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Using CyTOF and bioinformatic methods to compare 
circulating immune cell changes in NAFLD

Study Highlights
•	 In this study, we studied the differences between blood immune cells in people with different stages of non-alcoholic 
fatty liver disease. 

•	 We used cytometry by time of flight (CyTOF) with bioinformatics analysis to detect previously uncharacterizable changes 
in peripheral immune cells in early and late stages of non-alcoholic fatty liver disease.  

•	 We found that blood immune cells, particularly T and B cells, NK cells, and monocytes change in NASH and become less 
active. The pathogenic role of immune cells in this condition warrants further attention.

Graphical Abstract
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most com-
mon cause of chronic liver disease worldwide. NAFLD affects 
approximately 25% of the Western population1 and repre-
sents a spectrum of liver disease, including steatosis, non-al-
coholic steatohepatitis (NASH), which can lead to fibrosis, 
and in some patients, cirrhosis, liver failure, and liver cancer.2,3 
Currently, NASH can only be distinguished from steatosis us-

ing liver biopsy, to grade and stage histological features of 
liver injury, inflammation, and fibrosis. Immune and inflam-
matory cell infiltration, together with hepatocyte injury, are 
the pathological hallmarks of non-alcoholic steatohepatitis 
(NASH). However, little is known about the composition and 
functional status of circulating immune and inflammatory 
cells in patients with NASH, particularly in the pre-cirrhotic 
stages. This is despite the fact that peripheral blood can be 
readily sampled and may give diagnostic and therapeutic in-
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sights into disease—two areas in which clinical progress is 
limited by our understanding of the mechanisms that drive 
NASH.4,5

Current dogma is that a background of metabolic co-mor-
bidity, genetic, dietary, and environmental factors predispose 
to multiple pathogenic hits that determine progression 
through the NAFLD spectrum. These hits include lipid-medi-
ated hepatocyte injury through oxidative stress, effects of 
obesogenic diets on intestinal epithelial function and the mi-
crobiome which together activate damage-signalling path-
ways, and innate inflammatory responses.6 Lipid accumula-
tion is believed to trigger oxidative stress in hepatocytes, 
generating damage associated molecular patterns that are 
sensed by the toll-like receptor (TLR) family. TLRs also detect 
gut-derived pathogen associated molecular patterns, such as 
lipoteichoic acid, lipopolysaccharide, and flagellin (ligands 
for TLRs 2, 4, and 5, respectively). TLR binding activates intra-
cellular transcription factors including ERK, MAP kinases, and 
nuclear factor kappa B (NF-κB) and, indirectly, JAK-STAT pro-
teins. Together, these release cytokines and chemokines 
drive inflammatory and fibrogenic processes and further 
compound metabolic dysfunction.
To date, a limited number of studies have shown that pe-

ripheral blood pro-inflammatory Th1 cells are increased in 
patients with NASH;3,4 a phenotype also observed in people 
with obesity, who additionally have increased Th17 cells and 
reduced Th2 and regulatory T cells.7-9 Natural killer (NK) cells 
sampled from patients with NASH express higher levels of 
activation markers NKG2D, CD25, and CD69, and can produce 
higher levels of inflammatory cytokines in response to ex vivo 
stimulation compared to controls.10 Phenotypic shifts in 
monocytes have been described in people with NAFLD com-
pared to controls, such as increase in intermediate and non-
classical subsets and expression of cell surface TLRs, CD169, 
and CCR4.5,11-13 Fibrosis risk is increased in patients with he-
patic steatosis and detectable autoantibodies or raised serum 
immunoglobulins,14 but the role of B cells that produce these 
antibodies has yet to be explored. Thus, emerging data indi-
cate that lipid-related inflammation in the liver has the po-
tential to activate immune responses, and we hypothesise 
that this leads to changes in immune cell phenotype and 
function. 
So far, studies of immune cell populations have largely de-

pended on fluorescence-based techniques which, until re-
cently, were limited by the number of cell types or functions 

that can be assessed in a single sample. Mass cytometry al-
lows large numbers of markers to be assessed and analysed 
simultaneously at a single-cell level. Traditional gating-based 
approaches restrict analysis to known or pre-defined cell 
types, limiting the discovery of novel immune functions. 
Therefore, bioinformatic approaches are needed to combine 
prior knowledge with unsupervised high-dimensional clus-
tering to interpret mass cytometry data where multiple fea-
tures are examined together.
We hypothesised that the peripheral composition and phe-

notype of peripheral blood immune cells differed between 
healthy controls, patients with steatosis, and those with 
NASH.  We used single-cell cytometry by time of flight 
(CyTOF), together with a tailored unsupervised and semi-su-
pervised bioinformatic pipeline, to report changes in total 
peripheral blood mononuclear cells (PBMCs) and at high res-
olution in T, B, and NK cells and monocyte-containing popu-
lations at early (steatosis) and late stages (NASH) of the 
NAFLD spectrum. 

