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INTRODUCTION

Metabolic dysfunction—associated steatotic liver disease
(MASLD) is estimated to affect 30% of the population and
is one of the leading causes of abnormal liver function.["
MASLD covers a wide spectrum of liver pathology
ranging from simple lipid accumulation to the more
serious metabolic dysfunction—associated steatohepatitis
(MASH), characterized by inflammation, hepatocellular
injury, and fibrosis.?l Hepatic inflammation is primarily
driven by liver macrophages and is a critical component in
the initiation and progression of MASH.B! Bariatric
procedures such as vertical sleeve gastrectomy (VSG)
are the most successful and effective treatment options for
obese adults and are effective at ameliorating the
progression of MASH.*3 While changes in body weight
have a profound metabolic impact, bariatric surgery often
results in improved insulin sensitivity before any substan-
tial weight loss, indicative of weight-loss—independent
effects.®! Several mechanisms of weight-loss—indepen-
dent improvements in metabolism due to bariatric surgery
have been proposed in mice and humans, including gut
hormones, intestinal tissue reprogramming,®! changes in
the gut microbiome,”® and iron absorption."® However,
whether bariatric surgery ameliorates the progression of
MASH through immunomodulatory mechanisms has not
been investigated.

MASH is associated with the emergence of macro-
phages with a unique lipid handling signature, termed
hepatic lipid-associated macrophages (LAMs), that express
the triggering receptor expressed on myeloid cells 2
(TREM2).I"l Hepatic LAMs correlate with disease severity,
preferentially localize to steatotic regions, and are highly
responsive to dietary intervention.l'2%3 |n murine MASH,
TREM2 is required for effective efferocytosis of apoptotic
hepatocytes.[' However, prolonged hypernutrition and
hepatic inflammation promote the shedding of TREM2
from the cell surface of macrophages, leading to ineffective
clearance of dying hepatocytes.'¥ Such cleavage of
TREM2 increases soluble TREM2 (sTREM2) in the

response to VSG. Remarkably, TREM2 deficiency in mice ablates the
reparative effects of VSG, suggesting that TREM2 is required for MASH
resolution. Mechanistically, TREM2 prevents the inflammatory activation of
macrophages and is required for their efferocytic function.

Conclusions: Overall, our findings indicate that bariatric surgery improves
MASH through a reparative process driven by TREM2+ macrophages,
providing insights into the mechanisms of disease reversal that may result in
new therapies and improved surgical interventions.

Keywords: inflammation, lipid-associated macrophages, NASH, scRNA-seq,
vertical sleeve gastrectomy

circulation, making it a promising biomarker of disease
severity.l'”l TREM2 is also required for adequate metabolic
coordination between macrophages and hepatocytes, lipid
handling, and extracellular matrix remodeling."4-"8! |In a
mouse model of hepatotoxic injury, TREM2 deficiency
exacerbated inflammation-associated injury through
enhanced toll-like receptor signaling, suggesting a key
anti-inflammatory function.'? As TREM2 is a central
signaling hub regulating macrophage function, therapeutic
efforts have been made to stimulate the TREM2 active
domain or block its shedding in neurodegenerative!'® and
cardiovascular'¥ diseases. However, despite the evidence
suggesting that TREM2* macrophages are protective
against MASH, the mechanisms underlying their restorative
function are poorly understood.

In the current study, we found that VSG ameliorates
the progression of MASH and results in profound effects
on the hepatic macrophage transcriptomic profile in a
weight-loss—independent manner. Remarkably, single-
cell RNA sequencing (scRNA-seq) revealed that the
hepatic LAMs upregulate their anti-inflammatory and
efferocytic programs in response to bariatric surgery.
Most notably, TREM2 deficiency prevented VSG-
induced MASH reversal, suggesting that TREM2 is
essential for the beneficial effects of bariatric surgery in
the liver. Mechanistically, TREM2 prevents the produc-
tion of inflammatory cytokines by macrophages and is
required for adequate efferocytosis of apoptotic hepa-
tocytes. Overall, our results indicate that bariatric
surgery improves MASH through a reparative process
driven by TREM2" macrophages.

