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Highlights Impact and implications

� In early MAFLD, the human liver contains diverse

macrophage subsets.

� Macrophage subtypes present in MAFLD align be-
tween humans and mice.

� Monocyte-derived macrophages increase in the
liver with steatosis.

� Kupffer cell loss is not required for monocyte
recruitment.

� Recruited macrophages can take up fatty acids
released by steatotic hepatocytes.
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Metabolic dysfunction associated fatty liver disease
(MAFLD) is extremely common; however, the early
inflammatory responses that occur in human disease
are not well understood. In this study, we investigated
macrophage heterogeneity in human livers during
early MAFLD and demonstrated that similar shifts in
macrophage subsets occur in human disease that are
similar to those seen in preclinical models. These
findings are important as they establish a translational
link between mouse and human models of disease,
which is important for the development and testing of
new therapeutic approaches for MAFLD.
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Background & Aims: Metabolic dysfunction-associated fatty liver disease (MAFLD) is a common complication of obesity with
a hallmark feature of hepatic steatosis. Recent data from animal models of MAFLD have demonstrated substantial changes in
macrophage composition in the fatty liver. In humans, the relationship between liver macrophage heterogeneity and liver
steatosis is less clear.
Methods: Liver tissue from 21 participants was collected at time of bariatric surgery and analysed using flow cytometry,
immunofluorescence, and H&E microscopy. Single-cell RNA sequencing was also conducted on a subset of samples (n = 3).
Intrahepatic triglyceride content was assessed via MRI and tissue histology. Mouse models of hepatic steatosis were used to
investigate observations made from human liver tissue.
Results: We observed variable degrees of liver steatosis with minimal fibrosis in our participants. Single-cell RNA sequencing
revealed four macrophage clusters that exist in the human fatty liver encompassing Kupffer cells and monocyte-derived
macrophages (MdMs). The genes expressed in these macrophage subsets were similar to those observed in mouse models
of MAFLD. Hepatic CD14+ monocyte/macrophage number correlated with the degree of steatosis. Using mouse models of early
liver steatosis, we demonstrate that recruitment of MdMs precedes Kupffer cell loss and liver damage. Electron microscopy of
isolated macrophages revealed increased lipid accumulation in MdMs, and ex vivo lipid transfer experiments suggested that
MdMs may serve a distinct role in lipid uptake during MAFLD.
Conclusions: The human liver in MAFLD contains macrophage subsets that align well with those that appear in mouse
models of fatty liver disease. Recruited myeloid cells correlate well with the degree of liver steatosis in humans. MdMs appear
to participate in lipid uptake during early stages of MALFD.
Impact and implications: Metabolic dysfunction associated fatty liver disease (MAFLD) is extremely common; however, the
early inflammatory responses that occur in human disease are not well understood. In this study, we investigated macrophage
heterogeneity in human livers during early MAFLD and demonstrated that similar shifts in macrophage subsets occur in
human disease that are similar to those seen in preclinical models. These findings are important as they establish a trans-
lational link between mouse and human models of disease, which is important for the development and testing of new
therapeutic approaches for MAFLD.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Non-alcoholic fatty liver disease (NAFLD), now often referred to
as metabolic dysfunction-associated fatty liver disease (MAFLD),
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is a leading cause of liver failure in the world.1 MAFLD develops
in the context of obesity and/or diabetes and can progress to an
inflammatory liver condition known as non-alcoholic steatohe-
patitis (NASH).2 NASH is associated with an increased risk of
cirrhosis and hepatocellular carcinoma and is quickly becoming
the predominant condition requiring liver transplantation.3,4

However, the factors that dictate the progression of simple
steatosis to NASH are not well understood.

https://doi.org/10.1016/j.jhepr.2023.100877
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Mouse models of MAFLD and NASH produce many of the
hallmarks of the human disease including liver steatosis, hepa-
tocyte injury, inflammation, hepatocellular carcinoma, and
fibrosis. Recent studies using fate mapping, single-cell RNA
sequencing (scRNA-seq), multicolour flow cytometry, and tissue
imaging have elucidated a shift in macrophage composition that
occurs with the progression of fatty liver disease.5–8 Specifically,
resident macrophages termed Kupffer cells (KCs) decrease in
number, whereas new subsets of monocyte-derived macro-
phages (MdMs) enter the liver. Based on gene expression and
surface markers, these MdMs can be subdivided into monocyte-
derived KCs (Mo-KCs), which share many transcriptional signa-
tures of KCs and are thought to replace lost resident cells, and
hepatic lipid-associated macrophages (LAMs), which express
genes characteristic of macrophages from obese adipose tissue
such as Trem2, Cd9, and Gpnmb.9 A subset of LAMs also express
Ccr2/Cx3cr1, and these macrophages have been referred to as C-
LAMs.5,10,11 LAMs accumulate in regions of lipid accumulation
and fibrosis and appear to regulate tissue remodelling.5,12 These
observations suggest that macrophages may be a therapeutic
target in MAFLD.

