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Abstract

Patients with acute-on-chronic liver failure (ACLF) have a high probability of
developing systemic inflammation and sepsis due to immune dysregulation.
Fifty-nine patients with ACLF (12 without and 19 with systemic inflammation,
and 28 with sepsis) were serially monitored for clinical and immunological
changes at baseline, 6 hours, 24 hours, day 3, and day 7 following hospi-
talization. Ten healthy controls were also included. At all time points, soluble
plasma factors and monocyte functions were studied. Patients with ACLF and
systemic inflammation showed higher interleukin (IL)—6, vascular endothelial
growth factor-a, monocyte chemoattractant protein 1, and macrophage inflam-
matory protein 1p than patients with no systemic inflammation. Patients with
ACLF with sepsis had raised (p < 0.001) levels of IL-1Ra, IL-18, and triggering
receptor expressed on myeloid cells 1 (TREM1) compared to patients with
ACLF-systemic inflammation. Five of the 19 (26.3%) patients with systemic
inflammation developed sepsis within 48—72 hours with a rapid rise in plasma
levels of IL-1Ra (1203-35,000 pg/ml), IL-18 (48—114 pg/ml), and TREM1
(1273—-4865 pg/ml). Monocytes of patients with ACLF with systemic inflamma-
tion and sepsis showed reduced human leukocyte antigen—DR but increased
programmed death ligand 1 (PD-L1) and T-cell immunoglobulin and mucin
domain-containing protein 3 (TIM3) (p < 0.04) expression with increased
ETosis by monocytes at baseline and until day 7. Conclusion: High and rising
levels of plasma IL-1Ra, IL-18, TREM1 soluble factors, and increased suppres-
sive monocytes (PDL1*"¢, TIM3"'®) at baseline can stratify patients with ACLF
at high risk of developing sepsis within 48—72 hours of hospitalization.
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PLASMA FACTORS, SUPPRESSIVE MONOCYTES PREDICT EARLY ACLF SEPSIS

INTRODUCTION

Acute-on-chronic liver failure (ACLF) is a distinct syn-
drome of liver failure in a patient with chronic liver
disease presenting with jaundice, coagulopathy, and
ascites and/or hepatic encephalopathy, developing an
acute hepatic insult and associated with high 28-day
mortality.“‘3] Most patients with ACLF with severe al-
coholic hepatitis develop systemic inflammation with
multi-organ failure. Chronic ethanol abuse and liver
disease lead to intestinal dysbiosis, increased intestinal
permeability, and translocation of bacteria.

The systemic inflammation results from a cytokine
storm in response to acute hepatocellular injury, which
may subsequently lead to immunoparesis and devel-
opment of sepsis.*! Patients with ACLF with systemic
inflammation have a high chance of developing sepsis,
leading to multiple organ failure and high short-term
mortality.[z]

White blood cell (WBC) count, C-reactive protein
(CRP), and procalcitonin (PCT) levels are currently
being used for the diagnosis and monitoring of in-
fections.’! Unfortunately, there are few circulating
bio-markers of sepsis in the setting of systemic inflam-
mation in patients with ACLF. Such tests can help early
stratification of patients requiring treatment in the in-
tensive care units. CRP is an acute phase protein that
is synthesized and secreted in the liver and belongs
to the late-onset infection index, as it is increased
about 24-48 hours after bacterial infection.>®! PCT
is a prohormone of calcitonin that is produced in the
neuroendocrine medullary C-cells of the thyroid gland
in healthy subjects.m Bacterial infection induces a
ubiquitous increase in the expression of CALC-I gene
and a constitutive release of PCT from all parenchy-
mal tissues and differentiated cell types throughout the
body.’®! Although PCT and CRP are considered the first
markers of inflammation, either alone or in combina-
tion they reliably predictor 28-day mortality in severe
sepsis and septic shock.l>1%! Additionally, high baseline
international normalized ratio, leukocyte counts, serum
creatinine, and low hemoglobin levels are documented
to be associated with poor outcome in patients with
ACLF!" and significantly increased pre-sepsin associ-
ated in conditions of sepsis with proportional rise with
severity of sepsis.l'?

Sepsis develops due to impaired immunity, al-
though innate immune cells act as first line of de-
fense and start the process of pathogen recognition
by pathogen-associated molecular patterns and pat-
tern recognition receptors and activation by damage-
associated molecular patterns or danger-associated
molecular patterns.m’] The immune status of patient
abruptly changes in ACLF condition and is not con-
stant during the hospital stay. The phagocytic activ-
ity of monocytes and neutrophils has been shown
to be defective in patients with ACLF, and studies

showed that using a pharmacological inhibitor of glu-
tamine synthetase,“‘” glucocorticoids, and granulo-
cyte colony—stimulating factor!™ restored phagocytic
and inflammatory capacity of monocytes in ACLF.!"®!
However, another study revealed that monocytes from
patients with severe alcoholic hepatitis had normal
phagocytosis but were defective in mitochondrial ox-
idative burst due to reduced expression of gp91phox
subunit of nicotinamide adenine dinucleotide phos-
phate (reduced form) oxidase.!"®

Immune paralysis is characterized by increased
soluble CD163, MER proto-oncogene, tyrosine kinase
(MERTK),"® and down-regulation of human leukocyte
antigen (HLA)-DR expression on monocyte."! It is
common in ACLF and is significantly associated with
the severity of organ failure, the risk of sepsis, and
high mortality. The intrinsic immune paralysis mecha-
nism of ACLF showed a decrease in pro-inflammatory
immune cells, and an increase in inhibitory im-
mune cells and anti-inflammatory substances in the
microenvironment.!"®!

