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Highlights
¢ Hepatic immune response is already altered in liver
biopsies from patients with mild NAFLD.

We designed a novel mouse model to mimic mild
NAFLD, enabling the chronological mapping of liver
changes.

This revealed an increased mortality rate upon
secondary liver damage and a window of increased
susceptibility to infection.

NAFLD diagnosis may be significantly improved by
a more profound investigation of changes in he-
patic immunology.

These data could guide customized nutritional and
therapeutic interventions at different stages of
NAFLD.

https://doi.org/10.1016/j.jhepr.2020.100117

Lay summary

Fatty liver is a very common form of hepatic disease,
leading to millions of cases of cirrhosis every year.
Patients are often asymptomatic until becoming very
sick. Therefore, it is important that we expand our
knowledge of the early stages of disease pathogenesis,
to enable early diagnosis. Herein, we show that even
in the early stages of fatty liver disease, there are
significant alterations in genes involved in the in-
flammatory response, suggesting that the hepatic
immune system is disturbed even following minor
and undetectable changes in liver fat content. This
could have implications for the diagnosis and clinical
management of fatty liver disease.
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Background & Aims: The precise determination of non-alcoholic fatty liver disease (NAFLD) onset is challenging. Thus, the
initial hepatic responses to fat accumulation, which may be fundamental to our understanding of NAFLD evolution and
clinical outcomes, are largely unknown. Herein, we chronologically mapped the immunologic and metabolic changes in the
liver during the early stages of fatty liver disease in mice and compared this with human NAFLD samples.

Methods: Liver biopsies from patients with NAFLD (NAFLD activity score [NAS] 2-3) were collected for gene expression
profiling. Mice received a high-fat diet for short periods to mimic initial steatosis and the hepatic immune response was
investigated using a combination of confocal intravital imaging, gene expression, cell isolation, flow cytometry and bone
marrow transplantation assays.

Results: We observed major immunologic changes in patients with NAS 2-3 and in mice in the initial stages of NAFLD. In
mice, these changes significantly increased mortality rates upon drug-induced liver injury, as well as predisposing mice to
bacterial infections. Moreover, deletion of Toll-like receptor 4 in liver cells dampened tolerogenesis, particularly in Kupffer
cells, in the initial stages of dietary insult.

Conclusion: The hepatic immune system acts as a sentinel for early and minor changes in hepatic lipid content, mounting a
biphasic response upon dietary insult. Priming of liver immune cells by gut-derived Toll-like receptor 4 ligands plays an
important role in liver tolerance in initial phases, but continuous exposure to insults may lead to damage and reduced ability
to control infections.

© 2020 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) is currently the most
common form of chronic disorder, affecting more than a quarter
of the world’s population.'? Recent studies have predicted that
the number of patients with NAFLD is expected to double or
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triple over the next 10 years, becoming the leading cause of liver
transplantation.>> NAFLD can be considered as the hepatic
expression of the metabolic syndrome, while associated risk
factors, including obesity, insulin resistance and type 2 diabetes,
can fuel the progression of NAFLD.® It is even more concerning
that at least 10% of children are already developing steatosis';
therefore, in addition to educational actions directed to appro-
priate nutrition, expanding our knowledge on the pathogenesis
of NAFLD - mainly in the initial stages - is of great interest.

It is well accepted that the gold standard for diagnosing
NAFLD remains a liver biopsy. Despite the advances in technol-
ogies that track molecular markers in the blood or high-end
imaging approaches, NAFLD detection in the general
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population is still challenging.®® Due to this relative lack of
reliable disease markers, most patients with NAFLD are consid-
ered as asymptomatic for long periods of the disease. Therefore,
the precise onset of NAFLD in patients, which could provide
important insights on the chronological evolution of the disease
and early diagnosis markers, is still obscure. In this scenario,
millions of patients develop cirrhosis before being diagnosed,
with an annual economic burden estimated at €200 billion in
Europe” and more than US$100 billion in the United States.'°