METHODS
Animals
Five-week-old C57BL/6J (000664) and TREM2-deficient

(TREM2 knockout [KO]; C57BL6/J background, 027197)
male mice were purchased from The Jackson Laboratory.
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At 6 weeks of age, grouped-house mice were fed a high-fat
high-carbohydrate (HFHC, 40% kcal palm oil, 20% kcal
fructose, and 2% cholesterol supplemented with 23.1 g/L p-
fructose and 18.9 g/L p-glucose in the drinking water).2%
Mice were fed the HFHC diet for an average of 14 weeks
and then assigned to either a sham operation or VSG
surgery. To account for weight-loss—independent effects,
we included a sham ad-libitum-fed group (Sham AL) and a
sham group that was pair-fed (Sham PF) to the VSG group
to match the weight loss after surgery. We also included a
group of mice fed a normal chow diet (NCD) for the duration
of the study. Additional details are found in the Supple-
mental Information, http:/links.lww.com/HEP/I682. All ani-
mal experiments were approved by the University of
Minnesota Institutional Animal Care and Use Committee.

scRNA-seq

Two million F4/80" cells from each sample were
individually labeled with cell multiplexing oligos (10X
Genomics) for multiplexing and sequenced in a
Novaseq S4 chip (2 x 150 bp PE). Analyses were
performed using Seurat, and visualization of clusters
was enabled using uniform manifold approximation and
projection. Additional details are found in the Supple-
mental Information, http://links.lww.com/HEP/1682.

Spatial transcriptomics

Fixed mouse liver sections were mounted and stained
with DAPI and an anti-CD68 to create macrophage-free
regions of interest (ROIs). Human liver sections were
stained with DAPI, anti-CD68, and anti-panCK anti-
bodies for ROl segmentation. Spatial sequencing was
performed using the GeoMx platform (NanoString).l2"
Additional details are found in the Supplemental
Information, http://links.lww.com/HEP/I682.

Human specimens

Human deidentified specimens were previously collected
by the Biological Materials Procurement Network
(BioNet) at the University of Minnesota. We used
specimens collected by liver biopsy from 1 patient before
and 1 year after VSG and from a patient diagnosed with
MASH without any surgical intervention (Supplemental
Table S2, http://links.lww.com/HEP/1682). Samples were
obtained with institutional review board approval.

Statistical analysis

Statistical significance was determined using a one-way
ANOVA with Holm-Sidak multiple comparison test

using GraphPad Prism (version 10.0.2). All data
analyzed by ANOVA followed a Gaussian distribution
(Shapiro-Wilk test) and had equal variances (Brown-
Forsythe). For data sets that failed the normality test,
statistical significance was determined using multiple
nonparametric 2-sided Mann-Whitney tests. Mouse
studies were repeated in at least 2 independent
experiments. Data are presented as means + SEM.

RESULTS

VSG ameliorates MASH progression
independent of weight loss

To determine the mechanisms by which bariatric
surgery ameliorates MASH, we used a validated mouse
model of VSG in which ~80% of the lateral stomach of
mice is clamped by a gastric clip and excised.”! Mice
were fed the HFHC diet ad libitum for 14 weeks and
then assigned to either sham (Sham AL) or VSG
surgery and remained on the HFHC diet for an
additional 5 or 10 weeks (Figure 1A). To determine
the weight-loss—independent effects, we included a
sham group that was pair-fed to the VSG group (Sham
PF) to match their caloric intake during the postsurgery
period.l??] In addition, a group of mice were fed an NCD
for the duration of the studies. Compared with Sham AL,
both VSG and Sham PF mice had a similar decrease in
daily food intake (Supplemental Figure S1A, http://links.
Iww.com/HEP/1682). Body weight rapidly decreased in
all groups following the surgeries (Figure 1B). However,
while the body weight in Sham AL mice recovered,
Sham PF and VSG mice maintained their weight loss
(Figure 1B). Five weeks after the surgeries, both Sham
PF and VSG caused a similar decrease in liver weight
(Figure 1C). Nevertheless, only the VSG group showed
a reduction in ALT/AST (Figure 1D) and hepatic lipid
accumulation (Figure 1E), suggesting that the effects of
VSG on these parameters of MASH are independent of
the reduced caloric intake induced by the surgery. Ten
weeks after the surgeries, the differences in body and
liver weight among groups were less evident (Supple-
mental Figure S1B, http://links.lww.com/HEP/1682), but
the VSG-induced reductions in liver ALT (Supplemental
Figure S1C, http://links.lww.com/HEP/1682) and trigly-
cerides (Supplemental Figure S1D, http://links.lww.com/
HEP/1682) persisted at this later time point. There was a
minimal accumulation of collagen in all groups at the 5-
week time point (Supplemental Figure S1E, http://links.
Iww.com/HEP/1682), although the expression of fibrosis
genes was already diminished in VSG and Sham PF
mice (Supplemental Figure S1F, http://links.lww.com/
HEP/1682). As fibrosis developed, VSG mice showed a
lower collagen deposition than Sham AL and PF
controls at the 10-week time point (Figure 1F). Overall,
these findings show that VSG results in a substantial
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FIGURE 1 VSG ameliorates MASH progression independent of weight loss. (A) Experimental design, (B) weekly body weights after surgery

