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ABSTRACT
Background and Aims: Hepatic immune cell analysis is critical for understanding chronic inflammatory liver diseases, such 
as primary sclerosing cholangitis (PSC) and steatotic liver disease. However, liver immunoprofiling is limited due to reliance on 
end-stage disease liver explants. Fine needle aspiration (FNA) is a minimally invasive technique that can overcome these lim-
itations. We evaluate the safety and efficacy of liver FNA to profile hepatic immune subsets in non-infectious liver conditions.
Methods: Flow cytometry and single-cell RNA sequencing (scRNA-seq) were used to compare the hepatic immune cell compo-
sition and gene expression to that of matched peripheral blood mononuclear cells (PBMCs).
Results: We obtained liver FNAs from 38 patients. The median pain score was 0. No serious adverse effects were reported. Flow 
cytometry demonstrated enrichment of CD69+ T and natural killer (NK) cells in the liver (all Padj < 0.05). ScRNA-seq of 38 012 
hepatic immune cells and 78 751 PBMCs in a patient subset showed specific enrichment of CXCR6+ NK, CD8+ central memory 
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T, and mucosal-associated invariant T (MAIT) cells in the liver, and relatively lower CD4+ regulatory T cell (Treg) abundance 
(all Padj < 0.05). Gene expression and cell–cell interaction analyses revealed increases in cytokine production, signalling, and 
responsiveness in hepatic immune cells compared to PBMCs.
Conclusions: FNA sampling is a safe approach for investigating the inflammatory landscape of PSC and other liver diseases. 
Single-cell profiling reveals that FNAs capture tissue-specific immune cell types and gene expression differences, suggesting this 
sampling method may provide a basis for future experimental medicine analyses.

1   |   Introduction

The analysis of hepatic immune cells is vital to aid our un-
derstanding of chronic inflammatory liver diseases, such 
as primary sclerosing cholangitis (PSC) and metabolic 
dysfunction-associated steatotic liver disease (MASLD). 
However, such analyses have historically been fraught with 
limitations such as the need for liver biopsies, which can be 
associated with serious complications, a reliance on liver ex-
plants and therefore a restriction to analysing only end-stage 
liver disease, and technical challenges encountered when iso-
lating leukocytes from liver tissue. The first description of leu-
kocyte isolation from a liver biopsy for research was reported 
in 1977 [1], and subsequently, more refined techniques were 
developed to isolate mononuclear cells from liver explants, in-
cluding the use of mechanical dissociation followed by density 
gradient centrifugation in 2010 [2].

More recently, fine needle aspiration (FNA) of the liver has 
emerged as a minimally invasive technique for obtaining rea-
sonable numbers of hepatic mononuclear cells for experimental 
analysis [3–5]. It employs a much finer needle (22–25 gauge) as 
compared with that used in a liver biopsy (typically 16–18 gauge), 
and therefore has a lower rate of severe complications such as in-
ternal haemorrhage. Analysis of cells derived from liver FNA to 
date has been limited to mostly cytology and flow cytometry, and 
has been used predominantly in cancer and viral hepatitis [4–9]. 
Application of more in-depth, high-resolution profiling methods, 
such as single-cell RNA-sequencing (scRNA-seq), to the analysis 

of liver FNAs is currently confined only to studies of chronic hep-
atitis B [10–12].

However, the FNA approach is poised to lend itself well to the 
improved characterisation of the immunological landscape of 
non-infectious inflammatory liver diseases such as PSC—par-
ticularly in the earlier stages of disease. This is critical given 
that PSC is a chronic biliary condition that leads to significant 
comorbidity and mortality; its underlying pathophysiology is 
still poorly understood, and consequently there is a paucity of 
therapeutic options beyond end-stage liver transplantation, after 
which the disease often recurs [13, 14]. The combination of liver 
FNA with scRNA-seq for the early-stage profiling of chronic in-
flammatory liver diseases may help to elucidate disease-relevant 
processes and to inform experimental medicine studies.

Here, we sought to assess the safety and efficacy of FNA of the 
liver as a technique to evaluate differing hepatic immune sub-
sets in a range of liver conditions, including PSC and MASLD, 
using both flow cytometry and single-cell transcriptomics, as 
well as comparing hepatic immune cell composition and gene 
expression to that of paired peripheral blood immune cells.

2   |   Materials and Methods

2.1   |   Ethics and Patient Information

All samples were obtained from patients with written informed 
consent under Research Ethics Committee approval (South 
Central—Oxford B Research Ethics Committee reference 17/
SC/0290 and 09/H0603/19). The study protocol conformed to 
the ethical guidelines of the 1975 Declaration of Helsinki as 
reflected in a priori approval by the above-mentioned human 
research committee. Details and protocols pertaining to patient 
sample acquisition, cell isolation, processing, and analysis are 
provided in the Supporting Information, including Tables S1–S9.

In brief, patients undergoing liver biopsy for diagnostic clinical 
purposes were invited to also undergo FNA of the liver at the same 
time, as well as peripheral blood sampling. Mononuclear cells were 
isolated from the FNAs and peripheral blood and compared using 
flow cytometry. Furthermore, patients with PSC underwent FNA 
alone (without liver biopsy) as well as peripheral blood sampling, 
and again mononuclear cells were compared using flow cytome-
try. Safety outcomes were compared between patients undergoing 
FNA alone and FNA plus concurrent liver biopsy. Mononuclear 
cells from liver resections being done for clinical purposes were 
also compared with matched peripheral blood. Finally, a sub-
analysis was performed of scRNAseq on matched FNAs and 
PBMCs from patients with either PSC or MASLD.

