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Introduction: In non-alcoholic fatty liver disease (NAFLD), neutrophils in liver infiltrates
are activated, which may contribute to disease progression towards non-alcoholic steatohe-
patitis (NASH). However, the functional status of the blood neutrophils remains unknown
and their role in the disease mechanisms is thus uncertain. We therefore characterized
activation and function of blood neutrophils in patients with NAFLD in relation to clinical
disease markers and the NAFLD plasma milieu.

Methods: We studied 20 patients with NAFLD, among these 6 patients with NASH, and 14
healthy persons. Neutrophil activation, interleukin (IL)-8 production and oxidative burst
were measured by flow cytometry on participants” neutrophils and on healthy neutrophils
exposed in vitro to plasma from the study participants.

Results: Blood neutrophils from the NASH patients showed a doubling in their expression
of the activation marker CD62L. Also, all NAFLD patients had 50-100% increased expres-
sion of CD11b. Functionally, NASH neutrophils had 30% elevated IL-8 production and more
than doubled spontaneous oxidative burst. In all NAFLD patients, higher spontaneous
oxidative burst was associated with worse liver function. Incubation of healthy neutrophils
with NAFLD plasma paradoxically slightly reduced CD62L and CD11b expression, and
NASH plasma also reduced the frequency of IL-8-producing neutrophils.

Conclusion: In NAFLD, blood neutrophils are activated, and in NASH also functionally
primed. This suggests a progressive neutrophil aggressiveness already present with liver fat
infiltration. However, NAFLD plasma in vitro, if anything, had the opposite effect on the
healthy neutrophils so the NAFLD-related neutrophil activation cannot be attributed to
humoral factors and remains unexplained.

Keywords: neutrophil, non-alcoholic fatty liver disease, non-alcoholic steatohepatitis,
oxidative burst, CD11b

Introduction

Non-alcoholic fatty liver disease (NAFLD) is strongly associated with the meta-
bolic syndrome and is now the most common chronic liver disease in most
countries.' ™ Chronic, low-grade, systemic inflammation is an established feature
of NAFLD, but it remains poorly understood how the immune activation evolves
with disease progression from simple steatosis, non-alcoholic fatty liver (NAFL), to
non-alcoholic steatohepatitis (NASH) which carries a risk of fibrosis and ultimately
cirrhosis. However, it is known that in NASH patients, neutrophils are highly
abundant in the liver and also in the blood.* Likewise, a high blood neutrophil-to-
lymphocyte ratio is a prognostic marker for development of NASH and fibrosis.’
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Still, functional studies of neutrophils in human
NAFLD are scarce, particularly in regards to blood neu-
trophils. In general, blood bacterial peptides or inflamma-
tory mediators such as complement factors activate
neutrophils by binding to their surface receptors in the
blood stream. This upregulates integrin receptors such as
CD11b and CD62L, which initiates neutrophil migration
from blood to tissues. Activated neutrophils furthermore
produce the chemotactic cytokine interleukin (IL)-8 that
recruits and activates additional neutrophils. Neutrophil
activation involves expression of myeloid peroxidase to
induce the generation of reactive oxygen species (ROS)
enabling neutrophil oxidative burst, which is the essential
killing mechanism of neutrophils.®

In alcohol-related cirrhosis, blood neutrophils are func-
tionally primed with an elevated spontaneous oxidative
burst and impaired phagocytosis, both of which are asso-
ciated with disease progression and infections.”* This
neutrophil activation can be induced by humoral factors
in blood such as endotoxins, since incubation of healthy
neutrophils with plasma from patients replicates the
patient neutrophil phenotype.’ A study of NASH patients
found an increased oxidative burst of blood neutrophils
following stimulation with phorbol 12-myristate 13-
acetate (PMA).'"® On this basis, we hypothesized that
blood neutrophils in NAFLD are activated and function-
ally primed, that this is more marked in the patients with
NASH and that this neutrophil phenotype develops in
response to blood humoral factors and therefore is trans-
missible to healthy neutrophils via patient plasma.

The aims of the present study were therefore, firstly, to
examine the activation and functional status of blood neu-
trophils in NAFL and NASH patients, secondly to inves-
tigate how this relates to clinical markers of disease stage,
and lastly to determine whether a NAFL- or NASH-related
neutrophil phenotype and dysfunction can be elicited by
the patients’ plasma.