Using mice to model the NAFLD spectrum displayed by
humans may be extremely challenging. For this, long-term di-
etary protocols - up to 30 weeks of challenge using diets that
have imbalanced micronutrient composition - are the most
common choice."'"'> However, such protocols - that induce a
more severe form of NAFLD - preclude the evaluation of the
initial events triggered by the diet, which may represent an
important period for patients with NAFLD. Herein, we measured
gene expression of different inflammatory pathways in liver
biopsies from patients diagnosed with NAFLD (NAFLD activity
score [NAS] 2-3). We found several alterations in genes involved
in the immune response, including a high expression of Toll-like
receptor 4 (TLR4) mRNA. Moreover, using a novel short-term
scheme of dietary insult (2-9 weeks), we fully mapped NAFLD
development in mice, which allowed an extensive chronological
characterization of the immunologic and metabolic changes in
the liver. We showed that mice in the first stages of NAFLD
mounted an overt inflammatory response to a non-lethal drug-
induced liver injury, leading to 100% mortality in the first 24 h.
In addition, early stage NAFLD mice displayed increased sus-
ceptibility to bacterial infections, which may be explained by
the profound alterations observed in both number and function
of hepatic macrophages. In addition, we revealed that amongst
different immunologic pathways, TLR4 signaling in liver cells
might drive immune tolerance in the initial phases of NAFLD,
since specific TLR4 ablation led to overt expression of several
pro-inflammatory mediators in Kupffer cells and enhanced
chemokine signaling in the liver upon challenge. Together, these
data revealed a previously unappreciated window of suscepti-
bility to liver damage and infection in the initial stages of
NAFLD.

Materials and methods

Animals and diets

Twelve- to 14-week old male C57/BL6 wild-type (WT) and Tir4
knockout (TIr47") mice were from Centro de Bioterismo in
Universidade Federal de Minas Gerais (CEBIO - UFMG, Brazil).
Mice were maintained under controlled temperature (24°C) and
luminosity (light/dark cycle of 12/12 h), with chow and water ad
libitum. Mice were fed a standard low-fat control diet (hereafter
termed standard diet “SD” — D12450] - 10% of calories derived
from fat) or high-fat diet (hereafter termed “HFD” - D12492 -
60% of calories derived from fat) for 2, 4, 6 or 9 weeks. Diets
were supplied by Research Diets (New Jersey, USA). Diet
composition can be found in Table S1. All animal studies were
approved by the Animal Care and Use Committee at UFMG
(CEUA 392/2016).

Body weight and adiposity index
Mice were weighed weekly throughout the experimental period
and the adiposity index was calculated as in.'*
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Oral glucose tolerance test and Insulin tolerance test

For the oral glucose tolerance test, mice were fasted for 6 h and
then received an oral D-glucose solution (2 g/kg per gavage). For
the insulin tolerance test, mice were in a fed state and received
an insulin solution (0.75 UL/kg i.p. Humulin® - Lilly). Capillary
glucose and insulin tolerance tests were performed as in."”

Biochemical analyses

Serum alanine aminotransferase (ALT) activity was assessed as
described in.'* Adipokines, serum glucose and cholesterol, serum
and liver triglycerides levels, were measured as described in.'®
Hepatic total fat content was extracted by the Folch method.

Liver function test and histopathology techniques
Indocyanine green (Sigma-Aldrich) was measured as previously
described.!” For H&E analyses, liver and epididymal adipose tis-
sue fragments were collected. Liver frozen sections were used for
0Oil Red O staining as described in."®* Human H&E slides were
collected from the Instituto Alfa de Gastroenterologia do Hospital
das Clinicas - UFMG. The procedures with human samples are in
accordance with Registration number in Ethics in Human
Research Committee (Registration number: CAAE
56184716.3.0000.5149) and informed consent was obtained from
all participants.

Intravital confocal microscopy

Confocal intravital imaging was performed as described.'® Prior
to surgery, mice received a single dose or a mixture of the an-
tibodies described in the supplementary CTAT table. To visualize
the lipid droplets in vivo, the dye Bodipy (1.5 pg/mouse diluted in
methanol) was applied directly to the liver after surgery. F4/80+
cells were considered as Kupffer cells, and due to phenotyping
limitations, some of these cells might also comprise F4/80+
infiltrating monocytes.”® Images were obtained using Nikon
Eclipse Ti with an A1R confocal (Nikon Instruments Inc., USA).

Primary murine hepatocytes and liver non-parenchymal cells
Primary hepatocyte purification was performed as described
previously.?! Liver non-parenchymal cells (LNPCs) from mice
were isolated as reported previously.!” For flow cytometry, cells
were stained with antibodies described in the supplementary
CTAT table. Events were acquired using Accuri C6 Flow cytome-
ter (BD biosciences, USA) and analyzed using Flow]Jo (Flow]o,
USA). In a separate set of experiments, Kupffer cells were sorted
as F4/80" cells using magnetic beads.??

Systemic E. coli injection and colony forming unit
determination

Analysis of systemic bacterial infection (assessed by colony
forming units [CFUs] and bacterial clearance in vivo) and flow
cytometry were performed as described in.!” For in vivo imaging
of Escherichia coli (E. coli) capture, mice received 5 x 107 GFP-
expressing E. coli intravenously, and were imaged under
confocal microscopy for 10 min.

