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Highlights:
e Patients with acutely decompensated cirrhosis are immunocompro-
mised and have higher predisposition to infections.

* scRNA-seq and FACS analyses demonstrate the expansion of the
B-cell compartment in mononuclear leukocytes exposed
to albumin.

e Polymorphonuclear leukocytes exposed to albumin also exhibit
enhanced neutrophil antimicrobial functions.

® Analysis of RNA-seq data in patients receiving albumin shows upre-
gulated signatures related to B cells and neutrophils.

® These findings provide mechanisms by which albumin reduces
the incidence of infections in patients with acutely decom-
pensated cirrhosis.
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Impact and implications:

Patients with acutely decompensated cirrhosis receiving albu-
min as treatment have a lower incidence of infections. The
reason for this protection is currently unknown, but the present
study provides data that support the ability of albumin to boost
the antimicrobial functions of immune cells in these patients.
Moreover, these findings encourage the design of controlled
clinical studies specifically aimed at investigating the effects of
albumin administration on the immune system.
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Background & Aims: Patients with acutely decompensated (AD) cirrhosis are immunocompromised and particularly susceptible
to infections. This study investigated the immunomodulatory actions of albumin by which this protein may lower the incidence
of infections.

Methods: Blood immunophenotyping was performed in 11 patients with AD cirrhosis and 10 healthy volunteers (HV). Bulk and
single-cell RNA sequencing (scRNA-seq) and flow cytometry were performed in peripheral blood mononuclear cells (PBMCs) from
20 patients with AD cirrhosis and 34 HV exposed to albumin. Albumin’s effects on degranulation, phagocytosis, chemotaxis, and
swarming of neutrophils from six patients with AD cirrhosis and nine HV were assessed by measuring myeloperoxidase enzymatic
activity, the engulfment of fluorescent-labeled Escherichia coli and zymosan, and interactions of neutrophils with Candida albicans
at single-cell resolution in microfluidic chambers, respectively. Whole blood RNA sequencing (RNA-seq) analyses were performed
in 49 patients admitted for severe AD cirrhosis, of whom 30 received albumin during hospitalization.

Results: Compared with HV, patients with AD cirrhosis showed severe lymphopenia and defective neutrophil antimicrobial
function. Bulk and scRNA-seq analyses revealed significantly (false discovery rate [FDR] <0.05) increased signatures related to B
cells, myeloid cells, and CD4™ T cells in PBMCs incubated with albumin. Changes in the B cell population were confirmed by flow
cytometry. Neutrophils exposed to albumin also exhibited augmented chemotactic and degranulation responses, enhanced
phagocytosis, and increased pathogen-restrictive swarming. RNA-seq data analysis in patients who had received albumin
revealed specific upregulation of signatures related to B cells and neutrophils together with transcriptional changes in CD4* T cells
(FDR <0.05).

Conclusions: The finding that albumin promotes the transcriptional reprogramming and expansion of the B cell compartment and
improves neutrophil antimicrobial functions indicates mechanisms that may lower the incidence of infections in patients with
severe AD cirrhosis receiving albumin therapy.

© 2024 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

Acute decompensation is the most frequent cause of nonelec-
tive hospital admission of patients with cirrhosis, and its most

and reduced lymphocyte function.® Immunosuppression pre-
disposes patients with acutely decompensated (AD) cirrhosis to
secondary infections and re-escalation of end-organ dysfunction

severe form, acute-on-chronic liver failure (ACLF), is character-
ized by hepatic and/or extrahepatic organ failures and high risk
of short-term death.’® These patients exhibit intense systemic
inflammation, indicated by Ieukocytosis,z’3 elevated blood levels
of cytokines, inflammatory lipid mediators, and C-reactive pro-
tein (CRP)."*™° These patients also exhibit immunosuppression,
indicated by decreased responses of specific monocyte subsets
to bacterial products,®” decreased capacity to kill microbes,®%°
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and mortality.’® To date, there are no therapies to prevent or
treat patients with AD cirrhosis who are immunocompromised or
have an impaired immune response. This unmet need is more
striking given the ramping prevalence of patients with AD
cirrhosis infected with Gram-positive or Gram-negative bacteria
resistant to antibiotics."

Albumin therapy is common in patients with AD cirrhosis,
including patients treated with large-volume paracentesis and
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patients with spontaneous bacterial peritonitis (SBP) or hep-
atorenal syndrome-acute kidney injury (HRS-AKI).'? Recently,
the ANSWER study has demonstrated a lower incidence of
SBP and other infections in patients with AD cirrhosis receiving
long-term weekly administration of albumin.'® In addition, al-
bumin administration has emerged as an efficacious anti-
inflammatory therapy, reducing cytokine levels in patients
with AD cirrhosis and ACLF.' Although albumin pleiotropic
effects have classically been attributed to its oncotic and
antioxidant properties,’® recent data on leukocytes from pa-
tients with AD cirrhosis have shown that albumin modulates
cytokine production in response to bacterial DNA by interacting
with the endosomal TLR9 signaling pathway.'® The albumin
immune restorative effects have also been linked to inactivation
of the immunosuppressive effects of PGE,. However, at pre-
sent, a comprehensive and deep understanding of the immu-
nomodulatory actions of albumin in the setting of AD cirrhosis
is still lacking.

To assess this, we designed in vitro experiments and per-
formed bulk and single-cell RNA-sequencing (scRNA-seq) and
functional assays in peripheral blood mononuclear cells (PBMCs)
and neutrophils from patients with AD cirrhosis and healthy vol-
unteers (HV). Confirmatory in vivo whole blood RNA sequencing
(RNA-seq) studies were performed in 30 patients with severe AD
cirrhosis receiving albumin therapy and in 19 non-albumin-
treated patients with AD cirrhosis from the PREDICT study.'’
The results of this investigation revealed that albumin induces
specific immune cell gene signatures primarily related to the
revitalization of B cell and neutrophil defensive functions in pa-
tients with AD cirrhosis. These findings expand our understanding
of the mechanisms whereby albumin lowers the rate of infections
in patients with cirrhosis and improves survival.