(*p < 0.05 for VSG vs. Sham AL, ®p < 0.05 for VSG vs. Sham AL and VSG vs. Sham PF comparisons), (C) liver weight, (D) serum AST (left) and
ALT (right), (E) representative H&E-stained liver sections (left) and hepatic triglyceride content (right) in C57BL6/J (WT) mice fed an HFHC diet for
14 weeks before assignment to Sham AL (n = 6-17), Sham PF (n = 6-17), or VSG (n = 6-25) surgeries. Mice were maintained on the HFHC
diet for 5 weeks after surgery. A cohort of mice without any intervention were fed an NCD (n = 8-25) throughout the study. (F) Representative
Picro Sirius Red—stained liver sections (left) and collagen area (right) 10 weeks after surgery; NCD (n = 8), Sham AL (n = 8), Sham PF (n = 7),
and VSG (n = 9). Arrows identify regions with collagen deposition. Data are biological experimental units presented as mean + SEM and were
analyzed by one-way ANOVA with a Holm-Sidak multiple comparison test. Abbreviations: H&E, hematoxylin and eosin; HFHC, high-fat high-
carbohydrate; MASH, metabolic dysfunction—associated steatohepatitis; NCD, normal chow diet; Sham AL, Sham ad libitum; Sham PF, Sham

pair-fed; VSG, vertical sleeve gastrectomy; WT, wild type.

amelioration of several aspects of MASH progression in
a weight-loss—independent manner.

To determine if the VSG-induced improvements in
MASH were associated with alterations in the gut
microbiota and its metabolites, we analyzed the fecal
microbial composition of NCD, Sham AL, Sham PF, and
VSG mice 5 weeks after surgeries. Compared with NCD
mice, HFHC feeding induced a dramatic remodeling in
gut microbial species, including increased abundances
of Akkermansia, Erysipelotrichaceae, Parasutterella,
Ruminococceae, Clostridium XVIII, and decreased
abundances of Lactobacillus, and Alistipes (Supple-
mental Figure S1G, http://links.lww.com/HEP/1682 and
Supplemental Data File S1, http:/links.lww.com/HEP/
1683). While HFHC feeding caused a substantial loss of
Lactobacillus, regardless of surgical treatment, VSG
resulted in a restoration of this genus toward levels
found in NCD mice (Supplemental Figure S1H, http://

links.lww.com/HEP/1682). In contrast, the HFHC diet
increased the abundance of Clostridium XVIII, whereas
it was partially lowered following VSG (Supplemental
Figure S1H, http://links.lww.com/HEP/I1682). We also
measured the concentrations of bile acids (BAs) and
short-chain fatty acids in the portal vein blood. While
HFHC feeding increased the total amount of BA, as
observed in Sham AL mice, both Sham PF and VSG
mice had decreased BA concentrations to levels similar
to NCD controls (Supplemental Figure S1l, http://links.
Iww.com/HEP/I682 and Supplemental Data File S2,
http://links.lww.com/HEP/1684). HFHC feeding also
decreased the concentration of short-chain fatty acids
in hepatic portal serum and neither VSG nor Sham PF
had an impact on their concentration (Supplemental
Figure S1J, http://links.lww.com/HEP/I682 and Supple-
mental Data File S3, http://links.lww.com/HEP/I685).
We measured fecal lipids to estimate intestinal lipid
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absorption and confirmed that VSG mice had
decreased intestinal lipid absorption compared with
Sham AL mice (Supplemental Figure S1K, http://links.
lww.com/HEP/I682). Overall, these data suggest that
the VSG-induced improvements in MASH are associ-
ated with a partial restoration of specific gut microbial
species and BAs.