Activated innate immune cells secrete both pro-
inflammatory and anti-inflammatory cytokines such as
tumor necrosis factor-a (TNF-«), interleukin (IL)—16, IL-
6, monocyte chemoattractant protein 1 (MCP-1), and
their imbalance drives ACLF condition to ACLF sys-
temic inflammation, resulting in monocyte and neutro-
phil dysfunction.”g‘zo] Recently, it has been reported
that, like neutrophils, monocytes also control patho-
gens by releasing extracellular traps (ETs) known as
“etosis.” Similar to neutrophils, during inflammation,
monocytes release ETs, which are dependent on the
oxidative burst capacity of the cell.21!

We aimed to identify the soluble factors as early
markers of development of systemic inflammation
and progression to sepsis, and compared these with
available biomarkers like CRP and PCT and possible
cause for immune paralysis in patient with sepsis. We
also studied the phenotypic and functional changes
in monocytes in different categories of patients with
ACLF from the time of hospitalization up to 7 days of
their hospital stay or death, whichever was earlier. We
additionally evaluated the predictive roles of different
soluble factors and monocyte changes as early bio-
markers of development of systemic inflammation and
sepsis in patients with ACLF.

PATIENTS AND METHODS
Patient recruitment

150 patients with ACLF were screened, 108 patients
were included in the study, and 42 patients were ex-
cluded (due to superadded viral infections, cardiopul-
monary disease, chronic kidney disease, co-existing
hepatocellular carcinoma, with a history of recent
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plasma exchange, or nonavailability of consent). Of the
108 patients, however, serial blood samples at admis-
sion and at all follow-up time points (6 hours, 24 hours,
day 3, and day 7) could be obtained only in 59 patients,
and these were finally included in the longitudinal study
cohort (Figure S1).

Patients with ACLF between 18 and 65 years of age
were included. The diagnosis of ACLF was based on
the Asian Pacific Association for the Study of the Liver
(APASL) definition.?? Systemic inflammation was con-
sidered by the occurrence of at least two of the follow-
ing criteria: (1) fever > 38.0°C or hypothermia < 36.0°C,
(2) tachycardia > 90 beats/minute, (3) tachypnea > 20
breaths/min, and (4) leukocytosis > 12 x 10%/I or leuco-
poenia < 4 x 10%1 (or immature forms).?®! The patients
were considered to be having sepsis if they had any
known or suspected infection at baseline, which was
later confirmed by positive bacteriological culture report
in addition to fulfilling the systemic inflammation crite-
ria.”?! Patients with ACLF without systemic inflamma-
tion and sepsis served as disease control for the other
groups.

Ten healthy subjects were enrolled in the study as
control for patients with ACLF. They had no prior his-
tory of any liver-related disease and were negative for
all hepatitis viral markers: immunoglobulin M hepatitis
A virus, hepatitis E virus, hepatitis B surface antigen,
anti—hepatitis C virus, human immunodeficiency virus,
cytomegalovirus, and herpes simplex virus.

According to the institute’s antibiotic policy, patients
with ACLF received prophylactic antibiotic at admis-
sion that was upgraded if sepsis was suspected or
confirmed. Choice of the antibiotics was based on the
microbial sensitivity patterns. Baseline sample was col-
lected before administration of antibiotics to the patient
(i.e., immediately after admission), and all follow-up
samples (6 hours, 24 hours, day 3, and day 7) were
after antibiotic treatment. Baseline clinical and labora-
tory data as well as follow-up data on the development
of cirrhosis complications, organ failures, and bacterial
infections were recorded in the Hospital Information
System. These data were used for calculating the Model
for End-Stage Liver disease (MELD) and APASL-ACLF
Research Consortium (AARC) scores.

Blood sampling

A total of 10—12 ml of blood was collected in ethylene
diamine tetraacetic acid tubes for the experiments. From
part of the blood sample, plasma was separated for vari-
ous biochemical, serological, and laboratory testing, and
stored aliquots at —80°C. The rest of the whole-blood
sample was used for immune phenotyping and isolation
of peripheral blood mononuclear cells (PBMCs) and pol-
ymorphonuclear leucocytes. Monocytes were then sepa-
rated from the isolated PBMCs.

Analysis of plasma soluble factors using
bead array assay

The concentrations of 40 plasma analytes were deter-
mined using plasma in different patient groups by using
multiplex procartaplex cytokine bead assay (details in
the Supporting Information).

Monocyte phenotyping

Fresh whole blood was used to analyze the CD14
and CD16 expression on monocytes (Figure S2), and
further HLA-DR and toll-like receptor 4 (TLR4) was
measured on monocytes by flow cytometry (details in
Supporting Information).

PBMC isolation

PBMCs were isolated from the blood of healthy sub-
jects and patients using Ficoll-hypaque density gradi-
ent centrifugation, and the isolated cells were frozen
in a medium (90% fetal bovine serum [FBS] + 10%
DMSO) and stored in cryocooler overnight at -80°C
and subsequently in liquid nitrogen (detailed protocol in
Supporting Information).

In vitro culture of adherent monocytes

Frozen PBMCs were used for isolating adherent mono-
cytes. Cells were thawed and rested overnight before
being counted using hemocytometer. A total of 1 x 108
isolated PBMCs were plated in six-well culture grade
plates (Eppendorf, Germany) with complete Roswell
Park Memorial Institute 1640 medium (RPMI-1640)
media (22400089; Gibco, Thermo Fisher) inclusive
of 10% FBS (10270-106; Gibco, Thermo Fisher) and
10 mM penicillin streptomycin (A001; Hi-Media,) for 2
hours (37°C, 5% CO,). After 2 hours, the nonadher-
ent cells were removed and adherent monocytes were
carefully washed with complete RPMI-1640 media and
gently removed using vigorous pipetting to detach the
adhered cells and immediately used for further experi-
ments. Adherent monocytes were further characterized
using CD14 and CD16 markers, and more than 80% of
the cells were found to be CD14+CD16+ve.