Methods

Patients

Twenty patients with non-diabetic NAFLD (14 with NAFL
and 6 with NASH; 6 female, median age of 39 years (range,
18-60 years)) were consecutively recruited from the
Department of Hepatology and Gastroenterology, Aarhus
University Hospital, Central Denmark Region, in this cross-
sectional study. The exclusion criteria and the diagnosis of
biopsy-proven NAFLD were as previously published.'' The

metabolic profile and the liver and inflammatory status of
the patients were described by biochemical markers. The
aminopyrine breath test was used to assess the metabolic
liver function and was conducted on 14 patients including all
NASH patients and in 10/14 healthy persons. It is expressed
as percentage dose recovery (PDR) peak (%/h) as previously
described."" The 14 controls were healthy, age- and sex-
matched persons (5 female, median age 37 (range 22-61))
with BMI <25 kg/m? and no clinical signs or histories of
liver disease. Plasma from 10 controls (7 male, median age
of 36 years (range, 22-61 years)) was available for the
in vitro stimulation experiment. All participants provided
written informed consent prior to study inclusion and the
study was conducted in accordance with the Helsinki
Declaration. The study was approved by the Central
Denmark Region Ethics Committee (1-10-72-140-14) and
the Danish Data Protection Agency (1-16-02-322-15).

Sample Collection

Blood was collected from the fasting study participants in
heparin and EDTA vacuum tubes. Standard biochemical
analyses were performed by routine analysis using accre-
dited laboratory assays at the Department of Clinical
Biochemistry, Aarhus University Hospital. For the neutro-
phil assays, the heparinized blood samples were kept on
ice and the assays started within 30 minutes of the bleed.
The EDTA tubes were centrifuged for 10 minutes and the
plasma was stored at —80 °C for later analysis.

Neutrophil Phenotyping and Function

Surface staining of neutrophils was performed on whole
blood with optimized amounts of fluorochrome-conjugated
antibodies —C DI16-APC, CD11b-APC-CY7, CD62L-
FITC, TLR4-Biotin (Becton Dickinson (BD), San Diego,
CA, USA) - following lysis of erythrocytes with FACS
lysis solution (BD, USA). All samples were analyzed
immediately after preparation. To detect IL-8, the neutro-
phils were permeabilized with Cytofix-Cytoperm (BD,
USA) following surface staining with CD16 and CDI11b.
Following washing with Perm Wash (BD, UK), the cells
were stained intracellularly with IL-8-PE (BD, USA) and
immediately analyzed on the flow cytometer. Neutrophil
oxidative burst was measured by the PhagoBurst kit
(Orpegen Pharma, Heidelberg, Germany) following the
manufacturer’s instructions. Oxidative burst is reported in
unstimulated neutrophils (spontaneous oxidative burst), as
well as after stimulation with formyl-Met-Leu-Phe (fMLP)
(low burst), PMA (high burst), or opsonized E. coli
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(phagoburst) as previously published.'? All patient sam-
ples were run in triplicates and the median of the tripli-
cates reported. All patient neutrophil assays were analyzed
on a FACS Canto II analyzer (BD, USA).

Healthy Neutrophil Incubation with Study

Participants’ Plasma

Blood from a healthy, non-smoking volunteer with nor-
mal neutrophil counts and no strenuous exercise or
alcohol intake in 2 days prior to the bleed was drawn
into heparin-coated tubes, and the neutrophils were iso-
lated by polymorphprep (Alere A/S, Denmark) as pre-
viously published.'”> From each study participant
(NAFL, NASH and healthy controls), 100 pL plasma
was added to 300 pL healthy neutrophil suspension and
incubated at 37 °C for 2 hours. For IL-8 detection, 2 puL
1:10 diluted GolgiStop was added during incubation.
The neutrophils were harvested and stained for CD11b,
CD62L, CD16, TLR4 and IL-8 as described above. To
examine the plasma-induced burst, 20 pl rhodamine
was added and following incubation for 20 minutes at
37 °C, washing and centrifuging, the samples were
resuspended in PBS. The samples were all analyzed
immediately after preparation on a MACS Quant
(Miltenyi Bergisch  Gladbach,
Germany). Unstained samples and fluorescence minus

Analyzer Biotec,

one were included as controls.

Data Analyses and Statistics

Data analysis was conducted in FlowJo (Treestar Inc,
Ashland, OR, USA) and reported as percentage positive
cells or median fluorescence intensity (MFI). Statistical
analyses were performed in Stata Version 14.2
(StataCorp, TX, USA) and figures designed in GraphPad
Prism version 9 (GraphPad Software, CA, USA). One-way
analysis of variance (ANOVA) was used on normally
distributed data and Kruskal-Wallis analysis for skewed
data to investigate differences among the groups: NAFL,
NASH, and healthy persons. An unpaired #-test was used
for intergroup comparisons in normally distributed data,
and for skewed data Mann—Whitney test was used.
Fisher’s exact test was used for ordinal data. Spearman’s
rank correlation coefficient (p) is given for correlation
analyses, which were performed on the whole NAFLD
group. P < 0.05 in a two-tailed test was regarded as

statistically significant.