MATERIALS AND METHODS

Patients and samples

Patients and healthy volunteers were recruited from Barts 
Health NHS Trust and Queen Mary, University of London. 
Study protocols were approved by the East London and City 
Regional Ethics Committee (reference number 14/WA/1142) 
and performed in compliance with the Declaration of Helsin-
ki. All participants gave their written informed consent. We 
included adult patients (age >18 years) with evidence of liver 
steatosis based on imaging (ultrasound, computed tomogra-
phy, magnetic resonance imaging) or histology. Patients 
were excluded if they had any coexisting chronic liver disease 
diagnoses other than NAFLD, consumed alcohol greater than 
14 units per week, or had clinical features of decompensated 
cirrhosis. Transient elastography was performed to measure 
liver stiffness according to standard clinical practice (reliable 
liver stiffness result based on successful reading rate >60% 
and interquartile range of all readings <30% of the median). 
Liver biopsy was performed in selected patients when clini-
cally indicated. Each liver biopsy was reported by a single 
histopathologist (in routine clinical care) and were summa-
rised according to the National Institutes of Health NASH 
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clinical research network (Kleiner) criteria.15

PBMCs were sampled from 64 individuals (21 healthy, 43 
with different stages of NAFLD), of which 19 samples (three 
healthy, 16 with NAFLD) were analysed by CyTOF. Ex vivo as-
says and conventional flow cytometry were used to confirm 
and extend CyTOF findings in the other 45 individuals (10 
healthy, 35 with NAFLD). For CyTOF, those with NAFLD were 
subcategorised into steatosis (n=6) and NASH with fibrosis 
(n=10) according to liver histology or non-invasive fibrosis 
scores (Supplementary Table 1), giving three groups referred 
to as control, steatosis, and NASH, respectively.

Cell separation

PBMCs were separated by density gradient over Ficoll-
Paque (GE Healthcare, Uppsala, Sweden). 

Mass cytometry

We designed a panel of 36 metal-conjugated antibodies 
targeted against cell surface and intracellular proteins, select-
ed to enable phenotyping and functional characterization 
(activation of intracellular signalling pathways, including the 
Toll-like receptor pathways, JAK-STAT signalling and NF-κB 
activation) of major immune cell subsets (https://www.bio-
legend.com/en-us/cell-markers) (Supplementary Table 2). 
Antibodies were either obtained pre-conjugated (Fluidigm, 
San Fransisco, CA, USA) or conjugated in-house with trivalent 
metal isotopes using the MaxPAR antibody conjugation kit 
(Fluidigm). To select the most optimal metal isotope and an-
tibody clone combination, the Maxpar Panel Designer tool 
was used (https://www.fluidigm.com/products-services/
technologies/mass-cytometry) (Supplementary Table 2). One 
million PBMCs were washed with cell staining buffer (Fluid-
igm) before being incubated for 5 minutes at room tempera-
ture with Fc block (Biolegend, Munich, Germany). Surface 
marker antibodies were added for 30 minutes at room tem-
perature. Cells were washed with cell staining buffer and 
fixed with 2% paraformaldehyde (PFA) (Sigma-Aldrich, St. 
Louis, MO, USA) for 10 minutes, followed by two further 
washes in cell staining buffer, and then permeabilised with 
90% methanol for 30 minutes on ice. Cells were washed once 
with phosphate-buffered saline (PBS) and once with cell 
staining buffer, and then stained with intracellular antibodies 
for 45 minutes at room temperature. Cells were washed with 

FoxP3 permeabilisation buffer (eBioscience, San Diego, CA, 
USA) and stained with FoxP3 for 30 minutes at room temper-
ature. Cell-ID Intercalator-Ir was diluted with Fix and Perm 
Buffer (Fluidigm) to 100 nM, added to each tube, and then 
left overnight or for a maximum of 3 days at 4˚C. Cells were 
washed twice with ultrapure water (Milli-Q; Millipore Corpo-
ration, Bedford, MA, USA), added to an aqueous suspension 
of normalization beads (Fluidigm), and filtered through a 35-
μm membrane prior to mass cytometry analysis.

Flow cytometry

Surface staining was performed on cells washed with FACS 
buffer (PBS, 2% FCS, 0.05% sodium azide, 0.5 mM EDTA). 
Dead cells were detected with Zombie NIR™ Fixable Viability 
Kit (Biolegend) according to the manufacturer’s protocol. 
Cells were then stained for 20 minutes at room temperature 
with antibody mixes including the following: CD3-PeCy7, 
CD3-PerCPCy5.5, CD4-FITC, CD4-PECy7, CD8-PerCPCy5.5, 
CD14-PerCPCy5.5, CD16-FITC, CD45RO-PE, CD45RA-APC, 
CCR6-PE, CXCR3-APC, and HLA-DR-PECy7 (all from Bioleg-
end). For intracellular staining, cells were washed after sur-
face staining, fixed with 2% PFA for 15 minutes at RT, and 
washed with permeabilization buffer (FoxP3 eBioscience 
buffer). Cells were then intracellular stained for 30 minutes at 
RT with antibody mixes that were made in permeabilization 
buffer, including interferon (IFN)γ-PB and IL-4-AF647 (all from 
Biolegend). Cells were washed with FACS buffer and acquired 
using a BD Canto II. All experiments were analysed using 
FlowJo v10.4 (Becton, Dickinson and Company, Ashland, OR, 
USA).

CyTOF bioinformatic analysis

All bioinformatics software package versions used in this 
pipeline are outlined in Supplementary Table 3.