Summary

•	 Hepatic immune cell analysis is critical for under-
standing chronic inflammatory liver diseases, such 
as primary sclerosing cholangitis (PSC) and steatotic 
liver disease, particularly given the poor treatment op-
tions for these conditions.

•	 However, studying these cells has been complicated 
by the difficulty of sampling liver tissue. To overcome 
this challenge, we have evaluated fine needle aspira-
tion (FNA) as a liver sampling technique.

•	 We find that it is safe, well-tolerated, and enables 
the analysis of hepatic immune cells. Compared to 
matched blood immune cells from PSC and steatotic 
liver disease patients, the FNA-derived hepatic im-
mune cells are enriched for liver-resident cell types 
and are more activated. FNA may therefore provide 
a basis for future studies of hepatic immune cells in 
disease to help develop new treatment strategies.
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3   |   Results

3.1   |   Baseline Demographics

Liver-derived samples were collected from 52 patients: 43 FNAs 
from 38 patients (22 of whom also had a concomitant liver biopsy, 
16 patients had FNA alone with no concomitant liver biopsy); 7 
patients from whom liver biopsies were taken with no concomi-
tant FNAs; and 7 patients who had liver resections (Figure 1A; 
Table  1). Paired peripheral blood mononuclear cells (PBMCs) 
from the same individual at the same time point were available 
for all FNA samples. 5/38 patients (13%) undergoing FNA had an 
inadequate initial sample, so underwent a second FNA at a later 
time point.

The patients from whom FNAs were obtained (n = 38) had a 
median age of 47.9 years (interquartile range, IQR = 13.1 years), 
and 61% were male. Of the 38 patients sampled by FNA, 21 
(55%) had PSC, with 81% displaying a classical disease pre-
sentation. Eighty-one percent of PSC patients presented with 
ulcerative colitis (UC) comorbidity, whilst only 9.5% had no 
inflammatory bowel disease. Of the non-PSC patients who 

were sampled by FNA, the majority (13/38, 34.2%) were pa-
tients with MASLD.

All seven patients undergoing liver biopsy for research purposes 
(i.e., not concomintantly with FNA) had PSC, with one of these 
patients having SD-PSC, MASLD, and autoimmune hepatitis 
concomitantly. Meanwhile, the majority of patients who had 
liver resections had underlying MASLD.

Across the different liver sampling methods (FNA, biopsy and re-
section), there were no significant differences in the mean age, sex 
distribution, or baseline blood measurements of patients (Table 1).

3.2   |   High Safety and Patient Acceptability of FNA

Pain score out of 10 was obtained at 1 h post-procedure in pa-
tients undergoing FNA with concomitant liver biopsy and pa-
tients undergoing FNA alone (available for 40/43 patients). Of 
those who underwent both FNA and concomitant liver biopsy 
(n = 22), 70% experienced pain post-procedure pain score ≥ 1, 
compared with only 25% of the FNA-only patients (p = 0.0104; 

FIGURE 1    |    Patient baseline demographics, post-procedure pain and hepatic lymphoid cell yields by liver sampling technique. (A) Schematic of 
patient numbers by liver sampling technique. Pie charts summarise the disease type of patients from whom FNA samples were obtained. (B) Percent 
and numbers of patients experiencing pain after liver biopsy with concomitant FNA or FNA only.*p-value estimated using Fisher's test (two-sided). 
(C) Pain score out of 10 experienced patients 1 h after liver sampling procedure (either liver biopsy with concomitant FNA or FNA only).*Medians 
with SEM shown. p-value estimated using a two-tailed Mann–Whitney test. (D) Percent and number of patients requiring analgesia after liver bi-
opsy with concomitant FNA or FNA only. p-value estimated using Fisher's test (two-sided). Total hepatic lymphocyte (E), CD3+ T (F), CD4+ T (G) 
and CD8+ T (H) cell yields by liver sampling method, as measured by flow cytometry (Kruskall-Wallis test performed for multiple comparisons). 
Sampling methods included resections (n = 7), biopsies (n = 7), FNAs from resections (n = 6), and FNAs (n = 31). For (E–H), Medians with SEM 
shown; p-value estimated using Kruskall–Wallis test with Dunn's multiple comparisons. AIH, autoimmune hepatitis; ALD, alcohol-related liver 
disease; CD, Crohn's disease; IBD, inflammatory bowel disease; MASLD, metabolic-associated steatotic liver disease; Padj, p-value adjusted for mul-
tiple comparisons; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis; UC, ulcerative colitis. *Pain scores were available for 40/43 
patients undergoing a liver sampling procedure. Note that 5 patients underwent FNA on two separate occasions, with pain score included on both 
occasions (hence representing 38 individual patients).
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Figure 1B). The median pain score was higher in the liver biopsy/
FNA cohort (1.5, IQR = 0.0–6.8) than in the FNA-only cohort 
(0.0, IQR = 0.0–1.5, p = 0.0056; Figure 1C).