Monocytes and T cell co-culture assay

Monocytes by the adherent cell method as described
previously and T cells were isolated by magnetic sepa-
ration using CD4 (480010) and CD8 (480012) specific
microbeads from MojoSort kit (BioLegend). A total of
1 x 10° monocytes and 1 x 10° T cells were seeded in
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anti-CD3/anti-CD28-coated 96-well flat bottom plates
for 1 hours (37°C, 5% CO,). Cells were then stimulated
with lipopolysaccharide (LPS; 1 pg/ml; Sigma-Aldrich)
for 2 to 3 hours. After that, the cells were treated with
Brefeldin A (2 pug/ml; Cayman Chemical) and collected
after 4 hours. Later, cells were collected and stained
for monocyte and T-cell markers (details in Supporting
Information).

Oxidative burst activity in monocytes and
neutrophils

Oxidative burst activity of monocytes and neutrophils
was determined using Celonics Phagoburst kit (10-
0200) (Figure S3). Protocol was followed according to
manual instructions (details in Supporting Information).

ETosis by monocytes

The formation of extracellular traps by monocytes
(METosis) and neutrophils (NETosis) was analyzed
in healthy control and patients. Purity and viability of
PMNs were analyzed using CD11b, CD16, and pro-
pidium iodide in neutrophils isolated from healthy sub-
jects using polymorphoprep (Figure S4). LPS and IL-8
stimulation was used as positive control (details in
Supporting Information).

Quantitative real-time polymerase chain
reaction analysis

Complementary DNA prepared from total RNA isolated
from adherent monocytes (isolated from fresh PBMCs)
was used to study the expression of various genes (de-
tails in Supporting Information).

Statistical analysis

Statistical analysis was performed using Prism (version
6.01; GraphPad) and SPSS version 23 (IBM Corp Ltd.).
Data were compared using either t-tests for paired
analysis or nonparametric Wilcoxon signed test unless
otherwise stated and appropriate. The comparison for
continuous data is carried using one-way analysis of
variance/Kruskal—-Wallis test followed by probability ad-
justment by the Mann—Whitney U test or by Bonferroni
test post hoc comparison as appropriate and it is repre-
sented as mean = SD. The change over period of time
was seen using repeated-measure analysis followed
by post hoc analysis by least square deviation method.
Data with unequal distribution were used as medians.
Moreover, this multinomial logistics regression was also
applied along with diagnostic tests (receiver operating

characteristic [ROC] curve). The significance was seen
at 5%.

RESULTS
Demographic profile of patients

Fifty-nine patients with ACLF with or without clinical
systemic inflammation and sepsis (80% males) with
a high MELD were enrolled at the time of admission
(Table 1).

Most patients (94%) had severe alcoholic hepatitis
as a cause of acute deterioration, while the remaining
had drug-induced liver injury. Table 1 indicates that
patients with ACLF with sepsis have increased total
leucocyte count (TLC), pulse, neutrophil to lymphocyte
ratio (NLR), uric acid, indirect bilirubin, and creatinine
as markers of systemic inflammation compared with
no systemic inflammation. MELD was also significantly
increased in patients with sepsis compared to patients
with no systemic inflammation as indicators of severity.
Potassium and indirect bilirubin were also significantly
increased in patients with sepsis (Figure 1; Table 1).

Patients with systemic inflammation and sepsis had
decreased lymphocyte count and increased neutrophil
count compared to those without, which resulted in al-
tered NLR, which was significantly increased in sep-
sis compared to those with no systemic inflammation
(Figure 2A). There was no significant change in differ-
ential monocyte count as well as monocyte to lympho-
cyte ratio in patients with ACLF with or without clinical
systemic inflammation and sepsis (Figure 2A).

Markers of sepsis

Although CRP was increased in patients with ACLF,
there was no significant difference in those without
(median and range: 39.7, 6.7-117) or with systemic
inflammation (48.4, 15.5-174) or with sepsis (48.8,
1.7-158) (Figure 2B). PCT was significantly increased
from no systemic inflammation (median and range:
0.4, 0.12—-1.9) compared with the sepsis group (median
range: 0.9, 0.03-27.6) (p = 0.04) at the time of admis-
sion (Figure 2C). PCT also increased at 24 hours and
day 3 in patients with systemic inflammation, but the
change was not significant (Figure 2C). Patients were
followed until day 7 of their hospital stay, and repeated-
measure analysis revealed (Figure 2D) that TLC and
MELD were significantly increased in the groups with
systemic inflammation and sepsis at the time of admis-
sion and remained elevated.

Patients with sepsis showed increasing trend
of MELD and TLC at follow-up time points, but pa-
tients with systemic inflammation had almost the
same MELD and TLC as at the time of admission
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TABLE 1 Baseline characteristics of patients with ACLF at the time of admission

ACLF no systemic ACLF systemic
Variable HC inflammation inflammation ACLF sepsis p value p value