Liver macrophage biology in human MAFLD is less well un-
derstood. This is largely attributable to the challenges in
acquiring adequate samples of human liver tissue from patients
at early vs. late stages of the disease. Moreover, it is difficult to
perform multiple orthogonal assays with the amount of liver
tissue obtained via transjugular or percutaneous approaches.
Over the past few years, scRNA-seq, spatial proteomics, and
imaging have been used to explore immune cell heterogeneity in
the human liver.13–16 Based on these studies, resident KCs have
been shown to have a gene and protein expression signature that
is conserved across several species. However, the changes that
occur in macrophage subsets with MAFLD are less clear and
more conflicting.13,15 Thus, the agreement between human and
mouse liver macrophage compositional and phenotypic changes
with MAFLD progression remains controversial.

The aim of this study was to evaluate the relationship be-
tween liver macrophage phenotype and tissue pathology in
participants undergoing bariatric surgery for the treatment of
morbid obesity. We obtained liver wedge biopsies during bar-
iatric surgery to conduct multiple analyses including tissue im-
aging, flow cytometry, and scRNA-seq. Herein, we describe the
relationship between steatosis and liver monocyte/macrophage
populations in humans and compare our findings with those of
mouse models of MAFLD.
Materials and methods
Patients and sample collection
Twenty-six womenwith obesity (age 47 ± 6 years; BMI 48 ± 8 kg/
m2) scheduled for bariatric surgery were recruited to participate
in the study. Participants provided written, informed consent
before participating in these studies, and the study protocol
conformed to the ethical guidelines of the Declaration of Helsinki
and was approved by the Human Research Protection Office at
Washington University School of Medicine in St. Louis, MO.
Participants were part of an ongoing study investigating the ef-
fect of weight loss on liver health and metabolic function regis-
tered at ClinicalTrials.gov (NCT03701828). Results presented here
are limited to only baseline samples owing to the small liver
sample size collected post weight loss, which was insufficient to
perform flow cytometry or scRNA-seq analyses. Participants
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were recruited through the Bariatric Surgery Clinic at Barnes-
Jewish Hospital. Study visits were conducted in the Clinical
Translational Research Unit, the Center for Clinical Imaging
Research at Washington University School of Medicine, and
Barnes-Jewish Hospital in St. Louis, MO. All participants
completed a comprehensive screening evaluation that included a
medical history and physical examination, standard blood tests,
and a haemoglobin A1c (HgbA1c) test to determine eligibility.
Exclusion criteria consisted of the following: (1) regular use of
tobacco products; (2) excessive consumption of alcohol (>−three
drinks/day for men and >−two drinks/day for women); (3) pre-
vious intestinal resection; (4) use of any medication that can
affect hepatic metabolic function; (5) evidence of coagulation
problems; (6) pregnant or breastfeeding; (7) metal implants that
preclude magnetic resonance testing; (8) liver disease other than
MAFLD (e.g. hepatitis); (9) cancer diagnosis within the previous 5
years; and (10) serious chronic disease (e.g. kidney failure).

Mouse colony and mouse model of MAFLD
Six-week-old C57BL/6 female mice were purchased from Jackson
Laboratory and acclimated to Washington University in St. Louis
animal facilities for 2 weeks. At 8 weeks old, these mice were
placed on either high-fat, high-sucrose, and high-cholesterol
(HFSC) diet (42% kcal/fat diet with increased sucrose and 1.25%
cholesterol; Teklad-TD.120528; ENVIGO, Indianapolis, IN, USA)
for 8 weeks or a standard chow diet (STD) also for 8 weeks.
Another cage of female mice, now at 14 weeks old, was initiated
on a choline-deficient amino acid (CDAA) diet (L-amino acid diet
with 45 kcal% fat with 0.1% methionine and no added choline;
Research Diets A06071309, New Brunswick, NJ, USA) for 2 weeks
such that all the animals are sacrificed at the same time. The
weight of the animals was monitored and recorded every 2
weeks. Another set of 8-week-old C57BL/6 male mice from
Jackson Laboratory was placed on HFSC diet for 16 weeks and
used to obtain liver macrophages for transmission electron mi-
croscopy. All the animals were euthanised by carbon dioxide at
the conclusion of the diet study. All mouse studies were
approved by the Washington University in St. Louis Institutional
Animal Care and Use Committee.