Drug-induced liver injury model

Mice were fasted for 12-15 h before acetaminophen (APAP) (400
mg/kg) or vehicle administration.'*?>* APAP (Sigma-Aldrich, St.
Louis, MO, USA) was dissolved in a warm 0.9% saline solution at a
concentration of 50 mg/ml prior to gavage.
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Gene expression by real-time PCR

Total RNA samples were isolated from total liver, hepatocytes,
LNPCs and Kupffer cells from mice and from the livers of human
biopsies (Registration number in Ethics in Human Research
Committee: CAAE 67583317.3.0000.5149). Patients with NAFLD
involved in this study were diagnosed using liver biopsies, and
only patients with NAS 2-32° were included. NAFLD was
considered after exclusion of other liver diseases. Samples from
healthy patients were collected from livers that were selected for
donation (Table S3). Absence of liver diseases was confirmed
from medical records and histopathology. Informed consent was
obtained from all participants, Real-time PCR was performed as
described in.!” A list of primers sequences can be found in the
supplementary CTAT table.

Bone marrow chimera generation

Bone marrow chimeras were generated as described.'* Irradiated
recipients (WT or Tlr4") received 1 x 107 bone marrow cells
from either WT or Tlr4”~ mice intravenously. Mice had a re-
covery period of 8 weeks before experiments.

Statistical analysis

Experimental data were analyzed using one-way ANOVA with
Tukey’s post hoc test and unpaired Student’s t test provided
by Prism 6.0 software (GraphPad). All data are given as the
mean + SEM. Differences were considered significant at
p <0.05.

Results

Immunologic alterations in liver microenvironment are
already detectable in patients with NAFLD

NAFLD is characterized by varying levels of triglyceride accu-
mulation within cytoplasmic vesicles of hepatocytes; regular
histopathology and routine exams describe this condition as
absent of inflammation. However, considering the large immune
cell population that inhabits the liver, we hypothesize that even
minor changes in hepatic microenvironment would be sensed by
the resident immune system. To search for putative alterations in
the expression of inflammatory genes in early phases of NAFLD,
we first selected target pathways previously described as rele-
vant in the context of hepatic inflammatory responses, and
measured their expression in liver biopsies from patients that
were diagnosed with a mild grade of steatosis based on a NAS of
2 or 3% (Fig. 1A). Patients included in this analysis had normal or
minor alterations in clinical levels of liver aminotransferases in
serum, had no other metabolic diseases (including type 2 dia-
betes) and were classified as obese or overweight (Table S2).
Real-time PCR analysis revealed that patients with NAS 2-3
already presented alterations in the expression of different in-
flammatory genes. We observed a significant downregulation of
interleukin 1 beta (IL1B) and transforming growth factor beta 1
(TGFB1) mRNA expression, which was accompanied by a
concomitant and massive upregulation of TLR4 expression
(Fig. 1B). Analysis of other relevant immune-related genes,
including IL10, TNF, IL6, IFNG, VEGF and TLR2 revealed no signif-
icant alterations. Thus, this suggests that changes in the hepatic
immunologic response in specific inflammatory genes might be
an important event in patients with NAS 2-3. Importantly, these
alterations in inflammatory gene expression may be used as an
additional tool for NAFLD diagnosis in early stages.
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Short-term ingestion of HFD leads to subclinical body
changes, but drives massive lipid accumulation within the
liver

The precise determination of NAFLD onset in patients is
extremely challenging, and the relative lack of a chronological
understanding in disease evolution is a major issue in NAFLD
research. To mimic the mild grades of NAFLD in humans, and
perform a controlled chronological investigation of NAFLD
establishment, we developed a protocol using a short-term di-
etary challenge in mice. Our experimental scheme is presented
in Fig. 2A. To assure that all mice were age-matched at the
sample collecting time point, we started the dietary challenge at
different ages. Of note, mice fed SD during all time points had no
detectable changes in all parameters analyzed in this study; thus,
they were grouped as “SD” from here on. As shown in Fig. 2, mice
fed an HFD had no detectable weight gain over the experimental
period (Fig. 2B). Although we observed a significant change in
body fat composition (adiposity index), liver/body weight ratio
was not altered throughout the dietary challenge. In addition, no
significant alterations in serum or hepatic levels of triglycerides,
or in serum levels of free fatty acids were observed (Fig. 2H-] and
Fig. S1E). Mice evolved to hyperglycemia only after 4 and 9
weeks of HFD, which may reflect an increased glucose intoler-
ance and resistance to insulin (Fig. 2H-] and Fig. S1C,D). In this
scenario, increased levels of serum cholesterol were the only
clinical alteration detected in the 2" week post challenge
(Fig. 2G). Despite no weight gain during HFD challenge, mice
displayed a progressive increase in body adiposity at later time
points, starting at the 6™ week post challenge (Fig. 2C). Histo-
logical analysis of epididymal adipose tissue revealed that along
with a significant increase in body adiposity index, the average
area of adipocytes was significantly larger than in controls after 4
weeks of the HFD protocol - this was sustained up to the 9™
week (Fig. 2K and L). Despite these histological changes, crown-
like structures - a sign of immune cell infiltration - were not
observed. Interestingly, serum levels of adiponectin, a clinical
marker that can be used to predict the severity of obesity and
metabolic syndrome, were not altered in this experimental
protocol (Fig. 2M). In line with this, serum ALT levels did not
change during HFD ingestion, suggesting that no detectable he-
patic parenchymal damage was generated. To confirm that the
liver function was not altered by the HFD regimen, we directly
assessed the hepatic ability to clear indocyanine green from the
circulation (Fig. 20). We found no significant differences among
the analyzed groups. Together, these data indicate that despite
major changes in body fat content and in glucose management,
several clinical markers of systemic diseases, and particularly
liver function, were not altered using a short-term HFD
challenge.