Results

Patients

The 14 NAFL and the six NASH patients were compar-
able except for higher plasma alanine transaminases, tri-
glyceride, and glucagon in the latter (Table 1). There were
no differences in blood inflammatory markers such as
C-reactive protein or leukocyte count. Moreover, liver
biopsy inflammation scores were similar, but NASH
patients were diagnosed by the presence of hepatocyte
ballooning and fibrosis, all mild grade 1 fibrosis
(Table 2). The aminopyrine breath test was comparable
between both patient groups (PDR-peak 5.2 + 2%/hour vs
4.2 £ 2.4%/hour, p =0.41) but significantly lower than in

the healthy persons (7.3 + 1.9%/hour; p=0.04, p=0.01).

Blood Neutrophils Have a Primed

Phenotype in NALFD

In the blood, neutrophils from the NASH patients had
nearly a doubling in their expression of CD62L compared
with neutrophils from both NAFL and healthy persons
(Figure 1A). Neutrophils from the NAFL and NASH
patients on average had a 50% and 100%, respectively,
increased expression of the activation marker CDI11b

Table | Clinical and Biochemical Characteristics of the Patients
with Non-Alcoholic Fatty Liver Disease

NAFL NASH p

(n=14) (n=6)
Age (years) 40 = 11 3715 0.6
Gender (n, % female) 5 (36) 1 (17) 0.6
BMI, kg/m? 37 85 38 83 0.8
ALT, U/l 64 £40 110 £51 0.04*
Bilirubin, pmol/l 8 142 7 £24 0.7
Albumin, g/l 3919 38 £2.7 0.7
Platelets, 10%/] 253 +59 273 +77 0.5
Total cholesterol, mmol/l 45 +0.8 523 %15 0.19
HDL, mmol/l 1.2 £0.3 1.0 £0.3 0.26
Triglyceride, mmol/l 1.2 (0.7) 2 (0.6) 0.04*
Glucose, mmol/Il 6.0 £0.5 6.6 £0.7 0.08
Glucagon, pmol/l 10.4 +2.0 14.9 +2.7 0.004*
Leukocytes, 10°/1 7.2 £2.7 59 £1.2 0.3
Neutrophils, 10%/I 2.99 +0.80 3.19 +0.63 0.6
NLR 1.40 +0.38 1.72 041 0.14
CRP, mg/l 5.0 4.5 3.7 £29 0.6
Soluble CD163, mg/| 2.2 0.6 29 1.1 0.07

Notes: Estimates are given as mean + SD or median (IQR). Student’s t-test or Wilcoxon
rank-sum test, Fisher’s exact test was used for ordinal data. *Marks p-values <0.05.
Abbreviations: NASH, non-alcoholic steatohepatitis; BMI, body mass index; ALT,
alanine transaminase; AST, aspartate transaminase; HDL, high-density lipoprotein ;
NLR, neutrophil-to-lymphocyte ratio.
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Table 2 Liver Histopathology of the Patients with Nonalcoholic
Fatty Liver Disease

NAFL NASH

(n=14) (n=6)
Steatosis’, ny/3 2/4/8 0/0/6
Inflammation?, no// 2/12/0 0/6/0
Ballooning‘t, N 0/0 4/2
NAS scoref 4 (1-4) 5 (5-6)
Fibrosis score’ all 0 all la

Notes: Estimates are given as number of patients except for ¥ where median
(range) is given. TBased on steatosis activity fibrosis (SAF) score, SBased on
Kleiner fibrosis score.

Abbreviation: NAS, non-alcoholic fatty liver disease activity score.

(Figure 1B). There was no difference in neutrophil expres-
sion of CD16 between the groups (data not shown).
Similarly, there was no difference in the expression of
TLR4 on neutrophils the (p=0.2)
(Figure 1C).

among groups

High IL-8 and Spontaneous Oxidative
Burst in Blood Neutrophils from NASH

Patients

In the blood from NASH patients, the frequency of IL-
8-producing neutrophils was about twice that of both the
NAFL patients and the healthy persons (Figure 2A).
Additionally, the NASH blood neutrophils had nearly
a doubling of the spontaneous oxidative burst (MFI) com-
pared with those from NAFL patients and healthy persons.