One patient (4.8%) required analgesia in the FNA-only cohort ver-
sus 9 patients (40.9%) in the liver biopsy/FNA cohort (p = 0.0050; 
Figure 1D). Of those that required analgesia, most required parac-
etamol only (7/10), and 3 patients required subsequent opiate anal-
gesia (1 in the FNA-only cohort, 2 in the liver biopsy/FNA cohort). 
One serious adverse event occurred within the liver biopsy/FNA 
cohort—an intrahepatic haematoma causing significant pain and 
requiring overnight hospital admission. This was managed conser-
vatively with observation and analgesia, and the patient was dis-
charged the following day with no long-term sequelae. There were 
no serious adverse events in the FNA-only cohort.

Qualitatively, FNA was well received by patients. The major-
ity of patients were willing to undergo FNA after reading the 
patient information sheet. Patients with PSC were invited to 
undergo a second FNA. Of the 17/21 who could be contacted, 
15 (88%) were willing to undergo a second FNA in the future.

3.3   |   FNA Lymphoid Cell Yields Are Comparable 
to Those From Biopsies

Given the safety and patient acceptability of FNAs, we next 
sought to assess via flow cytometry how the cell yields from 
FNAs compared to that of other liver sampling techniques, 
including biopsies and resections (Figure 1E–H), noting that 
approximately 50 mg of biopsy material and 50 g of resection 
material were processed per sample. It should be noted that 
only 31/38 paired FNA/PBMC samples were used, as there 
were insufficient cells for flow cytometry analysis in 6/38 
FNA samples (16%) and one set of samples was inadvertently 
discarded through a laboratory accident. All seven liver re-
section samples and all seven liver biopsy samples were anal-
ysed via flow cytometry. It should also be noted that an FNA 
was taken from the ex  vivo resection sample in 6 cases and 
treated the same as FNAs taken percutaneously, as a compar-
ison for yield.

Using flow cytometry (Figure S1), the median yield of the total 
live, single cells from FNAs was estimated to be 34 664 cells 

TABLE 1    |    Baseline demographics of patients undergoing liver FNA, biopsy, and resection.

Variable FNAa (n = 38) Liver biopsy (n = 7) Liver resection (= 7) p

Age, years, median (IQR) 47.9 (34.0–61.0) 31.5 (25.2–39.2) 65.3 (51.8–70.9) 0.002

Male sex, n (%) 23 (61%) 3 (43%) 5 (71%) 0.542

Type of liver diseaseb

PSC 21 (55%) 7 (100%) 0 (0%) 0.002

MASLD 13 (34%) 1 (14%)c 5 (71%)

PBC 2 (5%) 0 (0%) 0 (0%)

ALD 1 (3%) 0 (0%) 0 (0%)

AIH 0 (0%) 1 (14%)c 0 (0%)

Non-specific changes on histology 1 (3%) 0 (0%) 2 (29%)

Type of PSC, n (% of n with PSC)

Classical PSC 17 (81%) 6 (86%) n/a 0.772

PSC/AIH overlap 3 (14%) 1 (14%)c

Small Duct-PSC 1 (5%) 1 (14%)c

Type of IBD, n (% of n with PSC)

Ulcerative colitis 17 (80%) 5 (71%) n/a 0.604

Crohn's disease 1 (5%) 0 (0%)

Unspecified IBD 1 (5%) 0 (0%)

No IBD 2 (10%) 2 (29%)

UDCA at baseline, n (% of n with PSC) 12 (57%) n.d. n/a —

Concomitant liver biopsy, n (%) 22 (58%) n/a n/a —

Fibroscan LSM, kPa, median (IQR)d 11.5 (5.9–16.2) n.d. n.d. —

Abbreviations: AIH, autoimmune hepatitis; ALD, alcohol-related liver disease; IBD, inflammatory bowel disease; LSM, liver stiffness measurement; MASLD, 
metabolic dysfunction-associated steatotic liver disease; n.d., no data; n/a, not applicable; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis; 
UDCA, ursodeoxycholic acid.
aTwenty-two patients undergoing FNA had concomitant liver biopsy, while 16 patients underwent FNA alone.
bFor patients who had a liver resection—the resection was from background non-cancerous tissue.
cThis represents the same single patient with small duct-PSC, AIH, and steatosis all on the one liver biopsy.
dFibroscan LSM was available for 28/38 patients.
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(IQR = 11 895–127 658 cells), which was not significantly dif-
ferent to the yield from biopsies (median = 42 062) or resections 
(median = 527 050). Similarly, no differences (all Padj > 0.05) were 
observed in the yield of non-immune (FNA median = 2436 cells, 
IQR = 1342–49 608 cells) or immune cells (FNA median = 23 213 
cells, IQR = 9497–39 627 cells) or in the percentage of immune 
cells out of the total live, single cells (FNA median = 86.17%, 
IQR = 50.52%–95.36%; Table S2).

The median lymphocyte yield from FNAs was estimated to 
be 12 333 cells (IQR = 6392–24 205 cells), which was not sig-
nificantly different to the yield from biopsies or from FNAs 
derived from resections, although the resections themselves 
had a significantly higher yield with a median of 57 057 cells 
(IQR = 16 227–392 624 cells; Padj = 0.0197; Figure  1E). Despite 
this difference for total lymphocytes, the yield of total T cells 
and of CD4+ and CD8+ T cells was not significantly different 
across the sampling methods tested, with FNAs yielding a 
median number of 7547 T cells (IQR = 4456–15 910 cells), 4352 
CD4+ T cells (IQR = 2450–8818 cells), and 2827 CD8+ T cells 
(IQR = 1558–5825 cells), respectively (Figure 1F–H).