To further visualize the hepatic microenvironment, we pro-
cessed liver samples from different groups for histopathology.
We did not find any alterations in liver histology compared to
SD-fed mice in the 2" week of challenge. At a later time point (6
weeks post HFD regimen), a discrete macrovesicular pattern in
the centrilobular region (black arrows), suggestive of initial
steatosis, was detected (Fig. 2N). However, histologic features of
NAFLD including general steatosis, ballooning, and lobular
inflammation (black arrows) were only found in mice fed HFD
for 9 weeks (Fig. 2N). To image lipid accumulation at a higher
definition and under physiological conditions, we developed a
novel methodology to stain and quantify lipid droplets in vivo,
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Fig. 1. Expression of inflammation-related genes in human liver biopsies. Expression of different immune system-related genes in samples from patients with
NAS 2-3 and healthy controls. (A) Histopathology selected from a healthy donor (normal findings) and NAS 2 patient showing initial steatosis. All biopsies were
analyzed by an experienced pathologist prior to gene expression assays. (B) Gene expression assessed by Real-Time PCR. Fold change was normalized by values
found in healthy control samples. Bar = 50 um. *p <0.05 compared to healthy controls. One-way ANOVA. NAFLD, non-alcoholic fatty liver disease; NAS, NAFLD

activity score.

allowing the visualization of the hepatic microenvironment un-
der confocal intravital microscopy (Fig. 3). We found that the
HFD-challenged group displayed a progressive accumulation of
lipid droplets within the liver, which could now be detected, and
was significantly enhanced as early as 2 weeks post challenge
(Fig. 3A-D). Interestingly, while classic Oil red O staining
confirmed the validity of our in vivo fat visualization protocol
(Fig. ST1A), regular H&E staining failed to detect such alterations.
In fact, we observed a linear trend of intensification in the

JHEP Reports 2020 vol. 2 | 100117

number, frequency and area of lipid droplets throughout the HFD
challenge (Fig. 3B-D). To map the precise sites of lipid accumu-
lation within the liver compartments, we stained both liver si-
nusoids and lipid droplets, and rendered three-dimensional
reconstructions using intravital microscopy (Fig. 3E). We found
that lipid droplets started to accumulate after 2 weeks of the HFD
protocol in specific regions across the liver, but at all time points
analyzed, they were mostly found in the inter-sinusoidal space,
confirming their location inside hepatocytes. Taken together,
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high-fat diet; SD, standard diet.

these data suggest that despite minor alterations in liver his-
tology in the initial phases of dietary challenge (2-6 weeks post
HFD), lipid accumulation within the liver occurs at earlier time
points, which could be more precisely detected and measured
using our in vivo imaging protocol.

Liver immunologic environment is dramatically changed
during the initial phases of high-fat challenge

There is a growing body of evidence that the liver is a central
organ in immune surveillance, which is inhabited by a large and

complex population of immune cells even under physiological
situations.”® However, these cells can rapidly change their pro-
portion and phenotype following insults, and this may be asso-
ciated with enhanced inflammation and liver damage. To
investigate putative changes in the hepatic immune environ-
ment during the HFD protocol, we collected liver samples and
isolated non-parenchymal cells for immunophenotyping using
flow cytometry (Fig. 4A). We found that mice fed HFD for 2
weeks had a significant increase (~50%) in the number of T cells
compared to SD-fed mice, which was not sustained at later time
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points, along with a 50% reduction in dendritic cell (DC) fre-
quency. Despite a rapid recovery after 4 weeks of HFD regimen,
DC populations were significantly depleted and this was main-
tained until the end of the experimental protocol (9 weeks)
(Fig. 4B, F). In line with this, mice sustained a significant
reduction in the frequency of Kupffer cells (KCs), again with a
nearly 50% reduction 6 to 9 weeks post challenge (Fig. 4G).
Moreover, although unaltered following up to 6 weeks of HFD
ingestion, we observed an abrupt and massive liver infiltration of
neutrophils 9 weeks post challenge (~4-fold increase), consti-
tuting the most frequent immune cells within the liver at this
time point (Fig. 4H).