(between HC and (between

(mean % SD) (n=10) (n=12) (n=19) (n =28) ACLF groups) ACLF groups)
Age (years) 379+8.1 414+9.0 427 +12.4 46.5+11.9 ns ns
Temperature (°F) 98.4+0.4 98.5+0.5 98.3+0.2 98.5+ 0.6 ns ns
TLC (x1000 cells/mm?®) 8.6+1.8 99+46 15.7+54 17.3+149 ns ns
Respiratory rate 14.4+1.3 211+0.9 19.6+1.7 205+27  abc ns
Pulse (beats/min) 725+28 82.4+9.4 93.8+ 16 951+ 14 b ©
Bicarbonate 26+2.4 21.3+2.38 217+3.9 19.9+2.1 A ns
Hemoglobin (g/dl) 15.3+ 1.1 9.8+17 94+13 10+19  abe ns
Hematocrit 47.7+23  28.0%59 25.9%54 28.3+51  2P° ns
N (%) 62.7+5 71.8+14.2 71.7+£11.3 74.3+121 ns ns
L (%) 29.1+6.6 20.6+9.2 14.7 £ 9.1 12.5+9.1 B ns
M (%) 3322 1.5+6.7 9.7+17 10+4.6  aPC ns
E (%) 2+141 24+4 1.2+1 1.2+1 ns ns
NLR 22+05 51+4 6.9+6.5 108+95 ° ns
MLR 0.1+£0.08 0.8+0.2 11+04 12405 2abc ¢
Platelets (x1000 cells/ml) 2911+ 104.3 82.6+53.6 145.5 +£63.9 128.6 + 93 abe ns
Uric acid (mg/dl) 54+1.4 3.9+1.5 3.6+1 43+3 ns ns
K (meq/dl) 4107 3.8+0.6 3.6+0.6 53+54 ns ns
Direct bilirubin (mg/dl) 0.2 +£0.07 9.5+4.9 14+6.4 14+59  abe ns
Indirect bilirubin (mg/dl) 0.8+0.3 71132 8.3+2.6 M+52 abe °
AST (IU/L) 30+13.6 144.2+58.4 152.8 £78.8 160.4 + 98.2 b° ns
ALT (IU/L) 36.4+13.8 52.4+28 78 + 67 68.1+£60.2 ns ns
Serum ALP 75.8+42.3 100.8 +£27.4 79.8 +27.7 173.3£262.5 ns ns
Gamma-glutamyltransferase  15.1 + 801 70.6 +49.4 116.9 + 216.1 89.2+691 ns ns
T. protein (mg/dl) 6.9+ 1 6.9+0.9 57 +1 6.2+08 ° d
Albumin (g/dl) 3.8+0.8 25+0.3 22+05 21+06  2bc ns
Globulin 3107 4.4+0.9 3.8+0.6 10.3+30.7 ns ns
Creatinine (mg/dI) 1+£0.2 0604 0.8+0.5 1.5+1.2 ns ©
Total bilirubin (mg/dl) 1+0.3 15.9 + 8.2 24 +11.8 23.8+99 2bc ns
INR 0.7+0.3 22+05 28+1.2 24+09 abc ns
Na (meq/l) 1385+6.3 129.4+2.6 131.5+5.5 128.4+52  abe ns
MELD 0+0 246+23 29+3.3 30.3+6.4  aPc ©
MELD-Na 0+0 29+0.4 29.6 + 3.1 31.9+54  abec ns

Note: Analysis was done using Bonferroni post hoc test, and p values < 0.05 were considered significant.
Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; INR, international normalized ratio; ns, not

significant.

@HC versus ACLF no systemic inflammation.

PHC versus ACLF systemic inflammation.

°HC versus ACLF sepsis.

9ACLF no systemic inflammation versus ACLF systemic inflammation.
°ACLF no systemic inflammation versus sepsis.

(Figure 2D). Patients with no systemic inflammation
showed increased TLC and MELD at day 3 and day
7 (Figure 2D). In addition, patients with ACLF with-
out any clinical systemic inflammation also showed
significant (p < 0.05) deterioration from the time of
admission to day 7 in respiratory rate, hemoglobin,

hematocrit, neutrophils, and lymphocyte counts (Table
S3). However, patients with ACLF systemic inflam-
mation showed changes in MELD-Na within 6 hours
immediately after admission (Table S4). Respiratory
rate was also increased at day 1 compared to time
of admission, and this change was significant at day
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NO SYSTEMIC SYSTEMIC SEPSIS
INFLAMMATION INFLAMMATION
HGF IL6 IL-18
MIF VEGFA IL1RA
MMP7 MCP1 TREM1

i /@;

Wt A

LA

Suppressive monocytes

\\ IL-18
ILTRA
CD14+ CD14+ TREM1 CD14+
= i HLA-DR low HLA-DR low
HEA-DR high PDL1 + PDL1 ++
TIM3 + 48-72 hours TIM3 ++

FIGURE 1

Graphical abstract. Abbreviations: HGF, hepatocyte growth factor; HLA-DR, human leukocyte antigen—DR; IL, interleukin;

MCP1, monocyte chemoattractant protein 1; MIF, migration inhibitory factor; MMP7, matrix metalloproteinase 7; PD-L1, programmed death
ligand 1; TREM1, triggering receptor expressed on myeloid cells 1; VEGFa, vascular endothelial growth factor alpha

3 and day 7 from the 6-h time point. Similarly, uric
acid was increased at day 1 compared to O hours
and 6 hours, which was stabilized later at day 3 and
day 7 compared to day 1. Patients with ACLF sepsis
also showed a significant decline in hemoglobin and
hematocrit in the first 6 hours of hospital admission
(Table S5).

Soluble components at the time of
admission and follow-up

Distinct pattern of soluble factors in ACLF
with and without systemic inflammation

Along with deranged clinical parameters associated
with patients with ACLF, the cytokine profile of all three
groups was distinctly different at the time of admission
and in follow-up time points. As compared to healthy
subjects, patients with ACLF with no clinical systemic
inflammation showed markedly increased levels of
hepatocyte growth factor (HGF), migration inhibitory
factor (MIF), and matrix metalloproteinase 7 (MMP7)
(p =0.01, 0.001, and 0.0006, respectively) (Figure 3A).
These soluble factors had sustained expression at
all follow-up time points, as depicted in line graphs

(Figure 3B). The ROC curve of HGF also showed a
significant change in area under the receiver operating
characteristic (AUROC) with high sensitivity and speci-
ficity (0.963; p = 0.000) (Figure 3C).

