Trem2-/- or Trem2+/+ littermates (Fig. 5J).
This suggests impaired ability to handle lipids efficiently, in line
with the exacerbated steatosis we observed in Trem2-deficient
mice during NASH (Fig. 4D-E) as well as impaired in vitro foam
cell formation in peritoneal macrophages from Trem2-/- mice
upon culture with oxidized LDL (Fig. 5K). Furthermore, TREM2
deficiency was associated with increased expression of various
proinflammatory cytokines and chemokines (Fig. 5F-H), among
them Ccl2, Ccl5, Cxcl9, Cxcl10, as well as the inflammasome-
associated genes Il1b, Nlrp3 and Il1a, which were previously
shown to be associated with fibrosis.30–32 Additionally, there was
a downregulation of Anxa1 and Prdx1, which were previously
implicated in hepatic fibrosis via their anti-inflammatory effects
and regulation of oxidative stress, respectively.34,35 Similar
changes in the expression of inflammatory genes were found in
the livers of Trem2-/- bone marrow-chimeric mice and BMDMs
from Trem2-/- mice (Fig. 5L-M).

Moreover, multiple clusters showed downregulation in
Mmp12 encoding matrix metalloproteinase 12, which plays a
key role in the degradation of extracellular matrix and the
resolution of liver fibrosis.36,37 Given the observed profibrotic
phenotype upon hematopoietic TREM2 deficiency (Fig. 4L-P)
and the association of TREM2 with SAMs, we assessed the
clusters of Trem2+/+ and Trem2-/- mice for enrichment of the
SAM signature (as described in21). In line with the increased
expression of Trem2 and its associated genes in these clusters,
Journal of Hepatology 20
the SAM signature was particularly enriched in clusters 0, 2 and
7 in Trem2+/+, but not in Trem2-/- mice (Fig. 5N), suggesting a loss
of the fibrosis-associated SAM phenotype. Consistent with this,
we found decreased expression of Mmp12 as well as increased
expression of the profibrotic genes Tgfb1 and Timp1 in the livers
of Trem2-/- mice (Fig. 5O) and untreated and IL-4-stimulated
Trem2-/- BMDMs (Fig. 5P). To functionally address the fibro-
genic potential of these cells, murine 3T3 fibroblasts were
incubated with conditioned media collected from Trem2-/- or
Trem2+/+ BMDMs. Conditioned medium from IL-4-treated
Trem2-/- BMDMs increased the expression of fibroblast marker
genes Acta2, Col1a1 and Col3a1 compared to medium from IL-4-
treated wild-type BMDMs, suggesting increased profibrogenic
potential in TREM2-deficient BMDMs (Fig. 5Q), in line with the
increased fibrosis observed in our in vivo studies and the
reduced MMP12 content in the livers of MCD-fed Trem2-/--bone
marrow-chimeric mice (Fig. 5R). Thus, hematopoietic TREM2
deficiency alters the hepatic myeloid compartment, resulting in
impaired lipid handling, increased inflammation and fibrosis
due to the loss of SAM-like macrophages.

Discussion
The origin of TREM2+ macrophages in the liver has been a subject
of debate. While NAMs were originally proposed to represent a
ResKC population,20 SAMs were described as monocyte-derived
cells.21 Herein, we describe that in addition to ResKCs,
recruited MoMs and MoKCs in the liver, Trem2 is already induced
in circulating Ly6Chigh monocytes during NASH. Although stim-
ulation of certain nuclear receptors, such as liver X receptor and
retinoid X receptor, has been proposed to promote expression of
Trem2 in myeloid cells,38,39 the exact trigger and mechanism by
which hepatic macrophage subsets and circulating monocytes
upregulate TREM2 remains to be identified.

While our data in the present study are inconclusive
regarding the role of TREM2 on self-renewing ResKCs, our find-
ings that Trem2-expressing recruited macrophages prevent
aggravated steatohepatitis and fibrosis might have important
clinical implications, as interventions to block infiltration of
immune cells, such as cenicriviroc, a dual CCR2/CCR5 chemokine
receptor antagonist have been tested,40 albeit with limited suc-
cess.41–43 Furthermore, recent data showed that abrogation of
recruited MoMs upon Ccr2-deficiency exacerbated liver disease
development in mice, possibly due to diminished recruitment of
anti-fibrotic TREM2+ cells.14 Therefore, our data argue for more
precise immune cell targeting and differentiation between
pathological and protective circulating immune cell populations
in developing therapeutic interventions.

Previously it has been shown that during NASH, monocyte-
derived cells replenish the KC niche.9–15 While we show that
hepatic TREM2 expression is primarily dependent on CCR2-
mediated monocyte recruitment, the functional role of TREM2
on ResKCs remains uncertain. As irradiation and bone marrow
transplantation itself causes aberrant replacement of ResKCs
with monocyte-derived cells, the isolated contribution of TREM2
on ResKCs cannot be fully elucidated in our model and should be
dissected in future studies.
22 vol. 77 j 1373–1385 1381
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Our study also identified plasma sTREM2 levels as a sensitive
marker for fibrotic NASH in patients with NAFLD. Whether
higher sTREM2 levels are the result of more cleavage by
ADAM10/17 proteases or represent systemic markers of
increased hepatic TREM2+ macrophage turnover or cell death
remains to be shown. Additionally, while recent data in animal
models of Alzheimer’s disease suggest that both soluble and
sustained membrane-bound TREM2 can exert protective func-
tions,44–46 the functional properties of sTREM2 in NASH remain
to be clarified. Still, our data from 2 independent cohorts suggest
that inclusion of systemic sTREM2 levels can improve the accu-
racy and predictive power of available panels of non-invasive
tests for liver injury and fibrosis in NASH.