Pre-processing, batch correction, and 
dimension reduction

Normalised (Fluidigm, normalisation passport EQ-
P13H2302 version 2) live single-cell cisplatin-negative FCS 
files were exported from Cytobank16 and converted into CSV 
format using the ‘flowCore’ package. Median marker intensi-
ties of all live cisplatin negative cells were transformed using 
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the hyperbolic sine transform (arcsinh) with a cofactor of 1. 
We subsampled an equal number of 500,000 cells from each 
condition (healthy, steatosis, and NASH) and pooled these 
into a single data frame comprising 1.5 million cells by 36 
marker dimensions. Cells were then batch corrected for varia-
tion using the CyCombine method;17 in summary, we used an 
8×8 grid and apply the ‘scale’ normalisation approach. Di-
mension reduction was carried out the batch the corrected 
transformed cells using the Uniform Manifold Approximation 
and Projection (UMAP) algorithm.18 UMAP parameters were 
set to 15 nearest neighbours and a minimum distance of 0.1.

Immunophenotypic cell subset identification

Phenotyping by accelerated refined community-partition-
ing (PARC)19 was applied to carry out unsupervised identifica-
tion of immunophenotypic cell subsets on all batch-correct-
ed cells. Default PARC parameters were used. Re-clustering 
of manually gated populations were carried out for semi-su-
pervised high-resolution analysis; in these instances, the 
‘small_pop’ parameter of PARC was set to 5,000 cells. Cluster 
abundances across patients were analysed via principal com-
ponent analysis. Input to the principal component analysis 
was the abundance of each cluster for each patient. Cluster 
abundances were z-score normalised and visualised using 
the ‘heatmap.2’ package in R to visualise the abundance of 
each immunophenotypic cluster for each patient. 

Statistical analysis

The diffcyt pipeline20 was used to carry out differential im-
munophenotypic cluster abundance analysis (diffcyt-DA-
edgeR) in R using the previously identified PARC clusters. A 
design matrix was created to conduct three comparisons: 
NASH relative to control, NAFLD relative to NASH, and NASH 
relative to NAFLD. Cluster counts were normalised using 
weighted trimmed mean of M-values to account for compo-
sition effects of cluster counts across patient groups. Each 
contrast resulted in an output table (produced using the top 
Table function) with summary statistics on the log2 fold 
change of the normalised cluster abundances and Benjamini-
Hochberg adjusted P-values to account for multiple testing.21 
A controlled false discovery rate (FDR) level of <0.05 was con-
sidered statistically significant. 

Data visualisation

Bar plots and cluster-marker bubble diagrams were gener-
ated using the ‘ggplot2’ package in R. Hierarchical clustering 
was carried out using the ‘ggdendro’ package in R. 

RESULTS

NAFLD disease stage characterised by changes 
in peripheral immune cell phenotype

Compared to the steatosis group, the median age of the 
NASH group was older (61  vs. 50 years, P=0.03) with higher 
prevalence of type 2 diabetes (70% vs. 17%, P<0.0001). The 
median body mass indices in steatosis and NASH groups 
were significantly higher compared to the control group (31.0 
kg/m2 and 28.9 kg/m2, respectively, compared to 23.2 kg/m2, 
P=0.004). 
Immune cell cluster distribution differed between the con-

trol, steatosis, and NASH groups (Fig. 1A, B). Principal compo-
nent analysis showed separation of the control individuals 
away from NASH (Fig. 1C), with steatosis samples lying in an 
intermediate position. 
To study known cell types in different stages of disease, we 

applied a pre-defined classical gating strategy (Supplemen-
tary Fig. 1) to the mass cytometry-acquired single cell datas-
et. We found significant differences in the proportions of live 
cells of Th1, Th2, cytotoxic T cells, and myeloid-derived sup-
pressor cells (Supplementary Fig. 2). We also confirmed the 
changes in Th1 and Th2 cells in an independent group of 
samples from fifteen patients with NASH and fibrosis and 
eight healthy controls using flow cytometry (Supplementary 
Fig. 3, Supplementary Table 1).
To gain detailed insight into the changes in immune cells in 

different stages of disease, we applied unsupervised meth-
ods to cluster cells according to relative expression (Fig. 2A 
circle size) and median intensity (Fig. 2A circle colour) of each 
antibody signal. Twenty-three out of 36 clusters changed sig-
nificantly in abundance between disease states. Four clusters 
(0, 13, 20, and 30) increased in steatosis and NASH groups 
compared to the control group (Fig. 2B). A further four clus-
ters (9, 25, 26, and 34) increased in NASH group compared to 
steatosis group. Conversely, six clusters (4, 16, 19, 21, 23, and 
27) had fewer cells in NASH group compared to steatosis 
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group.  Some changes were only statistically significant when 
comparing NASH group with the control group (17, 24, and 
28 increased; 1, 11, 14, 15, 18, and 29 decreased).

Number and function of known cell types 
change in NAFLD

Based on the pattern of marker expression, 14 clusters 
could be assigned to known existing cell types: seven bore T 

cell markers, four myeloid, two NK cell, and one mucosal-as-
sociated invariant T (MAIT) cell markers. Among the clusters 
that expressed myeloid markers, cluster 13 (increased in stea-
tosis) expressed HLA-DR, TLR2, and TLR5 strongly, but had 
lower levels of CD14, phosphorylated (p)NF-κB, pCREB, and 
arginase. Cluster 19 (reduced in NASH) also expressed HLA-
DR strongly and had higher levels of pNF-κB, pCREB, argin-
ase, pSTAT2, and CD14, with low levels of CD16. Cluster 14 
cells expressed CD3, CD161, and TCRVa7.2 with high levels of 