3.4   |   Flow Cytometric Comparison of Paired Liver 
FNAs and PBMCs Reveals Enrichment of Activated, 
Memory, and Innate Lymphoid Populations

The cell composition of CD45+ mononuclear cells was compared 
between samples derived from liver FNA with paired PBMCs 
from the same individual using flow cytometry (Figure  2; 
Figure S1). When analysing the T-cell populations, there was a 
lower median proportion of CD4+ T cells (out of the total CD3+ 
T cells) in liver FNA samples compared with paired PBMCs 

(53.1%, IQR = 47.4%–58.0% vs. 63.4%, IQR = 56.7%–67.9%, 
Padj = 1.90 × 10−5; Figure  2A). Consistent with a tissue-specific 
phenotype, in FNA samples as compared with paired PBMCs, 
there was an enrichment of CD8+ T cells, memory CD4+ and 
CD8+ T cells (CD45RA−), and in particular CD69+ memory 
CD4+ and CD8+ T cells (all Padj < 0.05; Figure 2B–F).

There was also a higher median proportion of NK cells (CD56+) 
amongst the CD3− lymphoid populations in FNA samples 
(46.1%, IQR = 33.5%–60.2%) compared with paired PBMCs 
(34.5%, IQR = 21.8%–54.4%; Padj = 1.60 × 10−4; Figure  2G). Of 
these NK cells, in the FNA samples a lower proportion was 
CD16+ (72.8%, IQR = 70.8%–78.8%) compared to paired PBMCs 
(91.0%, IQR = 80.4%–92.5%; Padj = 1.10 × 10−3; Figure  2H). Loss 
of CD16+ expression on NK cells is associated with cell activa-
tion and interferon (IFN)-γ production [15], and may indicate 
a distinct NK cell population within FNA samples. In keeping 
with the increased activation of NK cells as indicated by the loss 
of CD16 in the liver compared to the peripheral blood, a higher 
median proportion of NK cells was CD69+ (41.9%, IQR = 29.0%–
52.2%) compared to the PBMCs (6.52%, IQR = 4.8%–16.1%; 
Padj = 4.28 × 10−7; Figure 2I).

Mucosal-associated invariant T cells (MAITs) have been shown 
to be enriched in the liver as compared with the peripheral 
blood, both in health and in chronic inflammatory liver dis-
eases [16–18]. A higher median proportion of CD8+ T cells were 
MAITs (CD161++ Vα7.2+) in FNA samples (3.7%, IQR = 2.1%–
14.3%) compared with paired PBMCs (2.3%, IQR = 1.0%–4.9%; 
Padj = 8.36 × 10−4; Figure 2J). There are limited data on the pro-
portion and function of CD161+ CD4+ T cells within the liver; 
however, we also found an enrichment of these cells in FNA 
samples (median = 26.2%, IQR = 20.8%–30.4%) as compared with 

FIGURE 2    |    Comparison of liver FNA and blood-derived lymphocyte subset frequencies by flow cytometric analysis. Percent of CD4+ T (A), CD8+ 
T (B), CD4+ memory T (C), CD8+ memory T (D), CD4+ CD69+ memory T (E), CD8+ CD69+ memory T (F), CD56+ NK (G), CD56+ CD16+ NK (H), 
CD56+ CD69+ NK (I), MAIT (J), and CD161+ CD4+ T (K) cells in paired liver FNA versus peripheral blood samples. (A–D) N = 31; (E, F) N = 19; (G) 
N = 30; (H) N = 11; (I–K) N = 19. Approximately half of patients had PSC, the remainder having other liver aetiologies (see Table 1). Purple symbols 
correspond to the liver FNA samples; yellow symbols correspond to the matched PBMCs. Pairs of samples are connected by lines. Bars show the 
median cell frequency (as a percentage) for each tissue compartment. Adjusted p-values estimated using a two-tailed Wilcoxon matched-pairs signed 
rank test with a Benjamini-Hochberg correction for multiple testing. MAIT, mucosal-associated invariant T; mem, memory; NK, natural killer; 
PBMCs, peripheral blood mononuclear cells.
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paired PBMCs (21.0%, IQR = 15.9%–26.3%, Padj = 8.40 × 10−3; 
Figure 2K).

Whilst not within the primary scope of current analyses, FNAs 
were also interrogated as to whether there was a difference in CD4+ 
and CD8+ T cell surface expression of particular markers with re-
spect to PSC versus non-PSC conditions (Figures S2 and S3). There 
was no difference in the proportion of these T-cell subsets with re-
lation to CC-chemokine receptor 9 (CCR9), β7 (as a surrogate for 
α4β7), or CD161 (Figures S4 and S5). However, a higher proportion 
of activation marker CD69 amongst CD8+ memory T cells was ob-
served in PSC compared to non-PSC (Figure S5).