Please see Supplementary information for detailed methods.
Results
Collection and analysis of liver tissue from patients with
MAFLD
A total of 26 participants were enrolled in the study. However,
there were five patients who did not have complete flow
cytometry analysis conducted on liver samples, two patients
lacking magnetic resonance imaging (MRI) data, and four pa-
tients for whom tissue fibrosis imaging and/or H&E tissue sec-
tions were not available. Therefore, we had a total of 21
participants with complete data for analysis (Fig. 1A). Partici-
pants were an entirely female cohort with morbid obesity
(Fig. 1B). The prevalence of diabetes was 29%, but the majority
were well controlled with an average HgbA1c of 5.8%. Other pa-
tient characteristics are shown in Fig. 1B and Table S1. An average
of 1.3 g (range 0.15–2.9 g) of tissue was collected per patient. The
fresh tissue was washed and then processed for flow cytometry
and imaging (frozen/deparaffinised sections for immunofluo-
rescence and paraffinised tissue for histology and scoring; Fig. 1).
In addition, three randomly chosen samples underwent flow
sorting for CD45+ cells followed by scRNA-seq analysis.
2vol. 5 j 100877
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Fig. 1. Tissue pipeline for liver analysis in patients with MAFLD. (A) Schematic of tissue harvest and analytic processes for human liver samples. (B) Table of
patient demographics. AA, African American; ALT, alanine aminotransferase; HgbA1c, haemoglobin A1c; HOMA-IR, homoeostatic model assessment for insulin
resistance; MAFLD, metabolic dysfunction-associated fatty liver disease; MRI, magnetic resonance imaging; RNA-seq, RNA sequencing; UMAP, uniform manifold
approximation and projection.
Spectrum of liver steatosis and fibrosis in this patient cohort
On average, liver fat by MRI was � 11% with a range of 2.5 to
24.7% (grade 0 to grade 1 steatosis). Approximately half of the
patients had no or mild steatosis (<−5%), whereas the remainder
were equally divided between moderate (6–14%) and high
(>−15%) degrees of steatosis (Fig. 2A). In addition to MRI assess-
ment, H&E-stained slides from the wedge biopsy samples were
scored for percent steatosis by a pathologist blinded to the MRI
results. On average, liver fat by tissue pathology was 9.5% with a
range of 0 to 40% and a similar distribution compared with MRI
(Fig. 2B and D). Given the potential for sampling error with the
harvested liver tissue, we compared tissue steatosis quantified
by intrahepatic triglyceride of the whole liver by MRI with
pathologic assessment of tissue samples and found an excellent
correlation (Fig. 2C). These findings highlight two important
points: (1) the spectrum of steatosis represented by this patient
cohort could be leveraged to evaluate the association of immu-
nologic data with the extent of liver fat and (2) liver biopsy
sections aligned well with whole tissue imaging, suggesting that
data obtained from analysis of the liver biopsy tissue would
likely be representative.

Liver fibrosis scoring was conducted by the same blinded
pathologist using Picrosirius Red-stained sections. The majority
of patients had either no fibrosis or stage 1 fibrosis (Fig. 2E and
F). The degree of fibrosis was not associated with the degree of
steatosis; however, those with higher fibrosis grades tended to
have less steatosis (Fig. 2G). We also used the NAFLD activity
score (NAS), which is a validated method to assess the presence
of NASH using multiple histologic features of NASH (steatosis,
lobular inflammation, and ballooning).17 The distribution of NAS
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and lobular inflammation scores for our cohort is shown in
Fig. 2H and I. A NAS score of 5 or greater is indicative of overt
NASH, and there were two participants in our cohort who
reached this threshold. Thus, the participants in this study
represent an earlier stage of MAFLD pathology with variable
degrees of steatosis, mild fibrosis, and rare NASH. Consistent
with this, only one participant had an alanine aminotransferase
level above the normal range (>53 U/L; Fig. 1B).

Heterogeneity of human macrophages and monocytes
To gain insight into the populations of myeloid cells that exist
within the human fatty liver, we conducted scRNA-seq on CD45+

cells isolated from three patients. Owing to the scheduling
workflow and need for live cells, the liver samples chosen for
scRNA-seq had to be determined ahead of time. Therefore, we
chose three consecutive participants and pooled the individual
data from each of these participants together for analysis. The
participants used for scRNA-seq included one with moderate
steatosis (10%) and two with high steatosis (�25%). The baseline
characteristics of these participants are shown in Table S2.
Although all CD45+ cells were analysed for these three partici-
pants (Fig. S1A), we focused on the recovered myeloid subsets.
The cell recovery, gene count, and unique molecular identifier
data are included in Tables S3 and S4. The myeloid cell zoom
(2,985 cells) revealed eight distinct clusters using linage-defining
markers that included two subsets of monocytes (CD14hi and
CD16hi), three subsets of dendritic cells (DCs; namely, conven-
tional DC 1 [cDC1], conventional DC 2 [cDC2], and plasmacytoid
DC), two clusters of macrophages (KC and MdM), and prolifer-
ating cells (Fig. 3A). To compensate for the lack of healthy control
3vol. 5 j 100877
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livers in our study, we also integrated our data with two other
recent studies from Andrews et al.18 and Guilliams et al.13 that
included scRNA-seq data on liver myeloid populations on rela-
tively healthy participants (Fig. 3A and B). All of the myeloid
clusters identified were present in each of the individual patient
samples across the three studies (Fig. S1B and C). Analysis of
myeloid cell composition across studies did not reveal large
shifts in cell populations although cDC2s and the MdMs tended
to be higher in our steatotic samples (Fig. 3B). Heatmap analysis
of the top four expressed genes in each of the cell clusters
demonstrated the separation in core genes across the clusters
(Fig. 3D). The top 15 genes defining each cluster are shown in
Table S5. As can be appreciated in the violin plots, CD163 was
most robustly expressed in KCs, whereas CD9 was most highly
JHEP Reports 2023
expressed in the MdMs (Fig. 3E). In addition, monocyte subsets
had higher expression of S100A8 and lower expression of MHC
class II (MHCII) compared with the other myeloid cells (Fig. 3E).
Additional gene expression data across monocyte and macro-
phage subsets are shown in Fig. S2.