scRNA-seq reveals profound effects of
VSG on hepatic LAMs

To explore the impact of VSG on hepatic macrophages,
we used droplet-based scRNA-seq to profile the gene
expression of magnetically sorted F4/80* cells from the
livers of Sham AL, Sham PF, and VSG mice
(Figure 2A). We multiplexed samples using cell multi-
plexing oligos to track the origin sample and remove
multiplets (Supplemental Figure S2A, http://links.lww.
com/HEP/1682). We profiled the gene expression of
58,904 single cells (50,000 avg. read depth; 8204 avg.
counts/cell; and 17.2% mitochondrial/ribosomal genes,
Figure 2B). Independent of surgical groups, we dis-
cerned 18 clusters of monocytes and macrophages,
whose identity was determined based on the expres-
sion of established marker genes!'"20 (Figure 2C,
Supplemental Figure S2B, http://links.lww.com/HEP/
1682, and Supplemental Data File S4, http:/links.lww.
com/HEP/1686). Clusters 0, 2, 5, 6, 7, 8, 13, and 16
were identified as monocyte-like cells, while clusters 1,
3, 4, 9, 10, 11, 12, and 14 were macrophages
(Figure 2C). Monocyte clusters had heterogeneous
gene expression profiles indicative of their progressive
stages of maturation and function. Clusters 0, 2, and 7
had dual monocyte and macrophage features, such as
Ly6c2 and H2-Ab1, suggesting they were transitioning
monocytes. Cells in cluster 6 were identified as classical
monocytes based on their high expression of Ly6¢c2 and
Ccr2. Monocytes in cluster 8 were enriched in Spn and
did not express Ccr2 and Ly6c2, indicating they were
nonclassical patrolling monocytes. Clusters 13 and 16
corresponded to unidentifiable monocyte populations
that expressed high levels of /[2rb and Cxcr2, respec-
tively (Figure 2C). Macrophage subsets were broadly
divided into KCs and monocyte-derived macrophages
(MoMFs). Clusters 3, 9, and 10 were identified as KCs
(KC1-3) based on their expression of Clec1b, Clec4f,
Vsig4, and Folr2. These clusters of KCs had a minimal
expression of Timd4, suggesting that they are primarily
monocyte-derived KCs.?®l Clusters 3 and 9 had a
similar gene expression pattern, although cluster 3 was
enriched in genes associated with efferocytosis, such
as Mertk and Wdfy3. Cluster 10 was enriched in Esam
and Cd36 and resembles a recently identified subset of
pathogenic KCs termed “KC2.”241 Among MoMFs, cells
in cluster 1 were enriched for LAM genes, including
Trem2, Spp1, Lipa, C3ar1, and Cd3612! (Figures 2C, D