Figure 1. (A) PARC live cell clusters visualised on a two-dimensional UMAP plot. UMAP plots show changes in PARC clusters at the single cell 
level in the control, steatosis, and NASH patients. In the combined UMAP, grey represents single cells in steatosis and NASH that overlap with 
control. Yellow represents unique cells in steatosis compared to control, and red represents unique cells in NASH compared to control. An 
equal number (500,000) of cells from each group (control, steatosis, NASH) have been subsampled. (B) Heatmap representing z-score nor-
malised cluster abundance across all patient groups and all live cell clusters. Rows represent the z-normalised cluster abundance across all 
clusters for each patient, columns patient expression profiles across clusters. Columns are coloured by either green (control patients), blue (ste-
atosis patients), and pink (NASH patients). (C) PCA plot based on cluster abundance across patient groups. Green circles represent control pa-
tients (n=3), blue circles represent steatosis patients (n=6), and red circles represents NASH patients (n=10). PARC, phenotyping by accelerated 
refined community-partitioning; UMAP, Uniform Manifold Approximation and Projection; NASH, non-alcoholic steatohepatitis; PCA, principal 
components analysis.
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pNF-κB and pCREB, indicating that the cluster contained 
transcriptionally active MAIT cells and was significantly less 
abundant in NASH group compared to steatosis and control 
groups.
Of the seven T cell groups, two clusters (4 and 17) that ex-

pressed high-intensity CD8 (marker of cytotoxic T cells) and 
three clusters (0, 9, and 34) that expressed high-intensity 
CD3, CD4, and CXCR3 (Th1 markers) (Fig. 2B) increased in dis-
ease states, which was consistent with the findings of the 
manual gating of mass cytometry and flow cytometry (Sup-
plementary  Figs. 2, 3). We identified Cxcr3+ Ifng+ Th1 cells in 
a search of the Liver Cell Atlas (https://www.livercellatlas.org/
datasets_NAFLDmouse.php),22 derived from single-cell anal-
ysis of Western diet-fed mouse liver tissue (Supplementary 
Fig. 4). We hypothesised that lipid-mediated hepatocyte inju-
ry could drive a ‘skew’ in T helper cell differentiation towards 
a Th1 phenotype. To test this, we incubated hepatocyte-like 

HepG2 cells with a 2:1 combination of palmitic acid and oleic 
acid (1 mM and 0.5 mM) for 24 hours to model lipid-induced 
hepatocyte injury. Naïve T cells isolated from healthy controls 
were then incubated in media supplemented with superna-
tant from the fatty-acid treated HepG2 cells. This resulted in 
a higher proportion of CD3+CD4+CXCR3+ cells (Supplementa-
ry Fig. 5A) and higher expression levels of the Th1 cytokine 
IFNγ (Supplementary Fig. 5B) compared to the naïve T cells 
cultured in supernatant from control-treated HepG2 cells. 
Taken together, these data indicate that lipid-mediated 
hepatotoxicity generates a milieu that can induce naïve T 
cells to differentiate towards Th1 cells as identified by CyTOF. 
Collectively, our data demonstrate that shifts in broad im-

mune cell types occur in both steatosis and NASH. However, 
this combination of traditional analysis and unsupervised 
clustering does not make use of the granularity of the large 
number of markers included in the panel, leaving nine clus-

Figure 2. (A) Balloon plot representing relative and median intensity profiles across live cell clusters for all markers. The size of each circle rep-
resents the relative expression of each marker across all clusters. Each circle is coloured based on the median intensity of each marker in a giv-
en cluster. Markers with shared expression profiles across clusters are located together (right dendrogram) and clustering of cells with shared 
median marker expression profiles across markers are located together (top dendrogram). Dark brown circles represent high relative expres-
sion and high median intensities. (B) Differential cluster abundance analysis between control, steatosis, and NASH patients. A bar plot to show 
the log2 fold change in cluster abundance. Log2 fold change refers to the change in cluster abundance between steatosis patients compared to 
control patients, NASH patients compared to control patients, and NASH patients compared to steatosis patients, respectively. Coloured bars 
represent clusters that reach statistical significance (FDR <0.05). Grey bars represent clusters that do not reach statistical significance (FDR 
>0.05). NASH, non-alcoholic steatohepatitis; FDR, false discovery rate.
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ters uncharacterised. A more detailed study is needed to un-
derstand the functional status of all cell types that are chang-
ing in number. Therefore, in order to more fully utilise this 
high dimensional dataset and to gain new insights into im-
mune cell subsets, we applied high-dimensional single-cell 
unsupervised analytical techniques to broad gates of known 
cell groupings: CD3+CD19- (includes T cells), CD19+CD3- (in-
cludes B cells), CD3-CD19-CD14-CD56+ (includes NK cells), and 
CD3-CD19-CD14+ (includes monocytes); and re-clustered cells 
within each group. These broad groups accounted for 89% of 
total cells. 