We observed that patients with ACLF with systemic
inflammation had significantly higher levels of IL-6,
monocyte chemoattractant protein 1 (MCP1), macro-
phage inflammatory protein 1 beta (MIP-18), and vascu-
lar endothelial growth factor alpha (VEGFa) (p = 0.02,
0.003, 0.005, and 0.005, respectively) at the time of
admission compared to ACLF without systemic inflam-
mation (Figure 3D). These factors were significantly
and exclusively increased in these patients and contin-
ued until day 7 but not in the other groups (Figure 3E).
Increase in VEGFa and IL-6 predicted systemic inflam-
mation condition with AUROC of 0.945 with p = 0.000,
and 0.746 with p = 0.02 (Figure 3F). In addition, the line
diagram in Figure 3F showed that both patients with
systemic inflammation and patients with sepsis had sig-
nificantly increased VEGFa at baseline and in follow-up
time points. Furthermore, we observed that at the time
of admission, few plasma soluble factors like IL-17a,
IL-12p40, granulocyte-macrophage colony-stimulating
factor (GMCSF), IL-1Ra, transforming growth factor ,
angiopoietin, and eotaxin were drastically decreased
in patients with ACLF with or without clinical systemic
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cell [WBC] count) in patients with acute-on-chronic liver failure (ACLF) (no systemic inflammation, systemic inflammation, and sepsis) at
the time of admission. Dot plot graphs of neutrophil to lymphocyte ratio (NLR) and monocyte to lymphocyte ratio (MLR). (B) Dot plot graphs
showing C-reactive protein (in mg/l) in patients with ACLF (no systemic inflammation, systemic inflammation, and sepsis) at the time of
admission and at different time points (0 hour, 6 hours, 24 hours, day 3, and day 7). (C) Dot plot graphs showing procalcitonin (in ng/ml) in
patients with ACLF (no systemic inflammation, systemic inflammation, and sepsis) at the time of admission and at different time points (0
hour, 6 hours, 24 hours, day 3, and day 7). (D) Line plots showing total leucocyte count (TLC), neutrophil to lymphocyte ratio (NLR), and
Model for End-Stage Liver Disease (MELD) in patients with ACLF systemic inflammation and sepsis at 0 hour, 6 hours, 24 hours, day 3, and
day 7. Each data point in graphs (A)—(C) represents an individual sample, and horizontal line represents the mean value. One-way analysis
of variance (ANOVA) and Kruskal-Wallis test were performed for nonparametric data, respectively, and p < 0.05 was considered significant.

Abbreviations: CRP, C-reactive protein; PCT, procalcitonin

inflammation compared with healthy subjects (Table 2).  Marked increase of soluble factors in sepsis
Logistic regression model negatively predicted IL-12p40
and IL-17a for ACLF and ACLF systemic inflammation

with ROC (0.988 and 0.926 with p = 0.000; Figure S5).

At the time of admission, patients with ACLF with sepsis
showed significantly raised levels of IL-1Ra, IL-18, and
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FIGURE 3 Distinct pattern of soluble factors in patients with ACLF. (A) Dot plot graph represents concentrations of HGF, MIF, and
MMP7 in plasma (pg/ml) in healthy controls (HC) and patients with ACLF (no systemic inflammation, systemic inflammation, and sepsis)

at the time of admission. (B) Line plot represents the mean concentrations of HGF, MIF, and MMP?7 in patients with ACLF but no systemic
inflammation at 0 hour, 6 hours, 24 hours, day 3, and day 7. Red dot in graph represents mean concentration of analytes in HC to compare
with patients with ACLF without systemic inflammation. (C) Receiver operating characteristic (ROC) curve for HGF values obtained from

all patients with ACLF: area under the curve (AUC) = 0.963 (95% confidence interval [CI] = 0.735 to 1.0; p < 0.000). (D) Dot plot graph
represents concentrations of IL-6, monocyte chemoattractant protein 1 (MCP1), macrophage inflammatory protein 1 beta (MIP-1b), vascular
endothelial growth factor alpha (VEGFa) (pg/ml) in plasma of HC and patients with ACLF (no systemic inflammation, systemic inflammation,
and sepsis) at the time of admission. (E) Line plot represents the mean concentrations of IL-6, MCP1, VEGFa, and MIP-1p in patients with
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systemic inflammation: AUC = 0.945 (95% CI = 0.89-1.0; p < 0.000) for IL-6 and 0.746 (95% Cl = 0.75-1.0; p < 0.02) for VEGFa. Line plot
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and day 7. Each data point in (A) and (D) represents an individual sample, and horizontal line represents the mean value. One-way ANOVA
and Kruskal-Wallis test were performed for nonparametric data, respectively, and p < 0.05 was considered significant
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TABLE 2 Plasma concentrations of soluble factors in HC and in patients with ACLF with and without systemic inflammation

ACLF without systemic

ACLF with systemic

Analyte (pg/ml) HC (n =10) inflammation (n = 12) inflammation (n = 19) p value
IL-12p40 16.7£1.7 9.8+24 7.8+0.6 20.000, °0.000
IL-17a 104 £ 10.9 23.8+9.9 16+ 3.9 30.000, *0.000
GMCSF 4472 + 68.6 75.9 + 331 47.8+21.8 20.000, °0.000
IL-1Ra 3438 + 746 744 + 238 1365 + 660 30.014, °0.01
TGF-B 742 + 95 307 £ 74 348 £ 50 30.000, *0.000
Angiopoietin 883 + 259 3235 142.9 £ 60 30.07, ®0.06
Eotaxin 114.9 £ 31.7 88 £ 28.2 70+19.8 20.05, °0.06

Note: Data presented with mean and SEM.