It is now appreciated that several distinct macrophage sub-
populations appear in the liver during the progression of fatty
liver disease. However, much of the data regarding macrophage
diversity in MAFLD has come from mouse models of the dis-
ease.19 To assess macrophage phenotypes in human MAFLD, we
further subclustered the macrophage clusters (959 cells) and
identified four populations of macrophages (Fig. 4A). The largest
cluster was that of KCs, which were marked by high expression
of CD163, MARCO, and TIMD4 (Fig. 4B). There was also a
4vol. 5 j 100877
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population of macrophages that expressed some KC markers
(FOLR2, intermediate CD163) but lacked markers associated with
mature, resident KC such as MARCO and TIMD4 (Fig. 4B). These
cells appear to be similar to the Mo-KCs that have been described
in mouse models of NASH, and they align with markers for Mo-
KCs published by Guilliams et al.13 In general, there are few
specific markers that define Mo-KCs as they overlap significantly
with KCs (Table S5). Both KCs and Mo-KCs also had higher
expression of FCGR3A, which encodes CD16 (Fig. 4B). Resident
KCs had slightly lower expression of MHCII (HLA-DR) compared
with MdMs in the human macrophage subsets, a profile that is
observed in mouse models of MAFLD (Fig. 4B).5 We also identi-
fied a subset of macrophages with higher expression of TREM2,
CD9, and GPNMB (Fig. 4B). This gene expression profile aligns
with that observed in hepatic LAMs identified in mouse models
of NASH.5,12 Analogous to the C-LAMs from mice, a population of
CX3CR1/CCR2-expressing macrophages with lower-level expres-
sion of LAM genes was also identified (Fig. 4B).5 We again inte-
grated our data with that from the same two prior studies with
healthy participants and noted that all clusters were represented
in each sample set (Fig. 4C). When comparing our fatty liver
samples with the healthier cohorts from Andrews et al.18 and
Guilliams et al.,13 we found that the relative contribution of KCs
was less (31 vs. 45 vs. 45%), whereas both Mo-KCs and C-LAMs/
LAMs were slightly greater at 28 vs. 26 vs. 23%, and 40 vs. 26 vs.
30%, respectively (Fig. 4C).

To validate the scRNA-seq data, we performed immunofluores-
cence and confocal microscopy to assess macrophage populations
in liver tissue.KCswereabundantand identifiedbyco-expressionof
CD163 and CD14 in the tissues (Fig. 4D). Mo-KCs also express an
intermediate level of CD163, making it difficult to specifically
identify these macrophages. C-LAMs were identified as CCR2+

CD68+ macrophages, and LAMswere identified by colocalisation of
TREM2 and CD68 (Fig. 4E and F). The majority of TREM2-positive
macrophages were found in aggregates, similar to what has been
observed for LAMs in mouse models of disease. Thus, macrophage
subsets that alignwellwith those found inmousemodels ofMAFLD
can be found in the human liver (Fig. 4G).

Quantification of KCs and MdMs in the human liver via flow
cytometry
To further assess macrophage and monocyte composition in
human MAFLD, we also performed flow cytometry on liver
samples. To minimise sampling bias for flow cytometry, we
minced a large (�700 mg) piece of liver tissue and digested it in
media containing collagenase. Non-parenchymal cells were
partially purified by differential centrifugation. Single-cell sus-
pensions were then prepared and stained with a panel of anti-
bodies against CD45, CD14, CD16, CD163, HLA-DR, CD11b, CD64,
and CCR2 (Fig. 5A). In the CD14+ gate, KCs were identified by
their high expression of CD163 and lower expression of CD64
(FCGR1A; Fig 5A). From the CD163lo, CD64+ population, we then
gated on CD16+ and CCR2+, MHCIIhi monocytes/macrophages
(Fig. 3E). Using an alternate gating strategy, we also quantified
total CD14+ CCR2-expressing cells that include all monocytes/
Representative immunofluorescence images of liver sections from two individ
Scale bar = 10 lm. (G) Schematic diagram of key genes expressed in human
Kupffer cell; LAM, lipid-associated macrophage; MAFLD, metabolic dysfunctio
cell RNA sequencing; UMAP, uniform manifold approximation and projection
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macrophages and demonstrated complete segregation of CD163-
expressing cells from CCR2-expressing cells (Fig. 5A). The dis-
tribution of cell counts per gram of tissue for each of these
subsets is shown in Fig. 5A. Of note, we did not have antibodies
for TREM2 or GPNMB at the time of sample collection that
worked for flow cytometry; however, based on our scRNA-seq
data, most of these macrophages would be expected to reside
in the CD163lo, MHCIIhi macrophage gate. Given that tissue
characteristics can influence the efficiency of cell removal for
flow cytometry analysis, we performed CD14 immunofluores-
cence staining on liver tissue from patients who were identified
as having high or low numbers of CD14+ cells via flow cytometry
(Fig. 5B). The number of CD14+ cells observed in liver tissue
sections correlated well with flow data, suggesting that the tis-
sue processing for flow cytometry did not dramatically influence
the results (Fig. 5C).