Changes in CD3+ T cell clusters throughout the 
NAFLD spectrum 

The abundance of eight out of 18 clusters of CD3+ cells (Fig. 
3A, B) changed between the control, steatosis, and NASH 
groups (Fig. 3B, D). The greatest number of cluster differences 
was observed between NASH group and controls; although 
many of these changes were apparent in steatosis group ver-
sus controls, they did not reach statistical significance. CD3+ 
cluster 13 (Fig. 3C) expressed the highest levels of CD161 and 
TCRVa7.2 (MAIT cell markers); and, consistent with the unsu-
pervised analysis, was lower in patients with NASH compared 
to the controls. We confirmed this reduction in activated 
MAIT cells in the blood sampled from an independent group 
of 14 patients with NASH and fibrosis or steatosis and seven 
healthy controls using classical fluorescence flow cytometry 
(Supplementary Fig. 6).
Expressions of CD4 and CD8 were largely reciprocal across 

clusters (Fig. 3C). Disease state-related changes were ob-
served in five CD4-expressing (0, 3, 4, 14, and 17) and three 
CD8-expressing (2, 13, and 16) clusters. CD4-expressing clus-
ter 17, characterised by high levels of CD4 and T-bet, in-
creased in both steatosis and NASH comparisons. Since this 
cluster included CXCR3- and CCR6-expressing cells, it may 
contain different groups of T helper cell, although these cells 
may be less active with lower levels pNF-κB, pERK1&2, and 
pSTATs. In keeping with this increase in cells with low signal-
ling activity, CD4-expressing clusters (4 and 14) that co-ex-
pressed pP38-, pSTAT2-, and pERK1&2 reduced in abundance. 
Similarly, CD8-expressing clusters 2 and 16 that increased 
were characterised by less intense signalling molecules, in-
cluding MAPKAP, BCL2, pP38, pSTAT2 (but not other STATs), 
and pERK1&2, compared to cluster 13, which reduced in 

abundance. Taken together, both the activation status of T 
cells as well as their phenotype should be taken into account 
when distinguishing between NASH, steatosis, and healthy 
patients. 

Changes in CD3-CD19+ B cells in patients with 
steatosis and NASH compared to controls

Compared to controls, four clusters of CD3-CD19+ cells (Fig. 
4A, B) changed in abundance in NASH group, but not in stea-
tosis (Fig. 4B, D). All CD3-CD19+ clusters also expressed high 
intensity of HLA-DR indicative of B cells (Fig. 4C). Clusters 0 
and 8 that increased were characterised by higher levels of 
the following: co-stimulatory molecule CD86; memory mark-
ers CD11b, CXCR3, CD11c, CD33; and TLRs 2, 5, and to a lesser 
extent, TLR4. Clusters that decreased in abundance ex-
pressed higher levels of pCREB and pERK1&2, which are relat-
ed to the activation status. In the mouse Liver Cell Atlas,22 
CD33 was principally expressed in neutrophils,  plasmacytoid 
dendritic cells, and monocyte derived cells, but not in  B cells 
(Supplementary Fig. 7).

Changes in CD3-CD19-CD14-CD56+ NK cells in 
steatosis and NASH 

The abundance of five out of 11 clusters of CD3-CD19-CD14-

CD56+ cells changed between control, steatosis, and NASH 
groups (Fig. 5). Clusters 0 and 8 were increased in steatosis 
group compared to the control group, and cluster 6 increased 
in NASH group compared to steatosis group—all three char-
acterised by low expression of the activation marker NKp30. 
Reduced numbers of cells were observed in clusters 1 (ste-
atosis) and 9 (NASH); both characterised by higher expression 
of phosphorylated signalling mediators: pERK, pCREB, pP38, 
and pSTATs 1, 2, 3, and 5. This suggests that, as with T cells, 
more advanced stages of NAFLD are associated with higher 
numbers of less active NK cells.

Changes in CD3-CD19-CD14+ cell clusters in 
patients with steatosis compared to controls 

We identified nine clusters of CD3-CD19-CD14+ cells (Fig. 6A, 
C), four of which (expressing high levels of HLA-DR) changed 
in abundance between control, steatosis, and NASH groups 
(Fig. 6B, D). We also observed variation in the expression lev-
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els of CD14 and CD16 between the clusters that changed sig-
nificantly, which went beyond the definitions of classical, in-
termediate, and non-classical subtypes. Cluster 6 was more 
abundant in NASH group compared to controls, and was 
characterised by less phosphorylated pSTAT2, MAPKAP2, 

pP38, pNF-κB, and pCREB staining.  Cluster 4 (reduced in ste-
atosis) and clusters 2 and 5 (reduced in NASH) were charac-
terised by high expression and intensity of signalling media-
tors and TLRs (TLR2, TLR4, and TLR5).  These findings are in 
keeping with, and give greater detail to, the observations in 

Figure 3. (A) CD3+CD19- gating strategy. (B) CD3+CD19- clusters visualised on a two-dimensional UMAP plot. UMAP plots show changes in 
CD3+CD19- single cell clusters between control, steatosis, and NASH patients. Each colour represents a single cluster. Circle labels indicate clus-
ter numbers. (C) Balloon plot representing relative and median intensity profiles across CD3+CD19- clusters for all markers. The size of each cir-
cle represents the relative expression of each marker across all clusters. Each circle is coloured based on the median intensity of each marker in 
a given cluster. Markers with shared expression profiles across clusters are located together (right dendrogram), and clustering of cells with 
shared median marker expression profiles across markers are located together (top dendrogram). (D) Differential CD3+CD19- cluster abundance 
analysis between control, steatosis, and NASH patients. A bar plot to show the log2

 
fold change in cluster abundance. Log2 fold change refers 

to the change in cluster abundance between steatosis patients compared to control patients, NASH patients compared to control patients, 
and NASH patients compared to steatosis patients, respectively. Coloured bars represent clusters that reach statistical significance (FDR <0.05). 
Grey bars represent clusters that do not reach statistical significance (FDR >0.05). UMAP, Uniform Manifold Approximation and Projection; 
NASH, non-alcoholic steatohepatitis; FDR, false discovery rate.