To investigate how HFD could alter hepatic immunometabolic
profile, we next isolated both LNPCs and hepatocytes to assess
gene expression. We found that LNPCs from mice under HFD
regimen displayed a massive suppression in genes belonging to
immune response 2 weeks post challenge, including Tnf, 1110 and

Cxcl2. Genes involved in bacterial arrest were also significantly
reduced at this time point, including Marco and Nr1h3 (Fig. 41).
However, LNPCs had a progressive increase in expression of
almost all genes evaluated throughout the HFD protocol, which
peaked for most genes in the 4™ week after HFD implementa-
tion. Interestingly, Tlr4, Marco, Cd163 and Itgam - all genes
belonging to pathways related to pathogen recognition - were
enhanced only at later time points following the HFD protocol.
Thus, we observed a dynamic alteration pattern in the hepatic
immune compartment during all periods of HFD ingestion
(Fig. 4I). We also assessed gene expression in isolated hepato-
cytes during the HFD protocol (Fig. S2). For this, we selected
different pathways belonging to P450 cytochrome, xenobiotic
management and inflaimmatory response. Despite punctual
reduction in albumin synthesis (Alb), glutathione transferases P1
(Gsp1) and Il1b expression, most pathways analyzed were not
significantly altered in hepatocytes during the HFD experimental
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Fig. 4. Inmunophenotyping by flow cytometry and gene expression in isolated liver non-parenchymal cells in initial phases of NAFLD. (A) Flow cytometry
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compared to SD group. One-way ANOVA. HFD, high-fat diet; NAFLD, non-alcoholic fatty liver disease; SD, standard diet.
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protocol (Fig. S2). Also, we found a large variation in gene
expression specifically at 9 weeks post challenge, suggesting that
this period may constitute a transition phase between short- and
long-term HFD ingestion. Therefore, short-term HFD intake leads
to alterations predominantly in the liver immune cell compart-
ment rather than in hepatocyte metabolism, suggesting that the
hepatic immune response might be particularly altered in the
initial phases of NAFLD.

To image hepatic immune cells in their native environment,
we prepared mice for confocal intravital microscopy (Fig. 5). For
this, we stained in vivo liver sinusoids with anti-CD31 (in red)
and counterstained neutrophils (in white) using anti-Ly6G anti-
body (Fig. 5A). Under physiological situations, there is a minor

population of resident neutrophils in the liver, and these cells
slowly patrol sinusoids. Consistent with our flow cytometry data,
neutrophils avidly infiltrated within the liver at later time points
of HFD ingestion (9 weeks), and these cells were restricted to the
intravascular compartment, suggesting that the primary site for
neutrophil adhesion during the dietary insult was the luminal
environment (Fig. 5A). Under the same conditions, high defini-
tion imaging of the liver vascular compartment revealed that a
large population of macrophages (KCs) is specifically located
inside sinusoids, covering larger areas between post sinusoidal
venules (Fig. 5B, C). HFD ingestion for up to 4 weeks caused no
detectable impact on KC frequency; however, we observed a
significant depletion of KCs in vivo compared to controls
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following 6 and 9 weeks of the HFD regimen (Fig. 5B and
Fig. S3A). Alterations in KC biology were not restricted to their
numbers since HFD ingestion led to great changes in KC volume
and morphology after as little as 4 weeks of the HFD protocol, as
assessed by three-dimensional rendering of intravital micro-
scopy and digital calculation of individual cell volume (Fig. 5C,
D). In fact, KCs from HFD-challenged mice displayed fewer and
smaller protrusions, which accounted for restrictions in their size
and wingspan (supplementary movies 1 and 2). Considering that
liver weight within the groups was not different, the significant
reduction in KC frequency that we detected due to the HFD
protocol was not an analysis artefact derived from liver growth

JHEP Reports 2020 vol. 2 | 100117

(Fig. S3B), confirming that these cells are indeed depleted during
liver fat accumulation.

Taking together, we showed an important shift in the hepatic
immune cell environment due to short-term ingestion of a HFD,
which included massive depletion of liver phagocytes (KCs and
DCs), along with neutrophil infiltration within the hepatic
microvasculature.