Liver macrophage accumulation correlates with degree of
steatosis
We next sought to investigate the relationship between macro-
phage composition and liver pathology. When we divided pa-
tients into low (<−5%), moderate (6–14%), and high (>−15%) levels
of steatosis, we observed a statistically significant increase in
CD14+ cells and CCR2+ cells in the high steatosis group compared
with the low steatosis group (Fig. 6A). The CD163+ KCs had a
more variable relationship with steatosis. In addition, the CCR2+

macrophages and CD16+ macrophages showed a similar trend
towards increased numbers with high steatosis but with a
borderline p value (Fig. 6A). To gain further insight into the
correlation between monocyte/macrophage number and stea-
tosis, we performed logistic regression to compare cell number
in liver tissue with percent steatosis by histology across all the
samples. As seen in Fig. 6B, total CD14+ cells and CCR2+ cells
correlated well with the degree of steatosis with r values of 0.86
and 0.77, respectively. In contrast, CD163+ KC number had a
weaker correlation with steatosis (r = 0.46, p =0.09). Similar re-
sults were seen when correlation analysis was performed be-
tween macrophage number and steatosis measured by MRI
(Fig. S3A and B). Together, these findings demonstrate that the
number of hepatic monocytes and MdMs correlates well with
steatosis, whereas the resident macrophage population has a
variable relationship. Interestingly, liver steatosis did not corre-
late with markers of systemic metabolic derangements such as
HgbA1c, insulin concentration, or fasting serum triglyceride level
(Fig. S4A–C).

We also evaluated the relationship between NAS score and
liver macrophage cell counts. The number of CD14+ cells was
increased in those with the highest NAS scores (p = 0.09);
however, CD163+ KCs showed a more variable distribution with a
trend towards fewer numbers in the highest NAS group (Fig. 6C).
Similar results were seen with the macrophage cell counts
relative to lobular inflammation score (Fig. S5A and B). Further-
more, CD14+ cell number did not track with the degree of
fibrosis, whereas the number of CD163+ KCs tended to be lower
in the patients with a higher grade of fibrosis (Fig. 6D).
s showing TREM2+ CD68+ human LAMs. Red: TREM2; green: CD68; blue: DAPI.
d mouse liver macrophage subsets. C-LAM, Ccr2/Cx3cr1-expressing LAM; KC,
ssociated fatty liver disease; Mo-KC, monocyte-derived KC; scRNA-seq, single-
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Research article
MdM recruitment occurs with steatosis and precedes KC loss
in pre-clinical models
Our human data revealed an expansion of total CD14+ and CCR2+

cells with steatosis in the absence of KC loss or liver injury. This is
surprising in light of recent data from mouse models of NASH in
which MdM accumulation is associated with a loss of resident
KCs.5,6 In fact, it has been proposed that the loss of KCs is an
important signal forMdM influx.7,20 Our observation implies either
thatMdMrecruitmentprecedesKC loss inearly fatty liverdiseaseor
that macrophage dynamics in MAFLD are fundamentally different
across species. To explore these possibilities, mouse models
designed to replicate earlier stages of MAFLD were used. To more
closely approximate our human study participants,we used female
mice, which tend to have milder metabolic phenotypes than
males.21 C57BL/6 female mice were fed short courses of either an
HFSC diet (8-week duration) or a CDAAdiet (2-week duration), and
each was compared with control diet. The diets were initiated in a
JHEP Reports 2023
staggered fashion such that the mice were harvested and could be
analysed at the same time to prevent batch effects (Fig. 7A). As
expected,mice fedanHFSCdiethada slightgain inbodyweight and
adipose tissue weight, whereas the CDAA diet-fed mice did not
(Fig. 7B and Fig. S6A). However, the liver size increased in bothdiets
(Fig. 7B and Fig. S6A). Hepatic monocyte/macrophage composition
wasassessedviaflowcytometryand immunofluorescence imaging.
By flow cytometry, liver macrophages were defined as F4/80hi,
MHCIIhi, and Ly6Clo cells (Fig. 7C). Resident KCs were identified by
their expression of F4/80, CLEC2, VSIG4, and TIM4, whereas MdMs
could be identified by lower expression of TIM4 (Fig. 7C).5,6 The
expression of VSIG4 allowed for further segregation of MdMs into
Mo-KCs (VSIG4+) and LAMs/C-LAMs (VSIG4-; Fig. 7C).10 A subset of
immature C-LAMs does not express CLEC2, and these MdMs also
increase modestly in the liver with CDAA diet (Fig. S6B). Total liver
macrophage number and the number of resident KCs were similar
across all groups, demonstrating that KC loss had not yet begun
8vol. 5 j 100877
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(Fig. 7D and E and Fig. S6C). However, there was a significant in-
crease in liver MdMs (Mo-KCs and LAMs/C-LAMs) with both diets
comparedwith STD (Fig. 7F and G and Fig. S6C). Mice fed the CDAA
diet also had elevated numbers of total CD45+ cells, Ly6Chi mono-
cytes, immature MdMs (F4/80hi, CLEC2-; Fig. S6B), and cDC2
(Fig. S6D). These findings were true whether cell number was
assessed per gram of liver tissue (Fig. 7D and G) or per liver
(Fig. S6B–D).