Consistent with earlier findings showing that differentiation
of microglia to disease-associated macrophages,47 adipose tis-
sue macrophages to LAMs19 or the emergence of restorative
macrophages during resolution following chemically induced
liver injury48 are partially dependent on the presence of
TREM2, we observed that hematopoietic TREM2 deficiency may
impair the ability of recruited monocytes to fully adopt a SAM/
LAM phenotype in the liver during NASH, as suggested by the
changes in the expression of SAM/LAM-related genes. Although
the mechanism by which TREM2 deficiency interferes with the
accumulation of LAMs/SAMs is not entirely clear, regulation of
cell survival, particularly under conditions of stress including
tissue damage and inflammation has been shown.49,50 In line
with this, we observed more cell death in macrophages in the
absence of TREM2 both in hepatic macrophages in the context
of NASH and in in vitro-cultured BMDMs. On the other hand, we
cannot exclude a more direct role for TREM2 in cellular dif-
ferentiation, as has been proposed for disease-associated
macrophages,47 LAMs19 and osteoclasts.51,52 More insight into
the role of TREM2 as a determinant of macrophage plasticity
is required.

Mechanistically, our data imply that multiple aspects
contribute to exacerbated liver disease in the context of he-
matopoietic TREM2 deficiency. We observed a phenotypic
switch in the hepatic myeloid compartment in mice lacking
hematopoietic TREM2, favoring expression of proinflammatory
chemokines and cytokines. Among these, the prominent T-cell
chemoattractants Ccl5, Cxcl9 and Cxcl10 have been implicated in
human and murine NASH.30,53–55 In line with this, our single-
cell sequencing indicated an increased proportion of T cells
within the hepatic immune cell landscape, suggesting
enhanced T-cell infiltration upon TREM2 deficiency, thereby
potentially promoting NASH.56 Notably, recent work suggests
that TREM2 may also play a direct role in the suppression of T-
cell activation.57,58
thioglycollate-elicited macrophages isolated from Trem2+/+ and Trem2-/- litterma
macrophages (data from 4 independent experiments, total n = 11-13/group; unpai
fed C57Bl6/J mice from study shown in Fig. 4. (M) Expression of indicated genes
Violin plot showing the gene module enrichment scores of the SAM signature
chimeric mice (dark blue). (O) Expression of indicated genes in livers of MCD-fed
BMDMs isolated from Trem2+/+ and Trem2-/- littermates cultured in vitro. (Q) Exp
(positive control) or in conditioned media from BMDMs from Trem2+/+ and Trem
relative to each Trem2+/+ condition, compared by unpaired Student’s t test. (R)
Trem2+/+- (left) and Trem2-/--bone marrow chimeric mice (right) from study sho
in livers of Trem2+/+-transplanted mice. For J, M, and P, data are shown as mean ± S
is indicated after applying 2-tailed unpaired Student’s t test comparing 2 groups
breviations defined at the end of manuscript.
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TREM2 has been implicated as a lipid-sensing receptor.49,59

Our data demonstrate dysregulated expression of several genes
involved in lipid metabolism as well as functional impairment of
lipid handling in the absence of TREM2. Indeed, we observed
significantly increased steatosis in our models of advanced,
MCD-induced NASH and HFC-induced NAFLD, in line with a
recent study that found increased steatosis during mild, early
HFD-induced steatosis in mice with global TREM2 deficiency.60

Our spatial transcriptomics analysis and histological staining
indicate that TREM2+ macrophages localize to areas of increased
fibrosis, in line with previous data that found TREM2+ SAMs to
localize to fibrotic areas in human cirrhotic livers.21 However, in
contrast to the proposed profibrotic function of SAMs,21 our
single-cell sequencing data suggest that exacerbated liver
fibrosis observed upon TREM2 deficiency is linked to a loss of
SAM gene expression profile in multiple myeloid cell clusters,
and potentially a reduced proportion of SAM-like cells. Notably,
our data reveals reduced expression of Mmp12 and increased
expression of its negative regulator Timp1, which actively
participate in extracellular matrix degradation and the resolu-
tion of fibrosis.37 On the other hand, Trem2-deficient macro-
phages may have an enhanced fibrogenic potential due to the
secretion of soluble mediators such as TGF-b1 or the release of
soluble factors during increased cell death, which is supported
by our observation using conditioned media from Trem2-/-

BMDMs in fibroblast activation assays in vitro.
Taken together, our data not only demonstrate the origin and

function of TREM2+ macrophages in NASH, but also define
sTREM2 in plasma as a circulating marker that tracks disease
progression. Functionally, we show that bone marrow-derived
Trem2 expression is key for the generation of anti-fibrotic mac-
rophages that inhibit the proinflammatory transcriptional pro-
gram of myeloid cells in the liver to limit NASH, thereby
rendering TREM2 a particularly interesting putative therapeutic
target to promote tissue remodeling and reverse NASH
progression.
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