Alterations in KC number and morphology triggered in the
initial phases of HFD predispose mice to infection
Pre-existing liver dysfunction is a risk factor for the progression
of infection to sepsis.?’ In fact, it is becoming widely accepted
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that the liver acts as a filter for pathogens that spread using the
systemic circulation, and in this scenario, KCs are emerging as
fundamental firewalls for capturing blood-borne bacteria under
flow.?®?° Based on our findings using flow cytometry and
intravital imaging, we hypothesized that the changes in KC
biology induced by HFD ingestion could affect the host’s ability
to fight infections even in the initial phases of NAFLD (Fig. 6).
Thus, we challenged mice after different periods of HFD inges-
tion with an intravenous injection of E. coli. Mice fed SD and HFD
for 2 weeks had ~30% and ~20% of mortality rate after infection,
respectively. However, longer HFD ingestion (9 weeks) signifi-
cantly increased susceptibility to infection, leading to a mortality
rate of 80% after E. coli challenge (Fig. 6A). Despite a transient
reduction in bacterial counts in the blood compared to controls,
mice fed HFD for 2 weeks had a significantly higher bacterial
titer in the liver (Fig. 6B, C). In line with this, longer HFD
ingestion (9 weeks) led to increased bacteremia, confirming that
blood clearance was significantly impaired in mice fed HFD for 9
weeks (Fig. 6B). Higher mortality rates in mice fed HFD 9 weeks
precluded a precise determination of bacterial counts in liver
samples (depicted as non-determined in Fig. 6C). To better

understand the mechanisms underlying this susceptibility to
bacterial spread observed in HFD-fed mice, we imaged phago-
cytosis of GFP-expressing E. coli in vivo using real-time arresting
by KCs (Fig. 6D). Digital quantification of phagocytosis efficiency
revealed that KCs from mice fed HFD for 2 weeks displayed a
slight increase in the arresting ability at initial time points after
bacterial challenge with a concomitant reduction in bacterial
counts in blood, which may explain the increased bacterial
counts in the liver. In sharp contrast, mice fed HFD for longer
periods had reduced ability to capture bacteria under flow, as
shown by a significantly reduced frequency of KCs that ingested
E. coli (Fig. 6E). We also tracked individual E. coli paths within
sinusoids in order to estimate how fast bacteria were arrested
upon entering the liver microcirculation (supplementary movies
3 and 4). Interestingly, we did not find differences in both track
length and speed between the groups, indicating that despite the
changes observed in KC number and arresting frequency, alter-
native mechanisms may operate to avoid free bacterial traf-
ficking within sinusoids (Fig. 6F-H). Together, these data reveal 2
different scenarios that occur during the HFD ingestion protocol:
i) an initial “priming” of KCs after 2 weeks on HFD that induced
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an increased ability to arrest bacteria, but with a reduced ability
to kill engulfed E. coli; and ii) a dramatic change in KC biology
from mice fed HFD for a period of 9 weeks, presenting not only a
massive depletion, but also an inherent inability to arrest and kill
bacteria by the remaining KCs.

Based on these major alterations on hepatic immune cells,
and the relevance of macrophages to liver function, we next
mapped immunologic alterations specifically in KCs isolated
from mice fed HFD (Fig. 7). Interestingly, we found that the HFD
induced a massive upregulation in several inflammatory and
scavenger-related genes in KCs 2 weeks post challenge. Such
changes were even more pronounced at later time points (9
weeks; Fig. 7). In agreement with samples from steatotic patients
(Fig. 1B), we observed a large upregulation in Tlr4 mRNA
expression in KCs from HFD-fed mice, amongst other significant
changes (Fig. 7). Taken together, these data demonstrate that the
immunologic changes observed in liver NPCs, particularly a pu-
tative lost in KC tolerogenic profile, are an early consequence of
short-term HFD ingestion.

Signaling via TLR4 drives KC tolerance in the initial phases of
non-alcoholic fat liver disease

Emerging evidences indicate that chronic, low level elevation of
gut-derived endotoxin may play a role in the establishment and
progression of fatty liver disease, potentially driving liver in-
flammatory response via TLR4.>>! In fact, elevated endotoxin
levels have been shown to be an aggravating factor for liver
diseases. However, immunological tolerance triggered by the
innate immune system has also been recognized as an anti-in-
flammatory mechanism that limits deleterious tissue injury in
infections,®? and TLR4 polymorphisms in humans may enhance
complications during metabolic diseases.’> Importantly, we
found that TLR4 gene expression was elevated in both humans
and mice with NAFLD (Figs 1B, 4l and 7), suggesting that the
TLR4 pathway either contributes to inflammation and conse-
quently worsening of NAFLD or limits tissue injury induced by a
HFD regimen. To investigate this dichotomic mechanism, we first
fed WT mice and Tlr4™/~ mice with both SD and HFD, evaluating
their reaction to our dietary scheme (Fig. 8C, D) and the
expression of different inflammatory pathways in KCs. Of note,
TLR4 expression was detected in both hepatocytes and hepatic
immune cells; however, TLR4 was expressed significantly more
in KCs than in isolated hepatocytes (Fig. 8A), which led us to
focus on KCs in the subsequent experiments. Gene expression
analysis from isolated KCs revealed that deletion of TLR4 caused
a massive upregulation in all genes evaluated, including Il1b, 16,
Tnf and 1110, even when SD was offered (Fig. 8C). Comparing the
effects of the intake of SD or HFD by Tlr4”~ mice (Fig. 8D), we
found profound differences in the expression of several inflam-
matory genes, suggesting that the absence of TLR4 altered the
hepatic response to diet regardless of nutritional content
(normal or high-fat load), impacting directly on body weight and
KC gene expression (Fig. 8B-D). To dissect the specific contri-
bution of TLR4 signaling in the different hepatic compartments,
we lethally irradiated recipient WT and Tlr4™'~ mice with gamma
rays and engrafted bone marrow hematopoietic precursors from