3.5   |   High-Resolution Cell Cluster Identification 
by scRNA-Seq Delineates Cell States Across Immune 
Compartments in the Liver and Blood

To further characterise the immune cell states found in liver 
FNAs compared to matched PBMCs, paired samples were ob-
tained from 9 patients, 3 with PSC and comorbid UC (PSC-UC) 
and 6 with MASLD (Table S4). All samples were sorted to obtain 
live CD45+ mononuclear cells, and 10× Genomics 3′ scRNA-seq 
was performed, yielding 38 012 and 78 751 high-quality tran-
scriptomes from the FNAs and PBMCs, respectively (Figure 3A; 
Table S5). Integration and clustering of all samples and cells was 
performed to facilitate FNA and PBMC comparisons, and across 
the tissue compartments 18 T/NK (Figure  3B), 8 B/plasma/
plasmablast (Figure 3C) and 13 mononuclear phagocyte (MNP; 
Figure 3D) cell states were identified. Cell states were annotated 
based on cluster-defining markers and markers indicative of 
tissue residency/activation and homing, and cytokine receptor 
expression (Figure 3E).

Within the T/NK compartment multiple naïve and memory 
CD4+ and CD8+ T, NK, MAIT and �� T cell states were identi-
fied. The IFN-responsive CD4+ T helper (Th), Th17, and CD8+ 
T effector memory (TEM) cells had the highest expression of 
the gut-homing integrin genes ITGA4 and ITGB7, which may 
be implicated in trafficking of gut-derived T cells into the liver. 
CXCR6+ NK and MAIT cells, and to a lesser extent CD8+ T 
central memory (TCM) cells had the highest expression of the 
CXCR6 liver residency marker (Figure 3E). Within the B/plasma/
plasmablast compartment naïve and memory B cell subsets and 
plasma/plasmablast cells with high IgA gene expression were 
discernable (Figure 3F). The MNP compartment included clas-
sical CD14+ and non-classical FCGR3A+ monocyte/macrophage 
populations (cMono and ncMono/Mac, respectively), with the 
latter having the highest expression of tumour necrosis factor 
(TNF) amongst the MNPs, as well as CD1C+ conventional and 
plasmacytoid dendritic cells (CD1C+ cDCs and pDCs, respec-
tively; Figure 3G).

3.6   |   Liver NK and T-Cell State Differential 
Abundances Relative to Matched PBMCs 
Demonstrate the Capacity of FNA to Sample 
Liver-Enriched Cells

Comparing the proportions of the main immune cell types in 
the FNA samples to those of the matched PBMCs, the liver had 

a relatively higher average proportion of NK cells (23.2% vs. 
17.5%) and a lower proportion of CD4+ T cells (26.8% vs. 33.5%), 
whilst the other cell types were more comparable (Figure 4A). 
Differential abundance analysis of individual cell states, which 
were well represented across all patients (Figure 4B; Table S5), 
demonstrated that the higher proportion of NK cells in the liver 
FNAs compared to the PBMCs was due to the presence of the 
CXCR6+ NK cells (Padj = 0.006; Figure  4C). These cells have 
been previously described as a liver-specific cell type that is 
adapted for hepatic tolerance and inducible anti-viral immunity 
[19, 20]. The detection of this cell state demonstrates the capac-
ity of the FNA technique to sample liver-resident cell types. 
The relative decrease in the proportion of liver versus PBMC 
CD4+ T cells was predominantly driven by the lower frequency 
of FOXP3+ CD4+ regulatory T cells (Tregs) and HLA-DRB1+ 
CD4+ Th cells in the liver (Padj = 0.028 and Padj = 0.017, respec-
tively; Figure 4C). Further to the differences in NK and CD4+ 
T cell state abundances between the liver and PBMCs, differ-
ences were also observed in the cytotoxic T cell compartment. 
Specifically, CD8+ TCM and MAIT cells were enriched in the 
liver FNAs compared to PBMCs (Padj = 0.022 and Padj = 0.011, 
respectively; Figure  4C), consistent with their expression of 
liver residency markers. No abundance differences were ob-
served for the B/plasma/plasmablast cell states, but differences 
were discernible within the myeloid compartment. CD1C+ cDC 
and FOShi EGR1hi IL1Bhi cMono cell frequencies were higher 
and lower, respectively, in the liver FNAs versus the paired 
PBMCs (Padj = 0.020 and Padj = 0.010, respectively; Figure  4D). 
Cell state frequencies were not significantly different within the 
liver or amongst PBMCs when contrasting the PSC-UC with the 
MASLD patients (cell counts per cell state, patient and tissue are 
provided in Table S5).

3.7   |   Differential Gene Expression and Gene 
Set Enrichment Analyses Demonstrate Cytokine 
and Chemokine Signalling as Enhanced in Liver 
FNAs Relative to Matched PBMCs

Investigating gene expression differences across cell types in the 
FNAs as compared with the paired PBMCs revealed increased 
expression of genes implicated in cytokine and chemokine sig-
nalling and cell activation, mainly in the T-cell compartment 
in the liver (Figure 4E; Tables S6 and S7). The most prominent 
differences in gene expression were observed for the CD8+ TCM 
cells, where 124 genes showed significantly higher expression 
in the liver FNAs as opposed to 88 genes that were higher in 
PBMCs. The differentially expressed genes (DEGs) that were 
higher in the liver for this cell state included TNF superfam-
ily members TNF, TNFSF14, FASLG and CD160; interferon 
genes IFNG and IFNL1; chemokines and their receptors such 
as XCL1, CCL3, CXCR6, and CCR1; and the immune activa-
tion transcription factors JUN and FOSB. For the MAIT cells, 
28 genes were increased in the liver FNAs, and similarly to the 
CD8+ TCM cells, these included TNF, FASLG, CD160, CXCR6, 
CCR1, JUN and FOSB. Expression of the PDCD1 gene, which 
encodes the checkpoint molecule PD-1 that is indicative of im-
mune cell activation or exhaustion, was also increased in the 
liver MAITs. Chemokines and their receptors including XCL1, 
CCL3, and CXCR6, and genes such as CD160 and FOSB were also 
more highly expressed in CXCR6+ NK cells in the liver, where 
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FIGURE 3    |     Legend on next page.
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200 genes were significantly increased, as opposed to 34 genes 
in the blood. DEGs were also found for the CD4+ naïve T cells 
between the patient liver and blood, including TNF and FOSB, 
which were increased in the hepatic cells, suggesting that these 
cells have begun to acquire a more activated state (Figure 4E; 
Table S6).