Patients and methods

Patients

For immunophenotyping and in vitro experiments in PBMCs,
peripheral blood was obtained from 20 patients with AD
cirrhosis recruited at the Liver Intensive Care Unit of the Hos-
pital Clinic of Barcelona and 34 HV from the Barcelona Hospital
Clinic Blood Bank (Table S1). For neutrophil experiments, pe-
ripheral blood was obtained from six patients with AD cirrhosis
and nine age-matched HV (Table S2). Whole blood bulk RNA-
seq was performed in 10 HV and 49 patients with AD
cirrhosis from the PREDICT study,'” of whom 30 had received
albumin therapy (see Supplementary methods for selection
criteria). All patients provided written informed consent to
participate, and approval was granted by the Ethics Committee
of the Hospital Clinic of Barcelona (#HCB/2016/0710, #HCB/
2018/0899 and #HCB/2015/0427).

Immunophenotyping and isolation of PBMCs and
neutrophils

See Supplementary methods.

PBMC incubations

PBMCs (1.5-3.0 x 10° cells/ml) seeded in RPMI 1640 medium
were incubated with either human serum albumin (HSA, Albu-
tein®, Grifols, Barcelona, Spain), recombinant albumin
expressed in Oryza sativa (Sigma-Aldrich, St Louis, MO, USA)

(both at 15 mg/ml), or a vehicle control for 24 h at 37 °Cina 5%
CO, incubator. For comparison, experiments with the iso-
oncotic compound mannitol (Sigma-Aldrich) (15 mg/ml),
albumin-depleted FBS (15% total volume), and IgG from human
serum (Sigma-Aldrich) (15 mg/ml) were also performed. Albumin-
depleted FBS was prepared using the Pierce™ Albumin Deple-
tion Kit, and depletion was verified using the bicinchoninic acid
assay. In some experiments, PBMCs were incubated with the
neonatal Fc receptor (FcRn) blocking antibody ADM31 (Aldev-
ron, Fargo, ND, USA) (10 ng/ml) before the addition of albumin.

Bulk RNA-seq in whole blood

Isolation of total RNA from whole blood collected in Tempus
tubes, assessment of RNA concentration and integrity, library
preparation, sequencing, and processing of RNA-seq data are
described in the Supplementary methods.

Bulk RNA-seq and real-time PCR in PBMCs
See Supplementary methods.

scRNA-seq in PBMCs

PBMCs (1.5 x 108 cells/ml) seeded in RPMI 1640 medium were
incubated with either HSA (15 mg/ml) or the vehicle (culture
medium) for 2 h at 37 °C in a 5% CO, incubator. At the end of
the incubation period, cells were rapidly (within 30 min) trans-
ferred on ice to the CNAG Single Cell Genomics platform (see
Supplementary methods).

Neutrophil degranulation and phagocytosis assays
See Supplementary methods.

Neutrophil chemotaxis and swarming assays

A chemotaxis—phagocytosis assay in microfluidic arenas'® was
used to test the role of HSA on the ability of neutrophils to
migrate directionally toward and to phagocytose Candida albi-
cans yeast. A swarming assay was used to test the contribution
of HSA to the ability of neutrophils to contain the growth of
Candida clusters. To this purpose, arrays of Candida-adherent
spots (200-um diameter) were printed using a microarray printing
platform (Picospotter PolyPico, Galway, Ireland) and a solution
of poly-I-lysine (Sigma-Aldrich) (see Supplementary methods).

Results

Characterization of the blood immune cell landscape in
patients with AD cirrhosis

The peripheral immune cell landscape was characterized by
flow cytometry in a representative population of patients with
AD cirrhosis in whom HSA administration was indicated as
standard of care. Compared with HV, patients with AD cirrhosis
showed neutrophilia, severe lymphopenia, and monocytosis
(Fig. 1A). Lymphopenia affected CD8" lymphocytes and natural
killer (NK) cells (Fig. 1B). The analysis of CD45*CD19" B lym-
phocytes, which included the study of distinct B cell subsets
defined using specific gating strategies (Fig. 1C), also revealed
a decline of B and transitional B cells in patients with AD
cirrhosis, suggesting impaired B-cell development and
maturation (Fig. 1D).
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Fig. 1. Peripheral immune cell landscape of patients with AD cirrhosis. (A) Peripheral blood cell counts in 10 HV and 11 patients with AD cirrhosis. (B) Peripheral
blood immunophenotyping of T cells, CD4* and CD8" T cells, and NK cells in HV and patients with AD cirrhosis. (C) Scatterplots of the flow cytometry analysis showing
the gating strategy to identify the different B cell subtypes, including plasmablasts (CD45"CD19*CD38**CD27*"), transitional (CD45"CD19*CD38"*CD24*IgD*CD27"),
naive (CD45*CD19*IgD*CD27 CD24"°*IgM"*), marginal (CD45*CD19*IgD*CD27*CD24""IgM**), and switched (CD45*CD19*IgD"CD27*IgM"). (D) Proportions of B
cells and subpopulations in the peripheral blood of HV and patients with AD cirrhosis. Box and whisker graphs in panels A, B, and D represent the median (IQR). Lower
and upper box borders indicate the 25th and 75th percentiles, respectively. Lines within each box indicate median percentage. Whiskers above and below each box
indicate maximum and minimum values, respectively. Significance between groups was obtained using Wilcoxon-Mann-Whitney tests. AD, acutely decompensated;

HV, healthy volunteers; NK, natural killer.