To evaluate steatosis, we stained frozen sections of liver tissue
with antibodies for perilipin-2 to highlight neutral lipid droplets.
Low-power images demonstrated a substantial increase in stea-
tosis with both the HFSC diet- and CDAA diet-fed mice compared
with STD-fed mice (Fig. 7H). F4/80+ macrophages were abundant
throughout the liver regardless of the diet (Fig. 7H). However,
macrophages in the steatotic liver often formed aggregates, a
pattern that is distinct from the healthy liver and reminiscent of
the formation of a hepatic crown-like structure (Fig. 7H and J).
Consistent with the preservation of resident KCs via the flow
JHEP Reports 2023
cytometric data, TIM4+-resident KCs could be found throughout
the liver irrespective of diet (Fig. 7I). However, MdMs (CD68+

TIM4-) were only observed in the livers of mice fed the HFSC or
CDAA diets (Fig. 7J).

MdMs take up lipids from lipid-loaded hepatocytes
The observation that MdMs are recruited to the liver during the
early stages of steatosis in human and mice suggested that they
may have a role in interacting with lipids. To gain insight into
this possibility in vivo, we flow-sorted MdMs and KCs from mice
fed an HFHS diet for 4 months and performed transmission
electron microscopy (Fig. 8A). This time point was chosen to
allow for the expansion of the MdM populations enough to
facilitate imaging via electron microscopy. We noted that the
LAMs/C-LAMs are smaller than KCs and Mo-KCs (Fig. S7A).
Intriguingly, MdMs including Mo-KCs and LAMs/C-LAMs had
more lipid droplets with significantly greater lipid droplet area
than the resident KCs (Fig. 8B–E and Fig. S7B). Thus, MdMs
9vol. 5 j 100877
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type. (E) Quantification of individual relative LD area as calculated by total LD area per cell divided by total cytosol area per cell. (F) Schematic of coculture
experiments of lipid-laden hepatocytes (AML12) with BMDMs. (G) Representative flow plot identifying BMDM and AML12 cells and live cells within the AML12
population. (H) Percentage of live (DAPI-) AML12 cells from coculture experiments described in (F). (I) Quantification of BODIPY signal as MFI in BMDMs from
coculture experiments described in (F). A representative flow plot is also shown. (J) Representative immunofluorescence images of monoculture or coculture of
AML12 with BMDMs as described in (F). Zoom-in images highlight the colocalisation of green lipids with red macrophages. Red: CD68; green: BY-C16; blue: DAPI.
Scalebar = 50 lm. Bars represent the mean ± SEM. Each dot represents an individual cell (E) or well of cells (H and I). *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001;
(E) Kruskal–Wallis test and (H and I) one-way ANOVA. BMDM, bone marrow-derived macrophage; BY-C16, BODIPY-C16; C-LAM, Ccr2/Cx3cr1-expressing LAM; FITC,
fluorescein isothiocyanate; HFSC, high-fat, high-sucrose, and high-cholesterol; KC, Kupffer cell; LAM, lipid-associated macrophage; LD, liquid droplet; MAFLD,
metabolic dysfunction-associated fatty liver disease; MFI, mean fluorescence intensity; Mo-KC, monocyte-derived macrophage.
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appeared to accumulate more lipid than resident KCs do during
MAFLD.