To further assess cell state differences in gene expression between 
the liver FNAs and PBMCs, gene set and pathway enrichment 
analysis was performed (Figure  4F; Table  S7). NFκB-mediated 
TNF signalling was increased in liver FNAs compared to PBMCs 
for 17 different T, B and MNP cell states, including naïve T and B 
cells, CD8+ TEM and TCM cells, CD4+ Th17 cells, multiple cMono 
cell states and CD1C+ cDCs. Amongst the CD4+ T cell states, the 
hepatic naïve and Th17 cells showed an enrichment for the IL-2 
signalling pathway and for a defence response against bacteria, 
whilst amongst the CD8+ T cells, the liver TEM cells showed in-
creased expression of genes involved in the response to IFNγ and 
the TCM cells were particularly enriched for genes implicated in 
translation. The MAIT cells and the CXCR6+ NK cells in the FNAs 
were enriched for immune cell chemotaxis pathways, indicating 
that this may represent a key function of innate-like lymphoid cells 
with the patient liver (Figure 4F; Table S7). Notably, the DEGs and 
the enriched gene sets and pathways were well-represented across 
the PSC-UC and MASLD patients. Strong expression differences 
were not observed between the patient groups within the FNAs 
or the PBMCs (Table S6). Across all cell states, 94 genes were dif-
ferentially expressed in the liver in PSC-UC versus MASLD, with 
32 of these being increased in PSC-UC, and including HLA class 
II genes and genes implicated in inflammatory responses (e.g., 
S100B), whilst genes increased in MASLD included chemokines 
such as CCL3L1. Similar genes were differentially expressed in the 
PBMCs, where 69 and 192 genes were increased in PSC-UC and 
MASLD, respectively (Table S6).

3.8   |   Cell–Cell Interactions Between Immune 
Cell States in the Liver Are Driven by Myeloid Cells 
and Are Enriched for Cytokine and Chemokine 
Ligand-Receptor Pairs

Given the differences in gene expression observed between the 
matched FNAs and PBMCs, we reasoned that these differences 

may extend to immune cell–cell interactions when comparing 
the two tissue compartments (Table S8). Cell–cell interactions 
were inferred using CellphoneDB. In the liver, these interac-
tions predominantly mapped to the myeloid compartment and 
included intra-myeloid interactions and interactions between 
the myeloid cells and lymphocytes (Figure 5A). Constructing 
a Z-score to help quantify the relative abundance of cell–cell 
interactions in the liver FNAs relative to the blood similarly 
demonstrated the enrichment of myeloid cell interactions in 
the liver, as well as a number of intra-lymphocyte interactions, 
particularly involving CD8+ memory T, MAIT, and B cells 
(Figure 5B).

Investigating the nature and distribution of cytokine, chemok-
ine and TNF superfamily ligand-receptor pairs underpinning 
the liver immune cell–cell interactome showed a prominent 
role for CCL5-CCR5 and CCL4-CCR5 in interactions between 
CD8+ T cells, NK cells and innate lymphoid cells and multiple 
other immune cell types (Figure 5C). Interactions between TNF 
and its receptors were observed between CD4+ T cells, innate 
lymphoid cells and myeloid cells, largely in keeping with the ob-
served increased NFκB-mediated TNF signalling in liver FNAs 
(Figure 4F). LTBR-LTB interactions were particularly increased 
in myeloid cells. Intriguingly, in the liver, signalling triggered 
by lymphotoxin B (encoded by LTB) has been implicated in 
repair, regeneration and carcinogenesis, noting that both PSC 
and MASLD patients have an increased risk for liver cancer 
[13, 21–23].

4   |   Discussion

The increasing global incidence and prevalence of acute and 
chronic liver disease pose a substantial healthcare burden in 
the absence of improved advanced therapeutic options, beyond 
liver transplantation, in late-stage disease. There is a funda-
mental need to develop approaches that provide early insights 
into pathophysiology and allow for longitudinal sampling over 
time. Blood sampling is minimally invasive but poorly rep-
resents tissue-resident immunity. FNA sampling of the liver is 
a minimally invasive technique for acquisition of cells present 
at the site of pathology [4]. This enables direct interrogation 
of the local cellular and molecular processes implicated in 