In vitro response of mononuclear leukocytes from patients
with AD cirrhosis to HSA

To investigate the direct effect of HSA on immune cells
avoiding any confounding factor present in the patient’s
bloodstream, we first performed experiments in vitro in PBMCs
isolated from patients with AD cirrhosis. To accurately assess
the global transcriptional changes elicited by albumin, we
performed bulk RNA-seq and identified differentially expressed
(DE) gene sets by gene set enrichment analysis (GSEA).
This analysis identified two clusters of gene sets related to
B-cell-mediated immunity, B-cell activation, immunoglobulin
complexes, immunoglobulin receptor binding, immunoglobulin
production, immune response mediated by immunoglobulins,

JHEP Reports, November 2024. vol. 6 | 101184

and the B cell receptor signaling pathway that were significantly
enriched in PBMCs incubated with HSA (Fig. 2A). Among the
gene clusters enriched by HSA, we also identified three gene
sets related to the Fc receptor signaling pathway (Fig. 2A). HSA
also induced the enrichment of two additional gene set clus-
ters, one related to T cells and DNA and protein complexes and
the other to antimicrobial responses, phagocytosis recognition,
and defense response against bacteria (Fig. 2A). To exclude the
possibility that the effect of HSA on PBMCs could be caused
by the presence of stimulatory serum factors bound to its
molecule and retained during its manufacturing, we repeated
the experiments using recombinant human albumin from Oryza
sativa. These experiments confirmed that the activation of the B
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cell transcriptome by albumin is an intrinsic property of this
molecule (Fig. 2A). Similar results were observed in PBMCs
isolated from HV, indicating that the effect of albumin on B cells
was not exclusive to patients with cirrhosis (Fig. S1). Moreover,
enrichment analysis identified several leading-edge genes
coding for immunoglobulins increased by both HSA and re-
combinant albumin (Fig. 2B). To assess whether the effect of
HSA on immunoglobulin expression was related to its oncotic
properties, we compared the effects of HSA with those of the
iso-oncotic control mannitol, 1I9G, and albumin-depleted FBS
and demonstrated that leading-edge immunoglobulin genes
were only upregulated by HSA (Fig. 2C).

FcRn is implicated in the B cell response to HSA

Having shown that albumin enhances the expression of gene
sets related to the Fc receptor signaling pathway, we explored
whether the B cell stimulatory effect of HSA was mediated by
its binding to FCcRn, an Fc receptor that binds albumin with high
affinity.’® The normalized enrichment score (NES) for the
immunoglobulin complex in PBMCs incubated with HSA in the
presence of an FcRn-blocking antibody was lower than that in
PBMCs incubated with HSA alone (Fig. 2D and E). Consistent
with this, immunoglobulin genes showed a less preferred po-
sition in the ordered ranked list of genes in PBMCs incubated
with HSA in the presence of the FcRn blocker than in PBMCs
incubated with HSA alone (Fig. 2F). Although these findings
suggest some implication of the FcRn receptor in the tran-
scriptional reconfiguration of B cells elicited by HSA, other re-
ceptors or mechanisms are also likely involved in this
transcriptional rearrangement.

Profile of the in vitro effects of HSA at the scRNA-seq level

We next used scRNA-seq to gain a deeper insight into the
multitiered complexity of the cellular composition of PBMCs
exposed in vitro to HSA for 2 h. We jointly analyzed 66,064
human PBMCs from nine patients with AD cirrhosis clustered
into B lymphocytes, T lymphocytes, and myeloid cells. Each
lineage was subclustered to define fine-grained cell pop-
ulations using canonical gene markers (Figs. S2 and S3). We
then analyzed 1,946 B lymphocytes and identified 10 principal
populations, including two subpopulations that acquired a
transitional-like B cell profile characterized by a higher
expression of CD79B, IGHD, and TCL1A (transitional 1 B cell)
along with a higher expression of CD55 (transitional 2 B cell)
(Fig. 3A). HSA increased the frequency of B cells expressing a
transitional-like profile while reducing naive B cells (Fig. 3B and
C). To further confirm that HSA induced transcriptional changes
resembling those of transitional-like B cells, we assessed the
expression of specific genes described by Steward et al.?° This

Research article

analysis proved the HSA-induced expression of TCL1A,
VPREB3, PCDH9, IGHM, and IGHD genes in transitional B cells
(Fig. S4). Importantly, HSA-induced increased frequency of
transitional-like B cells observed at the transcriptional level was
confirmed by flow cytometry at 24 h (Fig. 3D and E). Interest-
ingly and consistent with the essential role of alboumin in in vitro
B-cell growth,?" a significant increase in the B cell population
was detected by flow cytometry (Fig. 3E). However, albumin did
not expand any other B cell subset (Fig. S5A). In addition, no
effects on B cells were observed in response to albumin-
depleted FBS, mannitol, or IgG (Fig. S5B).

In addition to B cells, we also assessed 21,677 myeloid
cells, which clustered into 13 different cell populations of
monocytes (n = 7), dendritic cells (n = 3), and myeloid-derived
suppressor cells and granulocyte-monocyte progenitors (n =
3) (Fig. 3F). Fig. 3G and H shows that HSA increased the fre-
quency of monocytes with an HAVCR2" intermediate tran-
scriptional signature and plasmacytoid dendritic cells. The
HSA-induced shift in the HAVCR2* intermediate monocyte
population was unlikely attributed to the upregulation of surface
proteins resulting from cell attachment, as no changes were
observed in the expression of genes associated with monocyte
activation (.e. FCGR3A, CD80, CD86, ICAM1, ITGAM, CCR2,
and HLA)?? (Fig. S6A). HSA did not change the frequency of
other myeloid cell populations (Fig. S6B).

We also analyzed 17,467 T lymphocytes, including 12,692
CD4" T cells, 3,483 CD8"* T cells, and 1,292 unconventional T
cells. Interestingly, HSA modified the frequency distribution of
the 10 populations captured within the CD4* T cell compart-
ment (Fig. 31-K and Fig. S7). Specifically, HSA decreased the
frequency of activated memory CD4™ T cells while increasing
central memory ITGB1* CD4* T cells (Fig. 3K). Finally, no sig-
nificant changes were found upon HSA exposure within the 13
populations of CD8* T cells and unconventional T cells
(Fig. S8). Together, these observations confirmed at the single-
cell level the ability of HSA to reprogram the transcriptional
landscape of B cells and other mononuclear leukocytes iso-
lated from patients with AD cirrhosis.