The frequency of neutrophils with spontaneous oxidative
burst was similar among the groups (Figure 2B and C).
The same pattern was observed for the fMLP-induced low
burst (MFI), which was higher in neutrophils from NASH
patients whilst the frequency of neutrophils producing an
oxidative burst in response to fMLP stimulation did not
differ among the groups (Figure 2D and E). The oxidative
burst in neutrophils exposed to PMA and E. coli was not
different among the groups (data not shown).

Higher Neutrophil Spontaneous
Oxidative Burst is Related to Worse

Liver Function and Glycemic Control

In all NAFLD patients, higher spontaneous oxidative burst
MFI (PDR-peak p=—0.56; p=0.04) and lower frequency of
IL-8-positive neutrophils (PDR-peak p=0.57; p=0.03)
were associated with a lower aminopyrine breath test.
Also, higher neutrophil activation as measured by CD11b
MFI was associated with higher plasma triglycerides
(p=0.50, p=0.04), and higher frequencies of IL-8-positive
neutrophils were associated with higher blood glucose
(p=0.54, p=0.02).

NAFLD Plasma Does Not Increase but
Rather Depresses Neutrophil Activation

and Function in vitro
The incubation of healthy blood neutrophils with plasma
from the NAFLD patients compared with healthy plasma

A B C
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Figure | Peripheral neutrophils are activated in patients with non-alcoholic fatty liver disease. The neutrophil activation markers (A) CD62L and (B) CDI Ib and (C) the
toll-like receptor (TLR) 4 were quantified on fresh neutrophils from peripheral blood by flow cytometry. Receptor expression is presented as median fluorescence
intensities (MFI) of CD 16" neutrophils and compared between patients with non-alcoholic steatohepatitis (NASH), non-alcoholic fatty liver (NAFL) and healthy subjects

(rank sum test). Figures show median and interquartile range.
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Figure 2 Functional priming of peripheral neutrophils in NASH patients. By flow cytometry, we measured (A) the frequency of IL-8-producing neutrophils in blood from
patients with non-alcoholic steatohepatitis (NASH), non-alcoholic fatty liver (NAFL) and healthy subjects. Whole blood was incubated for 20 minutes at 37 °C and the
conversion of dihydrorhodamine to rhodamine was measured without stimulation (B and C) (spontaneous oxidative burst) and in the presence of formyl-methionyl-leucyl-
phenylalanine (fMLP) (D and E) (low oxidative burst). The median fluorescent intensity (MFl) of rhodamine and the percentage of rhodamine-positive neutrophils are
presented and compared among the groups (Kruskal-Wallis, rank sum test). Figures show median and interquartile range.

showed no sign of the NAFLD plasma increasing neutro-
phil activation or function. On the contrary, the NAFLD
plasma incubated neutrophils displayed a slightly but sys-
tematically lower expression of CD62L compared with the
neutrophils incubated with plasma from healthy persons,
and the NAFL plasma in the same way decreased CD11b
expression (Figure 3A and B). Functionally, the NASH
patient plasma likewise reduced the frequency of IL-8-pro-
ducing neutrophils and NAFL plasma also the frequencies
of neutrophils producing an oxidative burst compared with
plasma from healthy persons (Figure 3C and D).

Discussion
Our study of NAFLD patients demonstrates an activation
and functional priming of blood neutrophils and most

markedly so in those patients with NASH. Moreover, we
show that declining liver function and lack of glycemic
control are associated with the degree of these findings.
Unexpectedly, we found that plasma from NAFLD
patients seemed to exert some de-activating effect on
healthy neutrophils (Figure 4).

We report increased expression of CD62L and CD11b
on blood neutrophils in NASH and a modest increase in
CDI11b across all NAFLD patients. The expression of
these receptors reflects priming of the neutrophils for
migration to tissues. This is different from patients with
cirrhosis, acute-on-chronic liver failure, and acute liver
failure where CDI1b expression is reported to be
unchanged while another activation receptor, CD16, is
down-regulated, which we did not observe in our
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Figure 3 Plasma from NASH patients depress neutrophil activation and function. Neutrophils from a healthy volunteer were freshly isolated from peripheral blood and
incubated with plasma from the study participants for 2 hours. The neutrophils were then harvested and the expression of the activation markers (A) CD62L and (B)
CDI Ib, (C) interleukin-8 and (D) dihydrorhodamine conversion to rhodamine, the oxidative burst, were measured by flow cytometry (Kruskal-Wallis, rank sum test).

Figure displays median, interquartile range.