Abbreviations: GMCSF, granulocyte-macrophage colony-stimulating factor; TGF-p, transforming growth factor beta.

Significance between HC and ACLF without systemic inflammation.
bSignificance between HC and ACLF with systemic inflammation.

TREM1 and had sustained rise in these factors in all
follow-up time points (Figure 4A,B). Repeated-measure
analysis revealed a continuous increase in TREM1, IL-
18, and IL-1RA in patients with sepsis compared to pa-
tients with or without systemic inflammation (Figure 4C).

Furthermore, we observed that out of 19 patients
with ACLF with systemic inflammation, 5 patients
started showing raised levels of IL-1Ra, IL-18, and
TREM1 within 24 hours of admission and developed
sepsis within 48—72 hours (Figure 4D). Serum IP10
level was also increased in the first 6 hours during pro-
gression from systemic inflammation to sepsis in a few
patients, but this was not consistent and showed a fall
by 24 hours (Figure S6).

IL-1Ra and TREM1 were able to predict sepsis at
the time of admission with AUROC of 0.831 and 0.71
(Figure 4E). Combined ROC curve shows that area
under the curve (AUC) of IL-18, IL-1Ra, and TREM1
is 85.6%, 85.4%, and 71.7%, respectively (Figure 4F).
Messenger RNA (mMRNA) expression analysis in iso-
lated monocytes revealed that along with increased
soluble factors in plasma, monocytes from patients
with sepsis also had increased expression of /[-18 and
TREM1, and TREM1 downstream signaling molecules
DNAX-activation protein 12 (DAP12) also known as
TYRO protein kinase-binding protein (TYROBP), bru-
ton tyrosine kinas (BTK), and high mobile group box 1
(HMGBT1) (Figure S7).

Cellular components

Reduced HLA-DR but increase in PDL1 and
T-cell immunoglobulin and mucin domain-
containing protein 3 expression in monocytes

Soluble factors in the plasma are representative of
immune response but they do not elucidate the im-
mune cell status; therefore, we have dynamically ana-
lyzed monocyte functionality. At admission, circulating

monocyte numbers was not significantly different in
patients compared to healthy controls (Figure 5A), but
when we compared percentage and mean fluores-
cence intensity (MFI) of HLA-DR expression on mono-
cytes, it was significantly low in patients of ACLF with
systemic inflammation and sepsis compared to patients
with ACLF without it and controls (Figure 5B).

During all follow-up time points, in the patients with
systemic inflammation and sepsis, despite standard-
of-care treatment, there was persistent low MFI of
HLA-DR expression (Figure 5C). There was no signifi-
cant change in the HLA-DR expression in the patients
with ACLF without systemic inflammation.

With loss of HLA-DR, circulating monocytes showed
gain of programmed death ligand 1 (PD-L1) and T-cell
immunoglobulin and mucin domain-containing protein
3 (TIM3) expression as a suppressive phenotype in
patients with ACLF systemic inflammation and sep-
sis (Figure 5D). Furthermore, ex vivo LPS-stimulated
monocytes from patients with ACLF systemic inflam-
mation and sepsis showed significant increase in the
single and dual expression of PD-L1 and TIM3 positiv-
ity (Figure 5E).

Decreased protective and functional ability of
monocytes with increased expression of
PD-L1, TIM3, and METosis

Monocyte phenotype may mirror the magnitude of in-
flammatory immune response in patients but does not
assure cellular functionality; therefore, we analyzed
monocyte functionality in patients with ACLF.
Monocytes showed decreased oxidative burst activ-
ity in all patients. Spontaneous oxidative burst activity of
monocytes was severely compromised in all patients, es-
pecially in patients with sepsis (Figure 6A). Furthermore,
ex vivo stimulated monocytes revealed that either with
low (fMLP) or high (E. coli and phorbol 12-myristate
13-acetate [PMA]) stimulus, oxidative burst activity of
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FIGURE 4 Plasma soluble factors in sepsis. (A) Dot plot graph represents concentrations of TREM1, IL-18, IL-1Ra, and MIP-3a (pg/
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in patients with ACLF sepsis and table listing the AUC, SEM, and significance of the analytes

monocytes in sepsis remained low. ACLF systemic in-
flammation monocytes showed little better oxidative
burst activity with E. coli and PMA, but it was still insig-
nificant (Figure 6A). Neutrophils from patients with sepsis
revealed decreased oxidative burst activity compared to
healthy and no systemic inflammation (Figure S8).

Monocytes from patients with systemic inflamma-
tion and sepsis ACLF showed increased PD-L1 and
TIM3 expression, and when these monocytes were
co-cultured ex vivo with T cells from healthy subjects
with and without LPS stimulation (Figure 6B), it was
observed that T cells showed increased expression of
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programmed cell death-1 (PD-1) and TIM3 after the co-
culture (Figure 6C,D).

Furthermore, we observed increased release of ex-
tracellular traps (ETosis) in monocytes of patients with
ACLF with systemic inflammation and sepsis, which in-
dicates increased cell death.

In fact, when monocytes of healthy subjects were
stimulated with plasma of patients with ACLF with
systemic inflammation and sepsis, we observed that
healthy monocytes started to generate extracellular
traps (METosis) similar to when they are stimulated with
PMA and IL-8-positive controls (Figure S9). Although
we observed increased extracellular traps by neutro-
phils (NETosis) in patients with systemic inflammation

and sepsis compared to no systemic inflammation,
the METosis phenomenon was more dominant than
NETosis (Figure S9).