In vitro response of polymorphonuclear leukocytes
(neutrophils) from patients with AD cirrhosis to HSA

To have a more comprehensive view of the effects of HSA on
blood immune cells, we designed in vitro experiments in neu-
trophils from patients with AD cirrhosis and HV. Given that
neutrophils express fewer genes than any other leukocyte and
that their lower RNA content complicates high-throughput
transcriptomic analysis,”® we tested the effects of HSA on
neutrophil function, including degranulation, phagocytosis,
chemotaxis, and swarming. As expected, neutrophils from

depleted FBS (Alb-dep FBS), mannitol (15 mg/ml), IgG (15 mg/ml), and HSA (15 mg/ml). Significant differences between groups were assessed using t tests. (D) Heat
map of the NES for the 10 representative B cell-related gene sets obtained for each of the following three comparisons vs. vehicle: HSA, recombinant albumin, and
FcRn blocker (10 pg/ml) plus HSA vs. vehicle. (E) Enrichment plots of the immunoglobulin complex in the three GSEA comparisons described in D. The leading-edge
genes are indicated by solid dots. The hash plots under GSEA curves show where the members of the gene set appear in each of the three ranked lists of genes. (F)
Rank order of each gene of the immunoglobulin complex gene set. The higher in the rank, the lower the importance. Values of p are ranked from Kruskal-Wallis tests,
followed by Mann-Whitney U tests. All FDR values are computed with adjustments for multiple testing and gene set size in the GSEA analysis. AD, acutely
decompensated; FcRn, neonatal Fc receptor; FDR, false discovery rate; GSEA, gene set enrichment analysis; HSA, human serum albumin; HV, healthy volunteers;
NES, normalized enrichment score; PBMC, peripheral blood mononuclear cell; RNA-seq, RNA sequencing.
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Fig. 3. scRNA-seq and flow cytometry analyses identify specific inmune cell changes in PBMCs exposed in vitro to HSA. (A) UMAP of 1,946 patients’ B cells
exposed to HSA and the vehicle, colored by cell types. (B) Overlay of HSA and vehicle exposure on the B lymphocyte UMAP. (C) Box plots for the proportion of B cell
populations that significantly changed after HSA exposure. (D, E) Scatterplots of the flow cytometry analysis showing the gating strategy to identify B and transitional B
cells and boxplots showing their proportions after HSA exposure. (F) UMAP of 21,819 patients’ myeloid cells exposed to HSA and the vehicle, colored by cell
populations. (G) Overlay of HSA and vehicle exposure on the myeloid cell UMAP. (H) Box plots for the proportion of myeloid cell types that significantly changed after

JHEP Reports, November 2024. vol. 6 | 101184



patients with AD cirrhosis showed impaired antimicrobial
functions, including impaired phagocytosis, which is consistent
with previous studies,’ as well as reduced neutrophil chemo-
taxis and swarming (Fig. S9). Incubation of neutrophils from
both patients with AD cirrhosis and HV with either HSA or re-
combinant human albumin increased degranulation, as
assessed by myeloperoxidase (MPO) activity in the supernatant
(Fig. 4A), an essential antimicrobial protein localized mainly to
the azurophil or primary neutrophil granules.24 Incubation of
neutrophils from both patients with AD cirrhosis and HV with
either HSA or recombinant human albumin also increased
phagocytosis, as monitored by the ingestion of fluorescent-
labeled zymosan particles by neutrophils (Fig. 4B). The
phagocytosis findings were confirmed using fluorescent-
labeled Escherichia coli (Fig. S10). We finally tested the effect
of HSA on neutrophil swarming, a defensive process in which
neutrophils undergo phases of highly directed and coordinated
migration, followed by accumulation at sites of infection that
culminate in the containment and killing of the intruding path-
ogen. Here, we used microfluidic devices that enable moni-
toring at single-cell resolution the neutrophil interactions with
Candida through morphology changes from yeast to hyphae
and hyphae growth.'® We also tested the effect of HSA on
neutrophil phagocytosis of live Candida. Neutrophils from pa-
tients displayed severe defects in their ability to control fungal
growth, as measured by the time it took for Candida hyphae to
escape the neutrophil swarm and the higher total area covered
by fungal growth (Fig. S9). The addition of HSA improved the
ability of neutrophils to restrict fungal growth in a
concentration-dependent manner (higher albumin leading to
greater restriction) (Fig. 4C). Imaging showed that in the pres-
ence of HSA, neutrophils swarmed around any Candida hyphae
clusters, phagocytosing them and delaying their growth
(Fig. 4D and Supplementary video). In vehicle controls, neu-
trophils delayed the growth of Candida but were not efficient
enough against clusters of Candida hyphae. These findings
reveal the ability of HSA to improve the defensive functions of
neutrophils isolated from immunocompromised patients with
AD cirrhosis.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jhepr.2024.101184

Translational study in patients with AD cirrhosis receiving
HSA as therapy

The study included 49 patients with AD cirrhosis at imminent
risk of ACLF at entry (T1) who developed ACLF during the index
hospitalization (T2) (Fig. S11A). Of the 49 patients, 30 received
HSA between T1 and T2 (albumin group), and 19 remained free
of HSA (non-albumin group). We assumed that investigating
patients exhibiting the most severe forms of AD cirrhosis with
the use of longitudinal data would limit the effect of
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interindividual variability on the assessment of HSA effects. The
clinical characteristics and laboratory data of all patients at T1
and T2 are given in Table S3. Characteristics were similar in
terms of standard laboratory values, including clinical differ-
ential blood counts for neutrophils, monocytes, and lympho-
cytes (Fig. S12A), which strongly correlated with RNA-seg-
inferred blood counts (Fig. S12B). As expected, patients pre-
sented organ failures, higher white blood cell counts, and
elevated levels of inflammatory markers at T2 compared with
HV (Tables S3 and S4).