C

A

D

B

Live Cell Cluster

Differential Cluster Abundance

Steatosis (cf. Control) NASH (cf. Control)

 Fold Change (log2)
↑log2FC ↓log2FC FDR>0.05

NASH (cf. Steatosis)

Relative Expression

0.00 0.05 0.10 0.15 0.20
0 2 4 6 

Median Intensity

M
ar
ke
r

Cl
us
te
r

CD4
pSTAT1
CD11b

HLA-DR
CD56
CD86
CD11c
CD25
CD15
CD14
CD16
NF-kB
pCREB
pP38

pSTAT2
pERK1_2

TLR2 
TLR4
TLR5
CCR6
CD161

TCRVa7_2 
CXCR3
CD3

BCL-2
Arginase

MAPKAPK2
FoxP3
CD8
Tbet

pSTAT3
pSTAT5
NKp30
CD33
INKT

8 12 13 1 5 16 6 15 17 0 2 7 11 10 4 9 3 14

-10 -10 -10-5 -5 -50 0 05 5 510 10 10

14
3
9
4
10
11
7
2
0
17
15
6
16
5
1
13
12
8

8

7

6

5

4

3

2

1

0

14
3
9
4
10
11
7
2
0
17
15
6
16
5
1
13
12
8

14
3
9
4
10
11
7
2
0
17
15
6
16
5
1
13
12
8

CD
19

CD3

0 654321

Control Steatosis NASH
CD3+CD19-



426

Clinical and Molecular Hepatology
Volume_29 Number_2 April 2023

http://www.e-cmh.orghttps://doi.org/10.3350/cmh.2022.0205

the unsupervised analysis, and suggest that NASH is associ-
ated with circulating monocytes that are less active and per-
haps less responsive to TLR-mediated stimulation. To test this 
hypothesis, we stimulated peripheral blood mononuclear 

cells isolated from healthy individuals or n=9 validation 
group patients with NASH and fibrosis with lipopolysaccha-
ride (LPS) or flagellin. LPS- and flagellin-induced interleukin 
(IL)-6 and tumor necrosis factor (TNF)α production were sig-

Figure 4. (A) CD3-CD19+ gating strategy. (B) CD3-CD19+ clusters visualised on a two-dimensional UMAP plot. UMAP plots show changes in 
CD3-CD19+ single cell clusters between control, steatosis, and NASH patients. Each colour represents a single cluster. Circle labels indicate clus-
ter numbers. (C) Balloon plot representing relative and median intensity profiles across CD3-CD19+clusters for all markers. The size of each cir-
cle represents the relative expression of each marker across all clusters. Each circle is coloured based on the median intensity of each marker in 
a given cluster. Markers with shared expression profiles across clusters are located together (right dendrogram), and clustering of cells with 
shared median marker expression profiles across markers are located together (top dendrogram). (D) Differential CD3-CD19+ cluster abundance 
analysis between control, steatosis, and NASH patients. A bar plot to show the log2 fold change in cluster abundance. Log2

 
fold change refers 

to the change in cluster abundance between steatosis patients compared to control patients, NASH patients compared to control patients, 
and NASH patients compared to steatosis patients, respectively. Coloured bars represent clusters that reach statistical significance (FDR <0.05). 
Grey bars represent clusters that do not reach statistical significance (FDR >0.05). UMAP, Uniform Manifold Approximation and Projection; 
NASH, non-alcoholic steatohepatitis; FDR, false discovery rate.
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nificantly impaired in NASH and fibrosis patients compared 
to controls, as was NF-κB phosphorylation (Fig. 6E-H). 

DISCUSSION

We used single-cell mass-cytometry together with a tai-

lored unsupervised and supervised bioinformatics pipeline 
to detect a significant variation in innate and adaptive im-
mune cell populations in the peripheral blood of patients 
with NAFLD.  Patients and controls clustered separately, as 
well as semi-supervised high-resolution clustering showed 
phenotypic and functional heterogeneity within the known 
cell types. The main differences between steatosis and con-

Figure 5. (A) CD3-CD19-CD14-CD56+ gating strategy. (B) CD3-CD19-CD14-CD56+ clusters visualised on a two-dimensional UMAP plot. UMAP 
plots show changes in CD3-CD19-CD14-CD56+ single cell clusters between control, steatosis, and NASH patients. Each colour represents a single 
cluster. Circle labels indicate cluster numbers. (C) Balloon plot representing relative and median intensity profiles across CD3-CD19-CD14-CD56+ 