FIGURE 3    |    Paired liver FNA and blood-derived immune cell atlas of non-infectious, chronic inflammatory liver disease. (A) Schematic of single-
cell RNA-seq study design, indicating the number of patient samples analysed and the number of liver FNA and peripheral blood cells recovered after 
scRNA-seq. T/NK/IL (B), B/plasma/plasmablast (C), and MNP (D) cell clusters identified. For each of these three immune cell compartments, UMAP 
(uniform manifold approximation and projection) plots are shown depicting the cell cluster distributions and annotating the main cell types that the 
clusters belong to (denoted by the dotted lines). Individual cell states are numbered, with their respective annotations shown to the left of the plots. 
(E) Scaled gene expression of key cell markers in the identified cell clusters for each of the three main immune cell compartments. Gene expression 
is shown per cell state as a dot plot where dot size indicates the proportion of cells expressing the marker gene and dot colour indicates the level of 
mean expression. For each cell state, cluster-defining markers, markers of tissue residency (Res) or activation (Act), tissue homing markers, and key 
cytokines (Cyt) and cytokine receptors (CytR) are plotted. Act, activation; cDC, conventional dendritic cells; cMono, classical monocytes; Cyt, cyto-
kine; CytR, cytokine receptor; DC, dendritic cell; FNA, fine needle aspirate; hi, high; IFN, interferon; IL, innate lymphoid; int., intermediate; MAIT, 
mucosal-associated invariant T; MASLD, metabolic dysfunction-associated steatotic liver disease; MNP, mononuclear phagocyte; Mono, monocyte; 
ncMono/Mac, non-classical monocyte/macrophage; NK, natural killer; PBMC, peripheral blood mononuclear cell; pDC, plasmacytoid dendritic cell; 
PSC-UC, primary sclerosing cholangitis-ulcerative colitis; Res, residency; RNA-seq, RNA sequencing; TCM, central memory T; TEM, effector mem-
ory T; Th, CD4+ helper T; Treg, CD4+ regulatory T; UMAP, uniform manifold approximation and projection.
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disease development and progression, and furthermore allows 
investigation of the tissue-specific effects of treatment.

This technique has been successfully employed in the context of 
chronic viral hepatitis B and C infections to demonstrate distinct 
liver-resident populations, multiple layers of innate immune 
regulation, and persistent immune modifications after therapy 

[10–12, 24–26]. This is the first study employing FNA sampling 
of the liver as a means of successfully interrogating the hepatic 
immune landscape via scRNA-seq in non-viral pathologies—in 
this case, PSC and MASLD.

In this study, we describe that the technique of FNA is safe 
and well-tolerated. Patients experienced minimal pain, with 

FIGURE 4    |     Legend on next page.
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only one in 21 patients requiring any analgesia when FNAs 
were taken instead of liver biopsies. FNAs are collected using a 
small diameter needle (22–25 gauge) with a much narrower di-
ameter (0.51 mm) compared to liver core biopsies (16–18 gauge; 
1.65–1.27 mm), which likely accounts for the better safety and 
tolerability profile [10]. Indeed, 88% of patients contacted were 
happy to undergo a follow-up FNA procedure.

There is concern that liver FNAs may yield fewer cells 
(< 100 000) compared to conventional liver biopsies. However, 
in our study, the total CD3+ T cell yield from FNAs was com-
parable to those obtained with resections or biopsies, suggest-
ing that FNA has the ability to enable T-cell profiling to an 
analogous degree. This was the case when there were suffi-
cient cells for flow cytometric analysis, noting that there were 
insufficient cells in 16% of cases from FNA. It should be noted, 
however, that all seven patients undergoing liver biopsy for 
experimental analysis had PSC, with no liver biopsy research 
specimens from patients with MASLD alone. As the lympho-
cyte infiltration profile may be different between PSC and 
MASLD, comparisons between liver biopsy and FNA should 
be restricted to the PSC population, and cannot be generalised 
to MASLD. It is important to note, however, that FNA was 
safely conducted in patients with MASLD, suggesting an im-
portant tool with the potential to reveal further insights into 
the immune environment of the liver in patients with MASLD 
in the future.

Assessment of the relative abundance of T and NK cell subsets 
by both flow cytometry and scRNA-seq revealed concordance 
between the two methods with respect to the lymphoid cell 
populations enriched in the liver FNAs compared to PBMCs. 
ScRNA-seq analyses enabled a more extensive molecular char-
acterisation of these cell populations, demonstrating the capac-
ity of FNA to sample liver-resident immune cell types including 
CXCR6+ NK cells and CD8+ memory T cells and MAIT cells en-
riched for tissue residency markers (CXCR6, CD69).

Further to the cell abundance differences captured in liver FNA 
immune cells compared with PBMCs, differentially expressed 

genes could also be identified in the T-cell compartment. These 
included TNF and other TNF superfamily member genes (e.g., 
TNF, TNFSF14, FASLG) and CD160, interferon genes, chemok-
ines and their receptors (e.g., XCL1, CCL3, CXCR6, and CCR1), 
and transcription factors implicated in immune activation (e.g., 
JUN, FOSB).

The differences were further supported by gene set enrichment 
analysis showing an enrichment of IFN-response and of IL-2 
and IL-6 signalling genes in T cells; of chemotaxis signatures in 
MAITs and CXCR6+ NK cells; and of TNF signalling across mul-
tiple lymphoid and myeloid cell states. Myeloid cell interactions 
constituted the greatest proportion of inferred cell–cell interac-
tions in the liver and were higher compared with the interac-
tions within the PBMCs. In keeping with the differential gene 
expression and the pathway enrichment analyses, several cy-
tokine, chemokine, and TNF superfamily ligand receptor pairs 
were found to be increased in the liver, including CCL4, CCL5, 
TNF, TNFSF14, and LTB.