Based on this finding, we conducted coculture experiments to
address whether MdMs take up hepatocyte-derived lipids
(Fig. 8F). For these experiments, we incubated AML12 cells, a
mouse hepatocyte cell line, with oleate combined with a low
concentration of BODIPY-C16 (BY–C16) overnight to generate
hepatocytes with fluorescent-labeled lipid droplets. After
washing the cells to remove any free BY-C16, we mixed bone
marrow-derived macrophages (BMDMs) with these lipid-laden
hepatocytes and cocultured them together for 6 h. Importantly,
oleate incubation did not cause toxicity to hepatocytes (Fig. 8G
and H). After the incubation period, BODIPY signal was readily
detected in the lipid droplets within the hepatocytes (Fig. 8J, first
panel). To quantify lipid transfer by flow cytometry, BODIPY
signal was assessed in CD45+ CD11b+ macrophages. BODIPY
fluorescence could be detected in macrophages only when they
were co-incubated with hepatocytes containing BY-C16 (Fig. 8I).
As an additional control, we also mixed BY-C16-labelled hepato-
cytes with macrophages at the time of cell harvest to ensure that
transfer did not occur during the processing of the cells for flow
analysis (ex vivo control) (Fig. 8F and I). To further validate these
findings, we performed confocal microscopy, which revealed
BODIPY signal in the CD68+ macrophages (Fig. 8J). Together,
these findings demonstrate that MdMs are capable of taking up
fat released from lipid-laden hepatocytes.
Discussion
Macrophages are important contributors to the pathogenesis of
fatty liver disease and NASH. In this study, we used human liver
samples from morbidly obese patients undergoing bariatric
surgery to gain insight into the inflammatory phenotype of early
MAFLD in humans. Using scRNA-seq, flow cytometry, tissue
imaging, and clinical data, we made several observations. First,
our study demonstrated that the steatotic human liver contains
macrophage subsets with gene expression signatures similar to
those described in mouse models of MAFLD. Second, we found
that the number of CD14+ cells in the liver correlated well with
the degree of steatosis, whereas this was not true for CD163, a
marker of resident KCs. Third, using two diet models of early
liver steatosis in mice, we showed that recruitment of MdMs
precedes tissue damage and loss of KCs. Lastly, we provide evi-
dence that MdMs preferentially take up lipids from steatotic
hepatocytes. Together, these findings provide insight into human
macrophage heterogeneity in MAFLD and demonstrate parallels
with preclinical models of disease. Moreover, mouse model data
prompted by our human studies demonstrated that early
recruitment of MdMs to liver is associated with steatosis inde-
pendent of KC death or tissue damage, and these MdMs might
perform unique lipid handling functions.

Our understanding of macrophage diversity in murine MAFLD
has exploded with several recent studies combining fate-
mapping and scRNA-seq approaches.5–8,19,22 Whether similar
populations of macrophages exist in humans with MAFLD has
been a subject of debate. In one recent study that used spatial
transcriptomics, a small subset of macrophages that resembled
LAMs was observed in the healthy human livers, and these
macrophages became proportionally greater in number with a
different tissue distribution in the steatotic livers.13 However,
only four liver samples from this study contained >10% steatosis.
In contrast, another recent study used both scRNA-seq and
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whole liver tissue bulk RNA sequencing from humans with
various stages of MAFLD and suggested that macrophages with a
LAM phenotype were rare in humans.15 Rather, they describe a
population of calgranulin (S100A8/A9) expressing ‘macrophages’
that correlated with fibrosis. Thus, the conservation of macro-
phage subtypes in MAFLD across species remains controversial.

In our study, scRNA-seq of myeloid cells identified monocytes,
dendritic cells, and macrophages. Of the two monocyte clusters,
the CD14hi subset had overlapping gene expression with the
S100A8-expressing cells described in the study by Fred et al.,15

which included MNDA, VCAN, CTSA, and LYZ, arguing that these
cells are monocytes. To further delineate macrophage signatures
in the human liver, we zoomed in on these cells in our scRNA-seq
data and were able to resolve four distinct subsets. Interestingly,
the gene expression features of our macrophage clusters resem-
bled that seen for KCs, Mo-KCs, LAMs, and C-LAMs reported in the
murine NASH liver. Using immunofluorescence imaging, wewere
also able toprovide evidence that thesemacrophage subsets could
be observed in the human liver. Of these macrophages, KCs and
Mo-KCs accounted for �60%, with the remaining 40% being C-
LAMs/LAMs. This is in contrast to the report from Fred et al.,15

which concluded that LAMs were a rare population via bulk or
scRNA-seq. Although the reason for this discrepancy is not clear, it
may be related to the fact that smaller pieces of liver were used
(100 vs. 500–1,000 mg) and the scRNA-seq was not pregated on
CD45+ cells, as was done in our study. Together, our findings with
those from the study by Guillams et al.13 support the conclusion
that the human MAFLD liver contains several distinct subtypes of
macrophages, which align well with mouse data from models of
fatty liver disease. To gain additional insight, we also integrated
our dataset with scRNA-seq data from two recent studies that
included relatively normal ‘healthy controls’.13,18 This comparison
demonstrated that all the myeloid clusters were present in both
controls and the steatotic livers. However, among the macro-
phages, there was a slight enrichment of C-LAMs/LAMs and a
relative decrease in KCs from our steatotic samples. This obser-
vation suggests good alignment between macrophages in the
steatotic murine and human liver, which has implications for the
use of preclinical models to evaluate the translation of immuno-
modulatory therapies to humans.