and Supplemental Data File S4, http://links.lww.com/
HEP/1686). Pathway analysis showed that LAMs have
enriched gene programs associated with lipid metabo-
lism, such as “Lipoprotein particle binding” and “Lipase
activity” (Figure 2E). Cluster 4 was composed of MoMFs
and transitioning monocytes that could not be further
characterized based on their differential gene expres-
sion. Cells in cluster 14 were enriched in hemoglobin
genes Hba-a1 and Hba-a2, which are highly expressed
by erythrophages. Cluster 12 had a high G2M score and
was enriched with Top2a, typical of proliferating
macrophages (Figures 2C, D and Supplemental Data
File S4, http://links.lww.com/HEP/I686). To gain insight
into the differentiation of macrophage subsets, we
performed a slingshot trajectory analysis of our inte-
grated data set. Using monocytes as the origin, we
found 3 primary trajectories by which newly recruited
monocytes differentiate into transitioning monocytes
and then either differentiate into LAMs, KC1s, or Trans
Mon2s (Figure 2F and Supplemental Figure S2C, http://
links.lww.com/HEP/1682). These data suggest that
LAMs are derived from classical monocytes and are
consistent with recent scRNA-seq studies.['"]
Following cluster identification, we demultiplexed the
samples based on their experimental group and
determined the relative abundance of each cluster.
Compared with both Sham control groups, VSG had
minimal effects on the proportion of macrophages and
monocyte clusters (Figure 3A) and average gene
expression of Trem2 in LAMs (Figure 3B). Similarly,
flow cytometry analysis of hepatic macrophage subsets
showed no differences in the frequency and number of
total macrophages, KCs, and VSIG4~ CLEC2F~ mac-
rophages (Supplemental Figure S3A, http:/links.lww.
com/HEP/I682), which contain the LAMs.['"l Because
TREM2 is cleaved from hepatic macrophages during
MASH and is detectable as sTREM2 in the
circulation,[' we assessed its levels in the serum.
VSG substantially decreased sTREM2 (Figure 3C),
suggesting that the bariatric surgery lessened the
inflammation-induced cleavage of TREM2. To assess
how VSG altered the gene expression profile of
TREM2* LAMs, we next performed differential gene
expression analysis (DGEA) between LAMs from VSG,
Sham AL, and Sham PF mice. Compared with both
Sham groups, LAMs from VSG mice showed an
increased expression of differentially expressed genes
involved in lysosomal activity (Cts/, Ctss, and H2-Eb1),
antigen presentation (H2-Eb1), repression of inflamma-
tion (Egr1), and fatty acid metabolism (Lipa) (Figure 3D
and Supplemental Data File S5, http://links.lww.com/
HEP/1687). In contrast, several genes associated with
inflammation (Cd83, Nfkb1, Junb, and Il1a) were
downregulated in LAMs from VSG mice (Figure 3D).
Consistently, pathway analysis revealed an upregula-
tion of pathways associated with efferocytic activity,
such as “antigen processing and presentation,”
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FIGURE 3 VSG enhances lipid metabolism and lysosomal gene programs in hepatic LAMs. (A) UMAPs with cluster IDs for all groups (top)
and relative monocyte and macrophage cluster proportions (bottom), (B) UMAPs showing Trem2 expression in monocytes and macrophages (left)
and expression of Trem2 in cluster 1 (LAMs) from the scRNA-seq analysis of monocytes and macrophages from Sham AL, Sham PF, or VSG
groups 5 weeks after surgery (n = 4). (C) sTREM2 in the serum of NCD (n = 8), Sham AL (n = 7), Sham PF (n = 9), and VSG (n = 8) mice 5
weeks after surgeries. (D) Volcano plots showing DEGs between Sham AL and VSG (left), and Sham PF and VSG (right) LAMs, (E) pathway
analysis of LAMs from VSG versus Sham AL (top) and VSG versus Sham PF (bottom) comparisons, (F) GSEA plots of the VSG versus Sham PF
LAMs comparison (top), and heatmaps of respective pathways (bottom). sSTREM2 levels were analyzed by one-way ANOVA with Holm-Sidak
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multiple comparison test. Differential expression testing was performed by a Wilcoxon rank-sum test. Pathway analysis was performed by GSEA
(adj. p < 0.1). Data are biological experimental units presented as mean + SEM. Abbreviations: DEG, differentially expressed gene; FC, fold
change; GSEA, gene seat enrichment analysis; LAM, lipid-associated macrophage; scRNA-seq, single-cell RNA sequencing; Sham AL, Sham ad
libitum; Sham PF, Sham pair-fed; sSTREM2, soluble TREMZ2; TREM2, triggering receptor expressed on myeloid cells 2; UMAP, uniform manifold

approximation and projection; VSG, vertical sleeve gastrectomy.

“phagosome,” and “lysosome” while pathways associ-
ated with inflammation, such as “NF-kappa B,” “IL-17,”
and “VEGF” signaling were downregulated in VSG
LAMs (Figure 3E). As a complementary approach, we
performed gene set enrichment analysis and found that
genes involved in “TNF alpha signaling via NFkB” such
as Nfkb2, Cd80, Cd69, and llI1b, were downregulated in
LAMs from VSG mice, compared with Sham controls
(Figure 3F). In contrast, VSG resulted in enriched
“lysosome” genes such as Lamp1, Ctss, Ctsl, and Ctsw
and “fatty acid metabolism” genes including Acadm,
Ppard, Acacb, and Mmut (Figure 3F). In MoMFs, VSG
upregulated the expression of genes involved in
“antigen processing and presentation” and “phago-
some” but had no effect on inflammatory or fatty acid
metabolism pathways (Supplemental Figure S3B, http://
links.lww.com/HEP/1682). Among KC clusters, VSG
downregulated inflammatory pathways only in KC1
cells (Supplemental Figure S3C, http://links.lww.com/
HEP/I682) but had minimal effects on the gene
expression of KC2 and KC3 clusters (Supplemental
Data File S5, http://links.lww.com/HEP/I687). Overall,
these data highlight anti-inflammatory, lysosomal, and
metabolic regulatory mechanisms by which VSG may
sustain a protective function of TREM2* LAMs against
MASH in response to VSG.