We next considered characteristics at T1 and T2 in patients
in the albumin and non-albumin groups. In both groups, pro-
gression to ACLF from T1 to T2 was associated with significant
increases in the model for end-stage liver disease (MELD)
score. However, except for serum creatinine, which increased
at T2, there were no significant within-group changes regarding
the rest of longitudinally collected standard laboratory data and
circulating levels of inflammatory mediators (Table 1). However,
there were some in between-group differences. The delay be-
tween T1 and T2 was shorter in the albumin group than in the
non-albumin group. Compared with patients in the non-
albumin group, those in the albumin group had significantly
higher CRP, IL-6, and IL-10 levels at T1 and higher Chronic
Liver Failure Consortium organ failure (CLIF-C OF) score and
creatinine, CRP, IL-6, and MCP-1 levels at T2. Moreover, a
higher percentage of patients in the albumin group died by 28
and 90 days. The difference in survival was expected consid-
ering the higher prevalence of SBP and HRS-AKI in the albu-
min group.

Transcriptional characteristics of all patients at T1 and T2

Analyzing differentially expressed genes (DEGs) in two com-
parisons, T1 vs. HV and T2 vs. HV, we observed, as expected,
strong similarities between the two disease stages. Thus, the
number of DEGs was high in the two comparisons; that is, there
were 4,615 DEGs in T1 relative to HV and 4,529 in T2 relative to
HV. Of the 4,615 DEGs associated with T1, 3,929 (85%) over-
lapped with the DEGs assigned to T2 (Fig. S11B, top). By
comparing effect-size changes in T1 vs. HV with T2 vs. HV, we
observed a highly concordant magnitude of changes between
the two signatures (Fig. S11B, bottom). Next, we used Quan-
titative Set Analysis for Gene Expression (QUSAGE) to analyze
the differential expression of blood transcription modules
(BTMs). Among the 258 annotated BTMs, the total number of
DE BTMs (false discovery rate [FDR] <0.05) was 190 in T1 vs.
HV and 186 in T2 vs. HV (Fig. S11C, top; Table S5A). These
findings indicated extensive changes in the blood transcription
module space in both T1 and T2. Strikingly, only 20 BTMs had
specific differential expression relative to HV, in either T1 (12
modules) or T2 (eight modules), whereas 179 DE BTMs were
shared with a concordant sign, of which 108 were upregulated

HSA exposure. () UMAP of 12,692 patients’ CD4" T cells exposed to HSA and the vehicle, colored by cell types. (J) Overlay of HSA and vehicle exposure on CD4" T cell
UMAP. (K) Box plots for the proportion of CD4* T cells that significantly changed after HSA exposure. Fig. 3A-C and F-K have been designed using scRNA-seq in
PBMCs from nine patients with AD cirrhosis. (D) and (E) were designed based on results obtained by flow cytometry in PBMCs from 10 age-matched HV. Significant
differences between groups were assessed using paired t tests. AD, acutely decompensated; HSA, human serum albumin; HV, healthy volunteers; PBMC, peripheral
blood mononuclear cell; pDC, plasmacytoid dendritic cell; scRNA-seq, single-cell RNA sequencing; UMAP, Uniform Manifold Approximation and Projection.
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Fig. 4. Effects of HSA on the host defense function of neutrophils from patients with AD cirrhosis. (A) Neutrophils were incubated with cell medium (vehicle), HSA,
or recombinant human albumin (both at 15 mg/ml) for 2 h at 37 °C in a 5% CO, incubator. Neutrophil degranulation was assessed by measuring the MPO enzymatic
activity in the cell supernatants. (B) Phagocytic capacity assessed by incubating neutrophils with FITC-conjugated zymosan bioparticles alone or in the presence of
HSA and recombinant albumin for 60 min and compared with vehicle control. (C) Quantification of Candida albicans growth and neutrophil recruitment in the
microfluidic device. The size of Candida hyphae clusters was quantified based on the area of green fluorescence and is shown in green. The number of neutrophils
recruited was quantified and shown in blue. For the neutrophils-only condition, we compared the neutrophils entering the chambers in the presence of the vehicle
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and 71 downregulated (Table S5A). Fig. S11C (bottom) shows
the 20 top gene modules for shared upregulated BTMs and 20
top gene modules for shared downregulated BTMs. Shared
upregulated BTMs were related to innate immunity, including
those related to Toll-like receptors and inflammatory signaling,
interferon-alpha response, and innate immune cells (i.e. neu-
trophils, monocytes, and dendritic cells). Shared down-
regulated BTMs were related to T and NK cells and antigen
presentation. These results were consistent with those ob-
tained when analyzing gene signatures for the 10 main immune
cell types (Fig. S13A) and 29 fine immune cell types (Fig. S13B).
Collectively, our analyses of bulk blood RNA-seq data provided
consistent results that highlighted the similarity of the tran-
scriptional landscape in T1 and T2, both disease’s stages being
characterized by simultaneity between increases in gene sig-
natures related to innate immunity and decreases in gene sig-
natures related to adaptive immunity.

Whole blood gene signatures associated with
HSA treatment

We compared differential gene expression between T2 and T1
for the albumin and non-albumin groups and found that gene
signatures differed between the two groups. Indeed, 269 DEGs
(92 upregulated, 177 downregulated) were specific for the al-
bumin group, whereas 103 DEGs (64 upregulated, 39 down-
regulated) were specific for the non-albumin group; only 36
DEGs with a concordant sign were shared by the two groups
(Fig. 5A). Identification of DEGs using volcano plots (Fig. 5B)
illustrated the group specificity of both upregulated and
downregulated genes. A broad variety of immunoglobulin
genes (see below) and several major neutrophil genes (CD177,
OLFM4, PRG2, MPO, BPI, RETN, LCN2, CEACAMS, MCEMP1)
were upregulated in the albumin group (Fig. 5B, top), but not in
the non-albumin group (Fig. 5B, bottom). These findings agree
with the observed in vitro responses of B cells and neutrophils
to albumin. Because analysis of DEGs drew our attention to
immunoglobulin genes, we compared the effect-size changes
between T2 and T1 within each group for each of the 125 genes
(including 120 immunoglobulin genes) that are included in the
Gene Ontology gene set labeled ‘GOCC Immunoglobulin
Complex’. We found that effect-size changes were greater in
the albumin group (33 upregulated immunoglobulin genes) than
in the non-albumin group (only 6) (Fig. 5C). Gene coding for
constant regions of immunoglobulin heavy chains (IGHM,
IGHG2, IGHG3, IGHG4, and IGHA2) were specifically upregu-
lated in the albumin group. These findings are consistent with
the results of SingleR analysis, which showed increases in gene
signatures for plasmablasts that were specific for the albumin
group (Fig. 5D, top). Immunoglobulin genes that were specif-
ically upregulated in the albumin group also included genes for
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constant regions of immunoglobulin light chains kappa (/GKC)
and lambda (/GLCT1), genes for the V regions of the variable
domain of immunoglobulin heavy chains, and genes for the V
regions of the variable domain of light chains kappa and
lambda. The three genes that were specifically upregulated in
the non-albumin group were genes coding for the V regions of
the variable domain of immunoglobulin heavy chains (Fig. 5C).
Together these findings indicate an extensive upregulation of
gene coding for immunoglobulins that were specific for patients
who had received HSA.