Themajority of human tissue that has been available for studies
of MAFLD and NASH is frequently obtained from patients inwhom
liver biopsy is performed for clinical reasons. Therefore, these
samples tend to represent later stages of the disease. Our patient
cohort consisted of females with morbid obesity and earlier stages
of MAFLD fromwhomwe could obtain a significant amount of tis-
sue at the time of bariatric surgery. This allowed us to conduct flow
cytometry in conjunction with tissue imaging and scRNA-seq. In
addition, we used MRI data to quantify total liver steatosis.
Although there was significant variability in the degree of liver
steatosis between patients, therewas a strong correlation between
MRI and histologic assessment of liver fat, which enhances the
conclusions that can be drawn from our data. We found that the
number of total macrophage/monocyte (CD14+) and other MdM
subgroups correlatedwith thedegreeof tissue steatosis. In contrast,
CD163-expressing KCs had a more variable relationship with the
degree of steatosis. Although CD163 is a very good marker for KCs,
VSIG4 and FOLR2 have recently been proposed as optimal markers
for the identification of humanKCs.13 Our analysis had alreadybeen
conducted before these results were published and therefore were
unable to add these markers to our antibody panel. We also
compared hepatic myeloid cell number across the spectrum of
12vol. 5 j 100877



NASH activity (as assessed by NAS score). Only two samples quali-
fied for a diagnosis of NASH (NAS >−5). However, we found that
CD14+ cells were increased in the patients with the highest NAS
score,whereas theKCnumber tended tobe lower in this subset. The
degree of liver fibrosis was mild in our cohort, which limited our
ability to observe patterns between macrophage subtype and
fibrosis grade. However, prior studies of more advanced liver dis-
ease have consistently shown an increased number of CCR2-
expressing macrophages that associate with fibrosis and appear
to play a role in matrix deposition and remodelling.14,23 In sum-
mary,weprovideevidence that inearlyMAFLD inhumans, there isa
tight association between liver steatosis and recruitment of
monocytes and MdMs.

The observation that MdMs accumulated in the human liver
before evidence of damage (normal alanine aminotransferase and
minimal fibrosis) or KC loss in steatotic livers was unexpected
based on findings with preclinical models of disease. In fact, prior
mouse studies have suggested that KC loss is an important trigger
for MdM recruitment in both chemically induced depletion
studies24,25 and in NASH.7,20 Our human results argued either that
early MdM recruitment with liver steatosis occurs independent of
KC loss/tissue damage or that mouse and human models of the
disease have distinct macrophage dynamics. To distinguish these
possibilities, we fed female mice two distinct diets to induce early
liver steatosis and also observed that MdMs entered the mouse
liver before KC depletion. Thus, similar to what was observed in
human samples, the initialMdMrecruitment beginswith steatosis
and precedes KC loss or fibrosis. This observation highlights the
time-dependent phases of macrophage compositional changes
that happen during MAFLD and cautions against overinterpreting
snapshot time points. Although it remains to be determined
whether KC loss happens in humans with more advanced NASH,
there does appear to be loss of at least a subset of KCs in the
cirrhotic human liver.14

Although the functions of MdMs in MAFLD are heterogenous,
we provide evidence that infiltrating macrophages accumulate
more lipid droplets than resident KCs in a mouse model of
MAFLD. Moreover, using a coculture system, we demonstrate
that bone marrow monocyte-derived cells are capable of taking
up lipids originating from fatty acid-loaded hepatocytes. These
findings are intriguing in light of recent data indicating that
steatotic hepatocytes release extracellular vesicles that contain
fatty acids.26 Although it has been suggested that these extra-
cellular vesicles can be proinflammatory, further work will be
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necessary to understand the consequences of lipid transplant
and the fate of the ingested fatty acids. Together, these obser-
vations suggest that infiltrating macrophages readily ingest
lipids and raise the possibility that they may have a role in lipid
handling during liver steatosis.

Limitations
There are several limitations to the current study that must be
acknowledged. The scRNA-seq could only be performed on three
patients, all of whom had liver steatosis, and therefore, there is
not a true normal liver group for comparison of macrophage
subpopulations. To partially overcome this limitation, we inte-
grated our data with two other scRNA-seq datasets containing
control liver samples; however, we acknowledge that there can
be differences in sample collection, processing, and analysis that
confound some of these comparisons. For the flow cytometry
assessment of liver tissue, there were markers identified via
scRNA-seq that could not be probed owing to a lack of reliable
staining antibodies at the time the experiments were conducted.
In addition, the quantification of immune cells by flow cytometry
can be influenced by extraction efficiency. However, we used
immunofluorescence as a strategy to validate the trends seen by
flow cytometry. In the murine study, we defined LAM/C-LAMs as
TIM4-VSIG4- macrophage. Nevertheless, this double-negative
population may also include progenitors of Mo-KCs that have
yet to upregulate Mo-KC-specific markers (e.g. VSIG4 and
CLEC4F). Lastly, our patient population was a female cohort with
obesity, and therefore, it is not clear how these results would
apply to males with MAFLD.

Conclusions
In this study, we present data on liver macrophage populations
from 21 female participants with obesity and with variable de-
grees of liver steatosis and no significant fibrosis. Using tran-
scriptional analysis, tissue imaging, and flow cytometry, we
provide evidence that macrophage subpopulations in MAFLD are
well aligned between mice and humans. Moreover, MdM entry
to the liver correlates with steatosis and, at earlier stages of
MAFLD, is not driven by KC loss. Compared with KCs, MdMs also
appear to take up more lipids in the fatty liver, suggesting that
they may contribute to lipid handling in disease. Given the role
of macrophages in tissue remodelling during NASH, defining the
relationship of macrophage identity between humans and mice
with MAFLD is of critical translational importance.
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