When monocytes and natural killer cells encounter a
new infection, they undergo epigenetic reprogramming,
which confers trained immunity resulting in prepared-
ness for future recurrence. Hence, the monocytes
were assessed for trained immunity by analyzing gene
expression through real-time polymerase chain reac-
tion, which showed decreased mRNA levels of hypoxia
inducible factor 1 alpha subunit, phosphatase and
tensin homolog, and AKT. This is indicative of dimin-
ished functionality of monocytes and hence a subdued
trained immune response (Figure S10).
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FIGURE 6 Functionality of monocytes. (A) Dot plot graphs represent the percentage of oxidative burst activity of monocytes,
spontaneously (without stimulation), fMLP (low stimulation), E. coli (high stimulation), and phorbol 12-myristate 13-acetate (PMA) (high
stimulation as positive control) in HC and patients with ACLF. (B) The healthy CD4+ T cells (low programmed cell death-1 [PD-1] and TIM3
expression) with suppressive monocytes (high PD-L1 and high TIM3 expression) cells co-cultured and stimulated by lipopolysaccharide
(LPS) for 2 hours. CD4 T cells expressed high PD-1 and high TIM3. (C) Bar graphs represent the percentage of CD4 total, CD4 with

PD-1, and CD4 with Tim3 cells on nonstimulated and stimulated with LPS in HC and the ACLF group (no systemic inflammation, systemic
inflammation, and sepsis). (D) Bar graphs represent the percentage of CD8 total, CD8 with PD-1, and CD8 with TIM3 cells on nonstimulated
and stimulated with LPS in HC and the ACLF group (no systemic inflammation, systemic inflammation, and sepsis). Each data point in (A)
represents an individual sample, and horizontal line represents the mean value. One-way ANOVA and Kruskal-Wallis test were performed
for nonparametric data, respectively, and p < 0.05 was considered significant

DISCUSSION

ACLF results from an acute injury in a patient with a
pre-existing chronic liver disease, resulting in a high 4-
week mortality. Sepsis is the most common trigger for
organ failure and results in increased mortality. Only a
few biomarkers of sepsis have been identified in pa-
tients with ACLF.

The results of this prospective and longitudinal study
show dynamic evolution of soluble and cellular factors
in patients with ACLF who transitioned from systemic in-
flammation to sepsis. The results of our study highlight
that high and rising levels of three plasma soluble fac-
tors (IL-1Ra, I1L-18, and TREM1) and increased number

of suppressive monocytes (PDL1™® and TIM3*'®) at
baseline can clearly identify the patients with ACLF
who are at high risk of developing sepsis within 48—72
hours of hospitalization.

Clinically, along with bacterial sample culture positiv-
ity, rise in WBC, CRP, PCT, and presepsin are used as
systemic inflammatory and sepsis markers. However,
bacterial culture assay is time-consuming, and its delay
can result into severe pathogenesis.®~® CRP, PCT,
and presepsin alone are also of limited utility due to
low sensitivity and specificity. PCT has caught attention
as a specific and early marker for systemic inflamma-
tion and sepsis, but it is unreliable due to false pos-
itives (i.e., increased in noninfectious conditions®%),
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and false negatives may remain low in infections.’®!
Furthermore, to evaluate the usefulness of CRP and
PCT together, a multicenter study evaluated CRP as
more predictive than PCT. However, compared with ei-
ther CRP or PCT, an increase in both was associated
with the greater mortality rate.!

In our study, CRP and PCT levels were found to be
raised in patients with ACLF with systemic inflammation
and sepsis compared to no systemic inflammation, but
this increase was not significant. Furthermore, despite
increased CRP and PCT levels, it was difficult to eval-
uate progression from systemic inflammation to sepsis,
as there was no change from day 1 to day 3.

Therefore, an array of plasma soluble factors includ-
ing cytokines, chemokines, growth factors, and matrix
metalloproteinases were used to evaluate progression
from systemic inflammation to sepsis.

Elevated levels of pro-inflammatory cytokines in pa-
tients with liver cirrhosis were correlated with changes
in microbiome and clinical complications.[10‘12'18‘2°]
Cytokines and growth factors play a pivotal role in the
regulation of the local immune microenvironment and
establishment of systemic inflammation. Therefore,
serum biomarkers can be used for identifying the criti-
cally ill patients who require quick diagnosis and treat-
ment of sepsis for improved prognosis.

Recently, six proteins including MIP3a, E-selectin,
and HGF were found to be increased in hepatitis B
virus—induced ACLF.?¥l Although increased inflam-
matory response in the initial hours was evidently
documented, ! dynamic changes in the pattern of
inflammatory response in patients with ACLF with or
without systemic inflammation and sepsis were not
known.

We have observed distinct alteration of cytokines,
growth factors, and matrix metalloproteinases in pa-
tients with ACLF with or without systemic inflammation
and sepsis at the time of admission. Increased levels
of HGF, MIF, and MMP7 may have a role in develop-
ing ACLF and systemic inflammation in patients with
no clinical systemic inflammation, as enhanced MIF
results in stimulation of pro-inflammatory cytokines
related to systemic inflammation.’?®! MIF interacts with
CD74, chemokine (C-X-C motif) receptor 2 (CXCR2),
and CXCR4 expressing major histocompatibility com-
plex Il (MHC IlI)—positive macrophages, lymphocytes,
dendritic and endothelial cells, and induce production
of TNF-a, interferon gamma (IFN-y), IL-1B, IL-6, and
IL-8 pro-inflammatory cytokines.?6=28 On activation,
CXCR4 and CXCR2 also promote the recruitment of
lymphocytes and neutrophils.[zgl Neutralization or dele-
tion of MIF confers protection from LPS-induced septic
shock.[?82% At the same time, rise in matrix metallopro-
teinases remodels the intestinal layer for increased per-
meability, as it was evident that MMP7-deficient mice
had reduced LPS-induced intestinal permeability and
bacterial translocation.2%3"

Although sustained rise in MIF, MMP7, and HGF re-
flects the systemic inflammation, additionally VEGFa
and MCP1 were positively correlated with MELD and
AARC score in ACLF systemic inflammation (0.619
[p < 0.032] and 0.827 [p < 0.001]). However, increase
in these factors also supports the liver rejuvenation and
regeneration.