TREM2 is required for the reparative effects
of VSG against MASH

To determine if TREM2 directly mediates the reparative
process induced by VSG against MASH, we performed
sham or VSG surgeries on wild type (WT) and TREM2-
deficient (TREM2 KO) mice fed an HFHC diet for 14
weeks. Expression of Trem2 was not detectable in bone
marrow—derived macrophages from TREM2 KO mice
(Supplemental Figure S4A, http://links.lww.com/HEP/
1682). In agreement with our previous experiments, we
found that sTREM2 was reduced following VSG in the
serum of WT mice and was not detectable in TREM2
KO mice (Supplemental Figure S4B, http:/links.lww.
com/HEP/I682). Five weeks after surgery, WT and
TREM2 KO mice showed a similar degree of weight
loss (Figure 4A) in response to VSG. However, while
VSG ameliorated MASH progression in WT mice, this
effect was blunted in TREM2 KO mice (Figures 4B—E).
VSG failed to decrease the liver weight (Figure 4B),
ALT/AST levels (Figure 4C), and hepatic steatosis
(Figures 4D, E) in TREM2 KO mice, suggesting that
TREM2 is required for the VSG-induced reversal of

MASH. Consistent with our previous experiments, there
was a minimal amount of collagen deposition in all
groups at this time point, regardless of intervention
(Supplemental Figures S4C, D, http://links.lww.com/
HEP/1682). TREM2 KO and WT mice showed a similar
increase in fecal lipid excretion (Supplemental Figure
S4E, http://links.lww.com/HEP/I682) in response to
VSG, suggesting that the reduction in intestinal lipid
absorption was TREM2-independent. To explore the
potential mechanisms by which TREM2 mediates the
effects of VSG, we first assessed whether TREM2
deficiency alters the hepatic macrophage populations in
mice with MASH before and after VSG. No differences
in the number of MoMFs, embryonically derived KCs,
monocyte-derived KCs, and VSIG4- macrophages
(non-KCs) were detected between HFHC-fed WT and
TREM2 KO (Supplemental Figure S4F, http://links.lww.
com/HEP/I682). In addition, the blunted effect of VSG in
TREM2 KO mice was not associated with alterations in
the number of hepatic macrophage subsets (Supple-
mental Figure S4G, http://links.lww.com/HEP/1682). To
determine if TREM2 KO mice are resistant to the
beneficial effects of VSG due to cell-intrinsic macro-
phage effects, we sorted and performed bulk RNA
sequencing of total hepatic macrophages from WT and
TREM2 KO mice after sham or VSG surgeries.
Unsupervised principal component analysis showed a
distinct separation between WT Sham and WT VSG,
whereas there was no distinction between TREM2 KO
Sham and TREM2 KO VSG macrophages (Figure 4F).
DGEA revealed a more robust response of WT
macrophages to VSG (331 differentially expressed
genes), compared with that of TREM2 KO cells (44
differentially expressed genes) (Figure 4G and Supple-
mental Data File S6, http://links.lww.com/HEP/1688). In
agreement, unsupervised clustering of the top 500 most
variable genes revealed substantial gene expression
differences and clustering between WT Sham and VSG
macrophages but not between TREM2 KO Sham and
VSG cells (Supplemental Figure S4H, http://links.lww.
com/HEP/I682). DGEA and pathway/gene ontology
analyses showed that TREM2 KO macrophages from
VSG mice upregulated genes enriched in inflammatory
and immune activation pathways such as “cytokine-
cytokine receptor interaction” and the gene ontology
terms “inflammatory response” and “chemotaxis” (Sup-
plemental Figure S4l, http:/links.lww.com/HEP/1682
and Figure 4H), suggesting that TREM2 is required for
preventing an inflammatory activation of macrophages.
To directly test this possibility, we examined the
response of bone marrow—derived macrophages from
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