Research article

TIr4™~ mice or WT controls (Fig. 8E). We have previously shown
that almost 100% of immune cells that populated host livers after
the recovering period were derived from donors using this
irradiation/bone marrow transplant protocol.?

Comparing to controls fed with HFD for 2 weeks (WT >WT),
we could not observe any significant changes in hepatic immune
response in either WT mice that received bone marrow from
TIr4™/~ mice or their WT counterparts (Tlr4™~ >WT). This led us to
hypothesize that the HFD insult alone might not be enough to
elicit putative alterations due to ablation of TLR4 signaling in
different liver compartments. To induce a perturbation of higher
magnitude within the liver environment, we decided to combine
HFD insult with an APAP overdose, a well-established model of
acute on chronic liver injury that has a major relevance to
clinical practice. APAP intake alone (400 mg/kg; oral gavage)
caused extensive centrilobular injury, with concomitant eleva-
tion of serum ALT and liver dysfunction (Fig. S4). Importantly,
WT mice fed HFD for 2 weeks evolved to higher mortality rates,
and increasing the HFD challenge period to 6 and 9 weeks in WT
mice caused a dramatic increase in lethality due to APAP
poisoning, reaching 100% mortality at 16 h (Fig. S4B). This
revealed that APAP intoxication in combination with mild stea-
tosis can led to a worse prognosis (Fig. S4). Interestingly, the
complete absence of TLR4 (Tlr4™/~ >Tlr4™"), absence in hepatic
immune cells (TIr4™/~ >WT) or in hepatocytes (WT >Tlr4 ") led to
a massive increase in the expression of neutrophil-related che-
mokines (Cxcll and Cxcl2). Of note, substitution of embryonic
KCs from bone marrow-derived macrophages (WT >WT) caused
a significant reduction in Il1b expression during insult, which
was not observed in other chimera groups (Fig. 8E). All other
inflammatory pathways analyzed were not altered due to TLR4
absence, suggesting that chemokine production - either by
macrophages or hepatocytes — might be strongly regulated by
TLR4 signaling during hepatic inflammation, which could
explain the massive neutrophil infiltration in the later phases of
NAFLD. Thus, TLR4 signaling may potentially drive immune
response tolerance and also metabolic control in the initial
phases of NAFLD, because the absence of TLR4 promoted alter-
ations in weight dynamics and enhanced expression of different
inflammatory genes.

Discussion

Using novel approaches on high-end in vivo imaging procedures,
combined with gene expression in different liver compartments,
we demonstrated that the hepatic immune response is prema-
turely altered in the early phases of NAFLD development. This
suggests that even in cases where only steatosis is observed, the
hepatic immune response is already activated, deflecting the
current concept that hepatic inflammation is a process that oc-
curs in the late stages of NAFLD.>**> Both humans and mice
displayed significant alterations in the expression of different
inflammatory genes in the early development of NAFLD, a period
in which a large percentage of individuals may be asymptomatic
or present no laboratory alterations. In mice, even before any
significant weight or metabolic alterations, ingestion of a diet

after irradiation), mice were fed with SD or HFD (2 weeks) and challenged with APAP (400 mg/kg, oral gavage). Samples were collected after 12 h of APAP
challenge. Gene expression was assessed by Real-Time PCR. Fold change was calculated compared to chimera counterpart fed with an HFD. *p <0.05 compared to
SD group (Student’s t test). APAP, acetaminophen; HFD, high-fat diet; KCs, Kupffer cells; NAFLD, non-alcoholic fatty liver disease; SD, standard diet; TLR4, Toll-like

receptor 4; WT, wild-type.
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containing high levels of lipids led to enhanced inflammatory
responses to drug injury, along with a relative inability to fight
bacterial infections. Our data suggests that the hepatic immune
system is the main sentinel for alterations in the liver lipid
content, and despite initial suppression of immune responses,
mice evolved to increase expression of almost all inflammatory
genes evaluated in this study during the late phase of the dietary
scheme. Hence, even during mild clinical manifestations, in-
dividuals with NAFLD might mount an inadequate hepatic im-
mune response, which may account not only for enhanced
chances of liver failure, but also for a reduced ability to clear
blood-borne bacteria. In fact, KCs from HFD-fed mice displayed a
reduced ability to engulf and kill blood-borne bacteria, which
could be a consequence of the profound changes in the hepatic
inflammatory milieu during the initial phases of NAFLD that can
modify the KC immune profile. This may explain, in part, why
patients with liver diseases frequently progress to sepsis and
septic shock,?”*® highlighting the pivotal role of the liver im-
mune system in systemic defense.?5>’