NAFLD patients.”'* Thus, our finding may be specific to
NAFLD, in line with experiments showing different
migration receptors being involved in different types of
liver injury.">'® Our data may suggest that neutrophil
migration, including into the liver, could be involved in
the progression of NAFL to NASH.'” This is in accor-
dance with other studies on liver biopsies showing histo-
logically markedly more neutrophils and higher CD62L
expression in NASH than in NAFL patients.®'®

The blood neutrophils from our NASH patients had an
increased IL-8-production and a higher spontaneous- and
low oxidative burst. The activated neutrophils described in

NASH liver infiltrates are suggested to cause oxidative

stress, liver injury, activation of macrophages and stellate
cell collagen synthesis.*'” Our study may add to the
understanding of these mechanisms by indicating that
NASH blood neutrophils, in addition to being prepared
for migration, also are functionally primed. The neutrophil
aggressiveness of NASH thus seems to be initiated already
in the blood stream. The immediate explanation would be
that factors present in the plasma of NASH patients are
responsible, but as discussed below, this seems not to be
the case, calling for alternative explanations.

When we exposed healthy blood neutrophils to plasma
from NAFLD patients and healthy persons, we observed
a modest but consistent downregulation by NAFLD
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Figure 4 Summary of findings.

plasma of CD62L and CD11b and also of IL-8 and oxida-
tive burst, which was the opposite to the phenotype of
patient neutrophils. This finding was contrary to our
a priori expectations based on findings in alcoholic hepa-
titis, where the blood neutrophil dysfunction was imitated
in the healthy neutrophils incubated with patient plasma.’
This is also notable because we observed in the NAFLD
patients an association between higher patient neutrophil
CDI11b expression and higher plasma triglycerides and
glucose which might suggest that the plasma milieu
could induce the activated neutrophil phenotype, in ana-
logy with data linking glucose and fats to immune
activation.”’>>* Although this might support that specific
plasma factors could contribute to neutrophil priming, our
data collectively suggest factors other than those present in
plasma to be responsible for the aggressive blood neutro-
phil phenotype.

One possible alternative explanation would be that
aggressive neutrophils to some extent exit the liver into the
blood stream after becoming primed in the liver. Such
“reverse transendothelial migration” as phenomenon actually
occurs is currently debated. It breaks with the understanding
that neutrophils undergo apoptosis after recruitment to sites
of inflammation and thus move unidirectionally.?**
Nonetheless, neutrophils described to have undergone
reverse migration have a high oxidative burst, such as we

Plasma

describe in NASH blood neutrophils.*® In support of this
possibility, the only identifiable factors distinguishing our
NAFL from our NASH patients were indeed liver specific,
ie, fibrosis and hepatocyte ballooning. This is also in line
with the association we report between higher resting oxida-
tive burst in patient neutrophils and worse metabolic liver
function as measured by aminopyrine breath test.

Our study is limited by its small sample size and
particularly the low number of NASH patients. Still, the
unidirectional signals we obtained in our migration recep-
tors and functional readouts and the consistent reversal of
these findings by the plasma incubation, taken together
corroborate our data.

Treatment options to halt the progression of NALFD
are warranted, and biomarkers to predict progression are
needed. As our data suggest blood neutrophils to be
involved in disease progression, they may serve both as
a marker of disease progression and be a treatment target.
One of the currently available treatment options, which
has shown some effect on NASH resolution is vitamin E.?’
Vitamin E is an antioxidant and has in different experi-
mental settings been demonstrated to lower neutrophil
chemotaxis supporting the possibility of neutrophils as
treatment targets.”* ° Future studies in this field may
explore the hypothesis of neutrophil reverse migration
from the liver to identify, which receptors may be
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involved. This could delineate possibilities to dampen the
increased neutrophil activation and form the basis for
targeting specific receptors as a therapeutic strategy.

In conclusion, blood neutrophils from NASH patients
are primed to increased activation, function and migration.
This does not happen in patients with only NAFL. The
degree of this neutrophil priming is more marked with
lower liver function and glycemic control. However, the
aggressive neutrophil status was found not to depend on
factors present in plasma from NASH patients, whereas
such plasma to the contrary to some degree counteracted
the NASH neutrophil changes we observe. This remains
unexplained but if confirmed may suggest that some blood
neutrophils in NASH patients might derive from the
inflammatory intrahepatic environment and are exported
to the blood. In this case, a vicious inter-organ circle
in which the
perpetually maintains and aggravates the neutrophil

seems to be established liver self-
aggressiveness that may be a mechanism for the fatty
liver disease progression to fibrosis and ultimately
cirrhosis.
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