clusters for all markers. The size of each circle represents the relative expression of each marker across all clusters. Each circle is coloured based 
on the median intensity of each marker in a given cluster. Markers with shared expression profiles across clusters are located together (right 
dendrogram), and clustering of cells with shared median marker expression profiles across markers are located together (top dendrogram). (D) 
Differential CD3-CD19-CD14-CD56+ cluster abundance analysis between control, steatosis, and NASH patients. A bar plot to show the log2 fold 
change in cluster abundance. Log2 fold change refers to the change in cluster abundance between steatosis patients compared to control pa-
tients, NASH patients compared to control patients, and NASH patients compared to steatosis patients, respectively. Coloured bars represent 
clusters that reach statistical significance (FDR <0.05). Grey bars represent clusters that do not reach statistical significance (FDR >0.05).
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Figure 6. (A) CD3-CD19-CD14+ gating strategy. (B) CD3-CD19-CD14+ clusters visualised on a two-dimensional UMAP plot. UMAP plots show 
changes in single cell CD3-CD19-CD14+ clusters between control, steatosis, and NASH patients. Each colour represents a single cluster. Circle la-
bels indicate cluster numbers. (C) Balloon plot representing relative and median intensity profiles across CD3-CD19-CD14+ clusters for all mark-
ers. The size of each circle represents the relative expression of each marker across all clusters. Each circle is coloured based on the median in-
tensity of each marker in a given cluster. Markers with shared expression profiles across clusters are located together (right dendrogram), and 
clustering of cells with shared median marker expression profiles across markers are located together (top dendrogram). (D) Differential CD3-

CD19-CD14+ cluster abundance analysis between control, steatosis, and NASH patients. A bar plot to show the log2 fold change in cluster abun-
dance. Log2 fold change refers to the change in cluster abundance between steatosis patients compared to control patients, NASH patients 
compared to control patients, and NASH patients compared to steatosis patients, respectively. Coloured bars represent clusters that reach sta-
tistical significance (FDR <0.05). Grey bars represent clusters that do not reach statistical significance (FDR >0.05). (E) Flow cytometry analysis 
of phosphorylated NFкB. PBMCs sampled from patients with NASH with fibrosis and healthy controls were stimulated with medium, LPS (1 µg/
mL) or flagellin (1 µg/mL), for 15 minutes and analysed by flow cytometry. (F) IL-6 production, (G) TNFα production, and (H) IL-10 production 
measured by ELISA. PBMCs sampled from patients with NASH with fibrosis and healthy controls were stimulated with medium, LPS (20 ng/mL) 
or flagellin (100 ng/mL), for 24 h before supernatants were collected for ELISA. 
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trol groups were increases in NK and T cells with low levels of 
phosphorylated transcription factors. The majority of differ-
ences were observed between NASH and steatosis; an in-
crease in B cells expressing memory markers and co-stimula-
tory molecules and further increase in NK and T cells with 
low levels of phosphorylated transcription factors paralleled 
by increase in NK, T, MAIT and B cells and monocytes with 
high levels of phosphorylated transcription factors. Function-
ally, monocytes taken from patients with more advanced 
stages of disease were less responsive to TLR agonists LPS 
and flagellin, in keeping with the single-cell data. Lipid-me-
diated hepatotoxicity in vitro generated a milieu that induced 
healthy naïve T cells to differentiate towards a Th1 pheno-
type, in keeping with our CyTOF and flow cytometry data in 
patients with steatosis and NASH and with murine data from 
the Liver Cell Atlas. Further mechanistic study is needed to 
confirm the drivers of Th1 differentiation in vivo.
Increasing evidence points towards a role for adaptive im-

munity in NASH pathogenesis. The inflammatory infiltrate in 
NASH contains B and T lymphocyte aggregates, and the size 
and number of these aggregates are correlated with the de-
gree of inflammation and fibrosis.23 Patients with obesity 
with or without type 2 diabetes, who are at the highest risk 
of NAFLD, have increased numbers of circulating Th1 and 
Th17 cells and higher levels of Th1-promoting IFNγ with a re-
ciprocal reduction in Th2 and regulatory T cells. Although 
few have studied peripheral immune cells in people with 
simple steatosis, numbers of naive IFNγ-expressing CD4+ T 
cells were increased in the peripheral blood of 20 patients 
with NASH,7 and high levels of IFNγ mRNA expression in CD4+ 
T cells were observed in 51 patients with biopsy-proven 
NASH.8 Consistent with this, we found that Th1 cells and 
CD8-expressing cytotoxic T cells were increased in patients 
with steatosis, and these remained elevated in NASH and fi-
brosis patients, albeit with lower levels of key phosphorylat-
ed signalling mediators, which may reflect an exhausted 
phenotype in NASH. This was consistent with recent findings 
of a novel subset of CXCR6+ CD8+ T cells with high expres-
sions of both activation and exhaustion markers in NASH pa-
tients, which induced hepatocyte killing in an MHC-class-	
1-independent fashion via IL-15 and acetate in the liver.24 
Haas et al.25 reported increase in activated cytotoxic CD8c T 
cells in NASH, which accumulate in close proximity to stea-
totic and injured hepatocytes in the liver. They also reported 
that circulating and liver CD8+ T cells correlated strongly with 

histological hallmarks of NASH: ballooning and lobular in-
flammation. Together, our study adds to the literature which 
shows that CD8+ T cells play a role in mediating hepatic in-
flammation and hepatocyte cell death in NASH, inde-
pendently of antigen recognition. 
Despite this evidence of antigen-independent T cell activa-