Next, we applied QUSAGE to identify DE BTMs between T2
and T1 within each group. We first observed that the number of
DE BTMs was greater in the albumin group than in the non-
albumin group (36 vs. 6, respectively; Table S5B). Only one
DE BTM, related to endoplasmic reticulum, was specifically
upregulated in the non-albumin group (Fig. 5E). In sharp
contrast, 31 DE BTMs (13 downregulated, 18 upregulated) were
specific for the albumin group (Fig. 5E). Downregulated mod-
ules were related to erythropoiesis, cytoskeleton, or cell junc-
tion (Fig. 5E), whereas upregulated BTMs were related to
activated dendritic cells, complement and other receptors in
dendritic cells, cytokines, and chemokines (Fig. 5E). Upregu-
lated BTMs specific for the albumin group also comprised
modules related to B cells (including those related to enriched
in B cells, plasma cells, and immunoglobulins), mismatch
repair, cell cycle, and mitosis. Of note, upregulation of BTMs
related to B cells in the albumin group was confirmed after
adjusting the transcriptomics data by disease severity, as
estimated by the MELD score (Fig. S14). Moreover, a direct and
significant positive correlation was observed between the mean
daily HSA dose administered to the patients and the expansion
of the B cell compartment (Fig. S15). However, no evidence for
HSA induction of NF-kB, a transcription factor involved in B-
cell development and survival,?>?® was observed in our study
(Fig. S16). Of note, RNA-seqg-inferred signatures for T and NK
cells (Fig. 5D, middle and bottom panels; and Fig. S17A and B)
as well as gene modules related to these cells (Table S5B),
whose downregulation is a hallmark of patients with AD
cirrhosis without and with ACLF (Fig. S11C), remained all
downregulated among patients treated with HSA. Neverthe-
less, we observed that a BTM labeled ‘mitotic cell cycle in
stimulated CD4* T cells (M4.11)’ was specifically upregulated
among patients treated with HSA (Fig. 5E), which suggests
some activation of transcription in CD4* T cells. Consistent
with this, we found no overlap between member genes of the
M4.11 BTM and genes used for SingleR analysis of CD4* T
cells (Fig. S18). These findings were validated by scRNA-seq, in
which the gene signature score for this BTM across all CD4* T
cells computed using the Ucell package®” showed a signifi-
cantly higher cell density in HSA-treated cells relative to the
vehicle (Fig. S19).

(black) with the number of neutrophils in the presence of LTB, chemoattractant (100 nM; blue). Twelve chambers per condition were quantified, and three of them are
shown. (D) Microscopy images of neutrophil-Candida albicans interactions in microfluidic chambers. A similar number of Candida yeast was loaded in each chamber
(time T-0). Neutrophils were loaded outside the chambers. Neutrophils migrated to the chambers, attracted by Candida-released molecules. In the presence of HSA,
neutrophils actively phagocytosed Candida. Neutrophils swarmed around any Candida hyphae clusters, delaying their growth. In vehicle controls, neutrophils delayed
the growth of Candida but were not efficient enough to contain clusters of Candida hyphae. (A)-(D) were designed using functional assays in freshly isolated peripheral
neutrophils from six patients with AD cirrhosis and five age-matched HV. Significant differences between groups were assessed using paired t tests. AD, acutely
decompensated; HSA, human serum albumin; HV, healthy volunteers; LTB,, leukotriene B,; MPO, myeloperoxidase.
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Table 1. Characteristics of patients at time 1 (T1) and time 2 (T2) and deaths in the albumin and non-albumin groups.