Furthermore, MCP1 and VEGFa being inflammatory
induces chemotaxis to recruit monocytes and con-
fers them from M1 to M2 during liver injury.l'-20:32:33]
Although, in systemic inflammation, MCP-1 and VEGF
support the monocyte recruitment, these factors were
also associated with their tolerant functions,*?~*¥ dis-
ease severity, and act as an independent predictor of
hospital readmission.?

In this study, patients with systemic inflammation
moved to sepsis condition within 72 hours; however, it
was observed that TREM1 was significantly increased
in patients within 12 hours of admission. In liver,
TREM1 played a role as master regulator of Kupffer
cell activation, which escalates chronic liver inflamma-
tory responses.[35] Raised TREM1 not only promotes
pro-inflammatory cytokine secretion but also mobilizes
neutrophils and monocytes to the site of injury and is
involved in liver injury and fibrosis.!3°! Recently, another
group also proposed increased TREM1 and pre-sepsin
as potential biomarkers for development of sepsis in
patients with ACLF.13¢!

Deletion of TREM1 reduced liver injury, inflamma-
tory cell infiltration, and fibrogenesis, and reconsti-
tution of Trem1-deficient mice with Trem1 supported
the recruitment of inflammatory monocytes and the
severity of liver injury. Activation of TREM1 signal-
ing is facilitated through signaling adaptor protein
DAP12.B"I We also observed increased downstream
molecules of TREM1 signaling, HMGB1, DAP12, and
BTK in monocytes of patients with sepsis, confirm-
ing involvement of TREM1 in increased inflammation
and promotion from systemic inflammation to sepsis
condition.

After brief stimulation, naive innate immune cells,
especially monocytes, undergo a series of epigen-
etic and metabolic changes. This induces a lasting
change in phenotype, so that these cells mount an
altered response to secondary unrelated stimuli. It
is observed that IL-18 and IL-1Ra was drastically in-
creased in patients with sepsis. Although IL-1 family
members modulate trained immunity in monocytes,
they also have a strong role in systemic inflammation
and matrix biosynthesis inhibition.*®3° Both I1L-18
as pro-inflammatory accounted for IFN-y production
and apoptosis,[‘“’] but IL-1Ra as anti-inflammatory
antagonizes IL-1a, IL-1p, and IL-36.1" Therefore,
antagonists to IL-1Ra are being considered as the
most effective targeting therapy for inflammation."
Recently, it is observed that the IL-1 family (especially
IL-18 and IL1Ra) not only confers inflammation but
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also intrinsically modulates monocytes for protective
trained immunity.[38]

In parallel to the systemic inflammation, immu-
nosuppression is evident in patients with ACLF with
multi-organ failure.[242-44 Monocytes of patients with
ACLF showed immunosuppressive behavior by re-
duced HLA-DR, increased MERTK, impaired phago-
cytic ability, compromised antibacterial response and
antigen presentation, and decreased ex vivo cytokine
production following LPS stimulation, but elevated IL-
10 secreting cells. 45461 Immunosuppressive behav-
ior of monocytes supported their impaired phagocytic
capacity, chemotaxis, and resting oxidative burst in
“Golden Window” phase, which led to the development
of secondary infections, sepsis, multi-organ failure, and
death.

In this study, patients with ACLF systemic inflamma-
tion and sepsis had severely decreased HLA-DR ex-
pression with higher PD-L1 and TIM3 expression at the
time of admission and follow-up time points. Indeed,
PDL1*TIM3*® suppressive monocyte from patients
with sepsis induced T-cell suppression in healthy sub-
jects. PD-L1-expressing monocytes promoted T-cell
apoptosis in tertiary lymphoid organs in patients with
sepsis, and PD-L1 blockade reversed the dysfunctional
monocytes and inhibited lymphocytes apoptosis.[47'48]

The suppressive monocytes appeared to be associ-
ated with high risk of nosocomial infections, increased
morbidity, and mortality.[48] Earlier, suppressive mono-
cyte functionality was reversed with pharmacological
inhibitor, and glutamine synthetase showed biological
relevance in reversing the immunosuppressive mono-
cytes in cirrhosis.["!

Therefore, we believe that increased PD-L1 and
TIM3 expression not only blunts phagocytic response
of monocytes but also does metabolic rewiring to make
them tolerant suppressive monocytes. Furthermore,
monocytes of patients with ACLF with no clinical sys-
temicinflammation sets into trained protective immunity;
however, increased surge of IL-18 and IL-1Ra in sepsis
condition may revoke the monocyte protective immu-
nity and change to be pro-inflammatory monocytes.

We conclude that systemic liver inflammation and
increase in VEGFa and MCP1 in patients with ACLF
with no systemic inflammation drive monocyte recruit-
ment from bone marrow to rescue further deterioration.
However, increased TREM1 and IL-1Ra change pro-
tective monocytes into suppressive monocytes with in-
creased PD-L1 and TIM3 expression. We propose that
TREM1, IL-1Ra, and IL-18 measurement at baseline
and serial follow-up can predict sepsis early.
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