tion, specific antigens that could elicit an adaptive immune 
response have been identified in obesity and in NASH. Oxi-
dised phospholipids and aldehydes form antigenic adducts 
called oxidised stress epitopes, antibodies against which can 
be detected in approximately 40% of patients with NAFLD or 
NASH.26 The cellular infiltrate in NASH includes B lympho-
cytes,27 and selected depletion of B2 cells in mice results in 
mild NASH and less fibrosis.28 B cell-derived inflammatory 
mediators activate hepatic stellate cells and the reciprocal 
production of retinoic acid can promote B cell maturation 
into plasma cells.29 In NASH, we found increased B cells ex-
pressing CD33 along with co-stimulatory molecules, suggest-
ing a role for antibody-producing B cells. However, it remains 
to be determined whether these B cells are clonal and 
whether a specific antibody-mediated response drives NASH. 
CD33 is a transmembrane receptor that is typically highly ex-
pressed on myeloid-committed cells, implicated in regulat-
ing cellular expansion, activation, and pro-inflammatory cy-
tokine secretion.30 Increased circulating CD33+ B cells have 
been reported in other systemic inflammatory conditions, in-
cluding Behcet’s disease and sepsis,31 although CD33+ B cells 
were not identified in the murine Liver Cell Atlas. Further 
study is required to determine the pathogenesis of liver infil-
trating B cell subsets in NASH.
We identified progressive changes in circulating MAIT cells; 

non-conventional innate-like T cells that express invariant T 
cell receptor (TCR) α-chain, composed of Va7.2-Ja33 and are 
restricted by  the major histocompatibility complex class I-re-
lated molecule MR1.32 The current literature reports both 
protective and pathogenic roles in NASH.33,34 We observed 
reduced circulating MAIT cells frequency in NASH group 
compared to steatosis and control groups, extending previ-
ous observations in patients with high NAFLD activity 
scores.33 Similarly, reduced numbers of circulating MAIT cells 
accompanied by increased intra-adipose MAIT cell numbers 
have been reported in diabetes and obesity.35  
A recent study reported no significant change in the num-

bers of NK cells in patients with NAFLD, although there was 
an increase in NK cell activation marker NKG2D in patients 
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with NASH and fibrosis.10 Other studies have found reduced 
CD56dim NK cell subset with increased exhaustion markers, 
including programmed death 1 and immunoglobulin-like 
transcript 2, in NAFLD patients compared to the controls.36-38 
In the current study, although we did not have direct markers 
of exhaustion in our CyTOF panel, we found significant heter-
ogeneity among NK cells with a reduction in the number of 
intracellular signalling mediators, including pERK, pCREB, 
pP38, and pSTATs 1, 2, 3, and 5, reflecting a less activated 
phenotype in NASH. Three clusters changed in abundance in 
steatosis, persisting through to NASH, and a further two clus-
ters changed in NASH compared to steatosis. Given the 
emerging role of NK cells in modulating metabolic func-
tion39,40 and the known associations of NK cells with liver dis-
ease in viral hepatitis,12,44,45 more detailed study of this heter-
ogenous cells type is warranted. 
Large numbers of myeloid cells reside in and patrol the liv-

er, including Kupffer cells and blood-derived macrophages 
and dendritic cells. Recent single cell techniques have shown 
14 subtypes of intrahepatic myeloid cells in advanced liver 
disease, including NASH.44 We found nine clusters of circulat-
ing CD14+ cell, of which four changed in abundance in dis-
ease. These changes went beyond the traditional classifica-
tion of monocytes into three groups based on CD14 and 
CD16 expression and intensity. Therefore, to delineate mono-
cyte differentiation in NASH, further subclassification with 
other cell markers may be required.12,44,45 Clusters with mark-
ers of activation were less abundant in patients with NASH 
and ex vivo, PBMCs sampled from patients with NASH pro-
duced lower amounts of TLR-mediated TNFα, IL-6, and IL-10 
compared to the controls. This was similar to the findings in 
decompensated NASH cirrhosis,12 suggesting that changes in 
monocyte immunocompetence may begin earlier than those 
previously thought in NASH. 
Our unsupervised and semi-supervised clustering methods 

address some of the limitations of traditional bi-axial gating 
approaches that require prior knowledge of immune cell 
populations. A significant advantage of using PARC as a clus-
tering method was that we did not need to down-sample 
cells that could lead to information loss. The changes we ob-
served by mass-cytometry were confirmed in independent 
samples analysed by fluorescence-based techniques, and the 
findings reported in earlier studies have been extended here. 
However, our study had a number of limitations. The 
cross-sectional nature of the study precludes causal conclu-

sions to be drawn from our findings. People with NASH in 
this study were older and more obese than the individuals in 
the control group. Finally, a larger sample size would enable 
us to determine whether the changes we detect are related 
to the development of NASH or to metabolic inflammation 
observed in all patients with, for example, type 2 diabetes or 
obesity or early NASH, prior to the onset of liver fibrosis. We 
do not know the origin or mechanistic role of the cells de-
tected in the pathogenesis of NASH. Our study focused on 
the peripheral immune compartment, and larger studies are 
needed to incorporate immune cells from the liver and adi-
pose tissue combined with the approach and analytics used 
here to determine clonal and phenotypic relationships across 
tissue compartments. Whether the number and composition 
of immune cells can be used as non-invasive markers of dis-
ease stage or of response to treatment remains to be seen. 
However, better understanding of the function of the cells 
we have identified may lead to the discovery of soluble me-
diators that are more easily detected, which can be used for 
such clinical applications.
In conclusion, our study has demonstrated that innate and 

adaptive immune changes occur early in NAFLD and can be 
detected in the peripheral blood. We have used a tailored 
analytical pipeline and found heterogeneity among these 
cell types with distinct functional profiles. The role of the im-
mune response in NAFLD warrants further attention.  
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