Albumin group (n = 30) Non-albumin group (n = 19) p value
T2 vs. T1 T2 vs. T1 T1 T2
Characteristics T T2 T1 T2 (albumin group) (non-albumin group) (between groups) (between groups)
Markers of organ function
MELD score, mean + SD 19.2 + 5.3 27.0 £ 6.6 19.0 £ 5.7 24075 <0.01 0.01 0.92 0.17
CLIF-C OF score, mean + SD 70+£1.0 105+ 2.6 7413 8915 <0.01 <0.01 0.26 0.01
Organ system failure, n (%)
Liver failure 6 (20) 7 (23) 4 (21) 6 (32) 1 0.71 1 0.76
Kidney failure 0 (0) 23 (77) 0 (0) 13 (68) <0.01 <0.01 1 0.76
Circulatory failure 0 (0) 10 (33) 1(5) 1) <0.01 1 1 0.69
Cerebral failure 0(0) 6 (20) 0 (0) 0 (0) <0.01 1 0.82 0.31
Coagulation failure 0 (0) 4 (13) 0 (0) 4 (22) 0.12 0.10 1 0.01
Respiratory failure 0(0) 9 (30) 0(0) 0(0) <0.01 1 1 0.02
ACLF grade, no. (%)
1 0 (0) 13 (43) 0 (0) 13 (72) <0.01 <0.01 1 0.1
2-3 0(0) 17 (57) 0(0) 5 (28) <0.01 0.05 1 0.1
Precipitating events, n (%)
Infection as precipitant at T1 or 14 (47) 20 (67) 5 (26) 7 (37) 0.19 0.73 0.5 0.03
T2
Alcohol-related hepatitis as 14 (50) 14 (47) 7 (39) 7 (37) 1 1 0.4 0.21
precipitant at T1 or T2
Laboratory data
International normalized ratio, 1.6 (1.4-1.7) 1.6 (1.5-2.0) 1.5(1.2-1.8) 1.4 (1.3-2.2) 0.08 0.48 0.7 0.27
median (IQR)
Total bilirubin (mg/L), median 3.7 (2.0-9.0) 3.6 (2.4-11.3) 3.2 (1.3-9.5) 5.0 (1.0-13.5) 0.83 0.99 0.72 0.52
(IQR)
Serum creatinine (mg/dl), 2 (1.0-1.6) 2.7 (1.9-3.4) 1.4 (1.1-1.6) 2.1 (1.4-2.4) <0.01 0.01 0.59 0.02
median (IQR)
Serum sodium (mmol/L), mean 131 £ 5.8 133 + -8.4 134.0 £ 6.9 132 £ 6.9 0.31 0.53 0.18 0.74
+ SD
Serum albumin (g/dl), median 2.6 2.2-3.2) 3.0 (2.3-3.5) 7 (2.5-3.4) 3.0 (2.8-3.1) 0.21 0.36 0.23 0.89
(IQR)
White cell count ( x 10%/mm3), 8.3 (7.0-10.3) 11.9 (6.2-13.7) 6.6 (4.6-8.6) 8.1 (5.8-12.4) 0.06 0.12 0.14 0.31
median (IQR)
Absolute lymphocyte count 0.9 (0.6-1.3) 1.1 (0.7-1.6) 1 (0.8-1.5) 1.2 (0.8-1.8) 0.25 0.54 0.23 0.48
( x 10%/mm?®), median (IQR)
Absolute monocyte count 0.8 (0.6-1.1) 1.0 (0.6-1.3) 6 (0.3-1.0) 0.7 (0.6-0.9) 0.1 0.48 0.28 0.08
( x 10%/mm?®), median (IQR)
Absolute neutrophil count 6.1 (4.2-7.7) 8.9 (4.2-11.8) 4.0 (3.4-6.4) 4.5 (3.0-7.8) 0.12 0.73 0.15 0.05
( x 10%/mm?®), median (IQR)
C-reactive protein (mg/L), 31.3 (19.7-54.0) 33.5 (19.4-90.4) 13.3 (7.4-25.0) 16.1 (11.4-21.8) 0.5 0.69 <0.01 0.01
median (IQR)
Blood levels of protein mediators of inflammation (pg/ml), median (IQR)
Eotaxin 66.0 (43.9-97.1) 86.3 (58.6-104.1) 71.0 (43.7-121.0) 64.3 (50.1-121.9) 0.1 1 0.47 0.53
Granulocyte-colony 18.8 (4.4-43.2) 22.5 (9.0-73.8) 23.9 (7.6-99.6) 16.9 (3.6-70.9) 0.59 0.75 0.63 0.61
stimulating factor
IFN-02 10.0 (2.2-24.8) 16.8 (2.4-33.4) 12.8 (7.6-22.0) 17.6 (8.2-22.7) 0.43 0.5 0.68 0.97
IFN-y 33.3 (7.0-86.0) 23.8 (12.1-97.2) 19.2 (7.2-98.7) 25.9 (7.9-45.8) 0.93 0.84 0.76 0.57
IL-10 4.3 (1.7-7.2) 2.0 (0.8-6.1) 2.5 (1.1-3.3) 2.0 (0.3-3.9) 0.3 0.71 0.12 0.45
IL-1B 5.4 (3.1-10.8) 4.7 (2.3-13.0) 5.2 (1.8-9.7) 5.2 (1.9-8.7) 0.93 0.89 0.71 0.64
IL-6 24.7 (13.6-46.5) 52.5 (24.3-168.9) 9.3 (6.8-18.1) 16.9 (8.8-23.1) 0.16 0.1 <0.01 <0.01
IL-8 5.5 (3.5-10.7) 12.6 (4.0-18.1) 4.3 (2.6-13.0) 4.3 (1.0-9.0) 0.19 0.6 0.44 0.03
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0.15
0.71
<0.01
0.26
0.15
0.62
0.53

0.03
0.69
0.74
0.21
0.56
0.59
0.57

0.08
0.8
0.41
0.7
0.89
0.25

0.97
0.34
<0.01
0.38
0.08
0.31
0.17

4.7 (3.2-5.8)
237 (141-487)
198.5 (100-281)
13.3 (4.5-19.4)
15.2 (11.7-19.6)
35.6 (20.8-49.3)
7.6 (4.7-11.7)

2.4 (1.2-3.6)
214 (166-482)
176 (158-279)

8.5 (2-18)
15.9 (12-22.7)

37.6 (18.8-47.2)

5.2 (1.9-12.7)

13.1 (3.8-26.4)
231 (169-615)
349 (230-533)

15.2 (9-28.9)

19.9 (13.8-30.6)

35.3 (24-66.6)
6.3 (2.6-16.4)

10.0 (3.9-30.4)
231 (123-374)
179 (147-257)
11.6 (8.4-23.5)
30.8 (18.1-42)

4.3 (0.8-8.2)

15.7 (11.7-19.7)
number (%) of males (21 [70] and 12 [63], respectively). A higher percentage of patients in the albumin group than in the no-albumin group died by 28 days (30% [9/30] and 0%, respectively) and 90 days (67% [20/30] and 16% [3/

19], respectively).

Normal values for blood inflammatory mediators are shown in Table S4. There was no significant difference between the albumin and non-albumin groups in terms of age (mean + SD, 61.0 + 7.9 and 59.1 + 10.8 years, respectively) and

ACLF, acute-on-chronic liver failure; CLIF-C OF, Chronic Liver Failure Consortium organ failure; MELD, model for end-stage liver disease.
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Discussion

The results of the current investigation contribute to under-
standing the mechanisms by which albumin administration is
associated with a lower rate of infections and better survival in
patients with AD cirrhosis. The investigation was performed
in vitro in peripheral leukocytes and in vivo in patients with AD
cirrhosis receiving albumin therapy. The investigation used
cutting-edge technologies (i.e. bulk and scRNA-seq and
swarming assays in microfluidic arenas) and gold-standard
functional assays to assess leukocyte antimicrobial functions.
The results of this investigation revealed that albumin modu-
lates the peripheral immune system by attenuating B-cell
depletion and revitalizing neutrophil functions in patients with
AD cirrhosis.