Historically, sorted populations of immune cells have been used to 
help understand disease pathogenesis in PSC, reporting a variety 
of immune cells involved in disease development and progression, 
including CD4+ T cells, B cells, dendritic cells, macrophages, and 
neutrophils. FNA can provide key data on immune cell popula-
tions, but it does not retain the tissue architecture. Bulk, single-cell 
and single-nucleus sequencing studies and spatial transcriptomics 
have recently been reported in patients with advanced-stage PSC 
demonstrating some early understanding of cellular identity, func-
tion and interactions in this complex disease [27, 28]. Furthermore, 
single-cell analysis of the colonic tissue in patients with PSC-IBD 
has yielded a unique inflammatory transcriptomic signature 
linked to dysplasia in this population [29].

Partly due to the comorbidity of PSC and IBD, it has been hy-
pothesised that trafficking of lymphocytes from the gut to the 
liver may contribute to disease pathology. It has been reported 
that ligands such as a vascular cell adhesion molecule-1 
(VCAM-1) and mucosal addressin cellular adhesion mole-
cule-1 (MAdCAM-1) are upregulated in hepatic inflammation, 

FIGURE 4    |    Single-cell RNA-seq differential abundance and gene expression analyses comparing paired liver FNA and blood-derived immune 
cells. (A) Pie charts showing the average percent of the main immune cell types found in liver FNAs (top) and PBMCs (bottom). (B) Stacked bar plots 
showing the percent of each cluster represented by individual samples (liver FNAs shown in purple; PBMCs shown in yellow). Bars correspond to 
cell clusters, whilst stacks correspond to the individual samples. T/NK/IL cell (C) and MNP cell (D) clusters with a significant differential abun-
dance when comparing paired liver FNA and PBMC samples. Purple symbols correspond to the liver FNA samples; yellow symbols correspond to 
the matched PBMCs. Pairs of samples are connected by lines. Bars show the median cell frequency (as a percentage) for each tissue compartment. 
Adjusted P-values estimated using a two-tailed Wilcoxon matched-pairs signed rank test with a Benjamini-Hochberg correction for multiple testing. 
(E) Differential gene expression analysis of selected T/NK-cell subsets when comparing paired liver FNA and PBMC samples. Left and right vertical 
dotted lines correspond to the log2FC thresholds used and the horizontal dotted line denotes the adjusted signifance threshold (FDR < 0.05). Purple 
and yellow symbols denote genes with statistically significantly increased expression in the liver and blood, respectively. (F) Pathways differentially 
enriched between paired liver FNA and PBMC samples across immune cell clusters (determined using a Fisher test and gene set enrichment analy-
sis). Dot plot shows cell clusters on the x-axis and key pathways on the y-axis. Dot size corresponds to the number of differentially expressed genes 
in the geneset; dot colour shows the odds ratio of pathway enrichment, where an odds ratio of > 1 indicates enrichment in the liver versus PBMCs. 
cDC, conventional dendritic cells; cMono, classical monocytes; DC, dendritic cell; DEG, differentially expressed gene; FC, fold change; FDR, false 
discovery rate; FNA, fine needle aspirate; hi, high; IFN, interferon; IL, innate lymphoid; int., intermediate; MAIT, mucosal-associated invariant 
T; MNP, mononuclear phagocyte; Mono, monocyte; Mono/Mac, monocyte/macrophage; ncMono/Mac, non-classical monocyte/macrophage; NK, 
natural killer; Padj, P-value adjusted for multiple comparisons; PBMC, peripheral blood mononuclear cell; PB, plasmablasts; PC, plasma cells; pDC, 
plasmacytoid dendritic cell; TCM, central memory T; TEM, effector memory T; Th, CD4+ helper T; Treg, CD4+ regulatory T.
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FIGURE 5    |     Legend on next page.
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thereby increasing recruitment of gut-derived CCR9+ α4β7+ T 
cells, which are increased in abundance in liver explants from 
PSC compared to primary biliary cholangitis (PBC) patients 
[30, 31]. Assessing our flow cytometry and scRNA-seq data for 
the expression of gut-homing markers (CCR9 and β7 as a sur-
rogate for α4β7) and activation markers (CD161 and CD69) on 
T cells did not reveal any significant differences between our 
PSC and non-PSC patients, with the exception of a higher pro-
portion of CD69+ CD8+ memory T cells observed by flow cy-
tometry in PSC FNAs. These data may suggest the relevance 
of CCR9+ α4β7+ T cells in both our PSC and non-PSC (pre-
dominatly MASLD) patients, in keeping with the previously 
described relevance of these cells in steatotic liver disease [32].

Collectively, our findings indicate FNA can be used to electively 
sample and profile the immune landscape of the liver in a vari-
ety of liver diseases, including PSC and MASLD, and generate 
high-resolution data. By combining FNA and scRNA-seq, we 
can provide a single-cell window into tissue-specific immune 
responses with minimal risk. The technique can be utilised to 
study early-stage disease, disease progression, and response to 
treatment [33]. FNAs may be optimised for future large-scale, 
high-resolution analyses of disease pathology both within the 
liver and other tissues for the granular analysis of health and 
disease.
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