The liver has one of the most complex immune environments
in the body, harboring several different subtypes of leukocytes
even under homeostasis.>® However, these populations can
rapidly change their frequency and phenotype upon stimuli.'”-*8
Herein, we have shown that the hepatic immune milieu is
dramatically changed during early stages of NAFLD. In fact, liver
leukocytes displayed a complex dynamic during the establish-
ment of steatosis, because we found a massive depletion of DCs
and KCs, along with disturbances in KC morphology and func-
tionality. Fluctuations in DC frequency may be attributed to a
possible experimental inaccuracy during differential DC x KC
immunophenotyping, particularly upon inflammatory responses.
In fact, a reliable gating strategy to differentially assess KCs and
liver DCs is still under debate.?®??%39 Importantly, an overt
infiltration of neutrophils occurred at later time points (9 weeks),
which was previously described as a key factor for enhanced
collateral liver damage upon insults,'#?>?44%41 syggesting that
such early alterations in these subpopulations may constitute a
hallmark in the evolution from simple steatosis to steatohepatitis.
However, it is reasonable to hypothesize that such overt neutro-
phil infiltration during NAFLD onset might also function as a
backup strategy for bacterial clearance and phagocytosis while
KCs are relatively absent. Therefore, our data highlighted the ex-
istence of a fine-tuned equilibrium within hepatic immune com-
partments, and alterations in leukocyte frequencies and
phenotypes triggered by hepatic lipid accumulation may be
considered as a putative marker for the early/mild stages of NAFLD.

Due to the its location between the intestine and systemic
circulation, the liver is exposed to relatively large amounts of
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intestinally derived pathogen-associated molecular patterns in
both healthy and disease states.*? In this context, it is well
accepted that under pathologic conditions, TLRs activate in-
flammatory signaling pathways in the liver and are actively
involved in the pathophysiology of many hepatic diseases.
However, TLRs may also play important roles in liver physi-
ology by negatively regulating TLR-induced cellular re-
sponses.’*=>2 Our data from both human and mouse samples
revealed a biphasic behavior of immune response-related
genes, displaying an initial suppression of several genes,
along with upregulation of TLR4 expression during early
steatosis. Even though this might be interpreted as a marker of
immune system activation, it was interesting to observe that
mice lacking TLR4 had several alterations in response to our
dietary insult. Tlr4™/~ mice gained significantly more weight
upon HFD compared to WT controls, and we even observed
disturbances in the expression of different genes involved in
the immune response on the SD protocol. In fact, KCs lacking
TLR4 naturally presented a pro-inflammatory phenotype even
under regular dietary protocols. Also, when we replaced liver
cells in WT mice with TIr4 knockout cells, the hepatic immune
response to insults was completely altered. Of particular in-
terest, chemokines involved in neutrophil recruitment and
activation within the liver, which potentially increase hepato-
cellular damage during inflammation, were significantly upre-
gulated in mice lacking TLR4 in immune cells or in
hepatocytes, but not in controls. This suggests that signaling
via TLR4 in liver cells may have opposite fates depending on
the duration of the insult, acting as regulatory pathways in the
initial phases of steatosis, and later as pro-inflammatory sig-
nals if the nutritional challenge persists. Also, significant al-
terations in the expression of chemokines in mice lacking TLR4
in hepatocytes suggest that TLR4 signaling is not only relevant
in the immune system compartment, but also in liver paren-
chymal cells. This suggests that immune and metabolic sys-
tems within the liver may communicate to achieve a full organ
response using TLR4 signaling, and alterations in this crosstalk
may be not only a key trigger to organ dysfunction, but also
for tissue homeostasis and tolerance.

In conclusion, we have shown that minor alterations in liver
lipid content induced by short-term HFD are sufficient to rewire
the liver immune response, triggering enhanced susceptibility to
organ damage and infection upon insults. Thus, our data high-
light that NAFLD diagnosis may be significantly improved by a
more profound investigation focused on early changes in hepatic
immunology. This may also guide customized nutritional and
therapeutic interventions in patients at different stages of the
NAFLD spectrum.
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