To our knowledge, this is the first study to use longitudinal
transcriptomics to characterize the effects of albumin onimmune
cells in patients with AD cirrhosis. The design of the study,
particularly in those aspects related to the selection of patients,
was performed after considering that patients hospitalized with
ACLF, who are known to present an extremely dynamic clinical
course with marked changes in the magnitude of systemic
inflammation,®'” were clearly poor candidates for inclusion.
Other phenotypes, including ‘unstable’ and ‘stable’ AD cirrhosis,
were also not considered because they are associated with
moderate systemic inflammation, which may further decrease
during hospitalization, and we were interested in including only
patients with intense systemic inflammation to better assess
immune changes induced by albumin. For this reason, we chose
patients with AD cirrhosis with imminent risk of developing ACLF,
in whom the magnitude of systemic inflammation was similar to
that seen in ACLF. We included only patients who received al-
bumin for well-established indications (paracentesis, prevention
of HRS-AKI associated with SBP, or HRS-AKI treatment)'? even
though this would introduce the bias of higher severity in patients
receiving albumin. We did not select patients receiving albumin
within 1 month before T1, those with a too-long interval between
the two assessments of bulk blood RNA-seq, and those with a
delay of >10 days between the last dose of albumin and T2.
Finally, although albumin dosage and duration of treatment
varied according to indications, we decided to analyze data in all
patients irrespective of albumin dosage. The similarity of tran-
scriptional characteristics as well as most clinical characteristics,
standard laboratory values, and levels of cytokines in patients
with AD cirrhosis before and after developing ACLF confirmed
our assumption that patients included in the study were in a
relatively steady state of systemic inflammation during the study.

The major finding of the scRNA-seq and bulk RNA-seq in
blood cells from patients with AD cirrhosis was that albumin
administration triggered signals that caused an expansion of
the B cell compartments, and likely the CD4" T cell compart-
ments, while activating some mononuclear myeloid cells.
These findings are extremely relevant, considering that the
prevalence of bacterial infections at admission in patients with
AD cirrhosis is very high (37.3 and 25.1% in patients with and
without ACLF, respectively).'®?® Among the uninfected pa-
tients at admission, 46% with and 18% without ACLF develop
bacterial infection during hospitalization. The existence of a
profound impairment of the innate immune system, which is
highlighted by impaired neutrophil and monocyte antimicrobial
functions and lymphocyte depletion, likely explains such a high
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risk of infections in these patients.?® Of note, because changes
in immune-cell transcriptome seen after albumin administration
occurred in the absence of changes in albuminemia, the effects
of albumin on the transcriptome of immune cells cannot be
merely explained by correction of hypoalbuminemia but rather
by qualitative differences between the ‘commercial’ albumin
and the circulating endogenous albumin in patients with AD
cirrhosis, which is known to be post-translationally modified
and highly oxidized.*°

Some mechanisms could explain the effect of albumin on
immune cells. Immune cells can be activated by osmotic
stress.®" Therefore, the movement of water from cells to the
extracellular milieu (osmotic stress) could be a mechanism by
which albumin exerted immunomodulatory effects in our in vitro
cell experiments. However, we did not see the same response
in PBMCs incubated with mannitol, a compound sharing the
iso-oncotic properties of albumin. Another mechanism could
be the induction of NF-xB, a master transcription factor in B
cells®® that has been reported to be activated by albumin in a
human renal proximal tubule-derived cell line.?® However, in our
study, we did not find any sign of NF-«kB induction in response
to albumin. Because extracellular acidification is known to
reprogram immune cell responsiveness,* another possibility is
that a change in pH caused by albumin, which is a highly sol-
uble acidic molecule, could account for the activation of im-
mune cells. This can also occur at the intracellular level
because albumin is rapidly internalized by mononuclear
myeloid cells'® and intracellular acidification results in changes
in immune cell performance.33 In contrast, the interaction of
albumin with FcRn or with voltage-gated proton channels,
which leads to stimulation of phagocytosis and degranula-
tion, 93435 respectively, could mechanistically explain the
activation of neutrophil antimicrobial function by albumin. In

Research article

this regard, we observed that the immunostimulatory actions of
albumin in mononuclear leukocytes were partially inhibited by
an antibody blocking FcRn.

This study has some limitations. First, there is a difference in
severity between the two study groups. Second, our results are
mostly descriptive, which makes it difficult to directly prove
immune restoration by albumin. The third limitation is related to
the study design. Indeed, we leveraged the prespecified
collection of blood for RNA-seq in patients of the PREDICT
study at admission (when they did not have ACLF) and at the
time of ACLF development to identify patients who did or did
not receive albumin during the progression to ACLF. Thus, we
do not report the results of a controlled study specifically
designed to investigate the effects of prespecified systematic
albumin administration, for example, on the development of
ACLF. The ideal protocol would consist in daily administration
of albumin with the objective of, for example, maintaining blood
levels of albumin above 3.0 g/dl, as in the ATTIRE trial.*®
Nevertheless, it is noteworthy that conducting a prospective
randomized controlled trial of albumin for preventing ACLF in
patients who present with pre-ACLF would face major meth-
odological issues. Indeed, there are currently no criteria to
identify patients with pre-ACLF among those who present for
AD cirrhosis."” Therefore, performing randomized controlled
trials that enroll well-matched patients with AD cirrhosis is a big
challenge, and criteria for stratifying patients according to the
risk of ACLF is an unmet medical need.

In conclusion, the results of this study suggest that albumin
promotes the expansion of the B cell compartment and im-
proves neutrophil antimicrobial functions. These findings
contribute to understanding the clinical benefits of albumin
therapy such as reducing the incidence rate of infections in
patients with AD cirrhosis.'®
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