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Graphical_abstract 

GA1 

 

Abstract 

 

Background: Hepatitis B virus (HBV) infection is restricted to the liver where it drives 

exhaustion of virus-specific T and B cells and pathogenesis through dysregulation of intrahepatic 

immunity. Our understanding of liver-specific events related to viral control and liver damage 

have relied almost solely on animal models and we lack useable peripheral biomarkers to 

quantify intrahepatic immune activation beyond cytokine measurement. Our objective was to 

overcome practical obstacles of liver sampling using fine-needle aspiration (FNA) and develop 
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an optimized workflow to comprehensively compare the blood and liver compartments within 

chronic hepatitis B (CHB) patients using single-cell RNA sequencing (scRNAseq). Methods: 

We developed a workflow that enabled multi-site international studies and centralized 

scRNAseq. Blood and liver FNAs were collected, and cellular and molecular capture were 

compared between the Seq-Well S
3 
picowell-based and the 10x Chromium reverse-emulsion 

droplet-based scRNAseq technologies. Results: Both technologies captured the cellular diversity 

of the liver but Seq-Well S
3
 effectively captured neutrophils, which were absent in the 10x 

dataset. CD8 T cells and neutrophils displayed distinct transcriptional profiles between blood and 

liver. In addition, liver FNAs captured a heterogeneous liver macrophage population. 

Comparison between untreated CHB patients and patients treated with nucleoside analogues 

showed that myeloid cells were highly sensitive to environmental changes while lymphocytes 

displayed minimal differences. Conclusion: The ability to electively sample and intensively 

profile the immune landscape of the liver, and generate high-resolution data, will enable multi-

site clinical studies to identify biomarkers for intrahepatic immune activity in HBV and beyond. 

800 million people worldwide are at risk for liver cirrhosis, including over 290 million 

chronically infected with Hepatitis B virus (HBV)(1, 2). Chronic hepatitis B (CHB) is a highly 

heterogeneous disease characterized by variable viral loads and liver inflammation(3). Antiviral 

therapies suppress viral replication but rarely lead to cure(4). Currently, there are no known 

peripheral blood biomarkers to monitor anti-HBV responses in the liver to predict disease 

progression or cure(5). This is a significant knowledge gap that could be addressed through 

elective liver tissue sampling and next generation single-cell RNA sequencing (scRNAseq). 

Liver tissue is typically available through surgical resections or percutaneous needle biopsies. 

However, these procedures are dependent on clinical need rather than elective sampling 

necessary to understand immune mechanisms in a dynamic disease like chronic hepatitis B. Fine-

needle aspirates (FNA) of the liver are collected using a 25 gauge (G; 0.51mm outer diameter) 

needle, which is significantly smaller than needles used for standard liver biopsies (16-18G; 

1.65–1.27mm outer diameter) and venipuncture (21G; 0.82mm outer diameter). As a result, the 

FNA technique poses minimal risk and discomfort to participants. The safety profile of liver 

FNAs enables elective liver sampling, including longitudinal clinical studies with less than 2 

weeks between samplings(6, 7). However, compared to more invasive needle biopsies, liver 
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FNAs yield fewer cells (<100,000 cells)(8, 9). Moreover, they are best used immediately onsite 

to provide the most accurate representation of the liver immune environment. 

To capitalize on the utility of FNAs and address obstacles of site-specific variability, we 

developed and optimized a workflow that enables international, multi-site collection of liver 

FNAs and centralized scRNAseq library generation. We developed metrics to assess FNA 

quality, followed by comparison of two methods for scRNAseq on the collected cells, the Seq-

Well S
3
 and 10x Genomics 3’ v2 single cell platforms. We further optimized a method to freeze, 

and ship loaded Seq-Well S
3
 arrays, simplifying onsite processing for clinical workflows and 

facilitating enhanced reproducibility through centralized whole transcriptome amplification and 

sequencing.  By analyzing matched blood and liver FNA samples collected at four international 

sites, we highlight the impact of the liver microenvironment on immune cells and examined the 

impact of antiviral therapy on gene expression. This optimized workflow will enable multi-site 

international studies of human liver biology. 

 

Methods 

Ethical Statement 

Peripheral blood and liver FNAs were collected from 35 participants living with chronic hepatitis 

B at Erasmus MC University Medical Center (Rotterdam, The Netherlands), Toronto General 

Hospital (Toronto, Canada) and Massachusetts General Hospital (Boston, USA). Three healthy 

volunteer blood and liver FNAs were collected at the Janssen Clinical Pharmacology Unit 

(Antwerp, Belgium). All participants provided written informed consent. This study was 

approved by institutional review boards at all sites and was conducted in accordance with both 

the declaration of Helsinki and Istanbul. 

 

Collection of liver fine needle aspirates 

Paired liver FNA and blood samples were obtained to compare intrahepatic and peripheral 

immune profiles. To minimize variation between sites, the liver FNA procedure was 

standardized between participating sites and as performed as follows. The position and 

movement of the liver during respiration was assessed using ultrasound to avoid large blood 

vessels. The puncture site was cleaned using chlorhexidine and the participant was covered in 

sterile dressings, leaving only the puncture site exposed. Upon exhalation, a 25G spinal needle 
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  raun  pinocan ) was inserted intercostally into the liver parenchyma. The stylet was carefully 

removed, and a 10 ml syringe (BD Bioscience) was attached to the needle. Liver cells were 

aspirated from the parenchyma by pulling back the syringe to create negative pressure, while 

simultaneously advancing the needle approximately 2.5 centimeters into the liver. Finally, the 

needle was retracted from the participant and moved to a sterile table where approximately 500 

µL of cold RPMI 1640 medium without phenol red (Lonza) was aspirated into the syringe. The 

cell suspension was transferred to a 5 mL tube (Axygen) and placed on ice immediately. This 

was repeated 3 times (total of 4 passes), using fresh needles and syringes for each pass. 

 

Detailed methodology for sample processing and analysis is provided in the 

supplementary materials. 

 

Results 

 

Fine needle aspirates (FNAs) to assess the diversity of intrahepatic immune cells 

Unlike core biopsies that cut a tissue cylinder, FNA sampling uses negative pressure and forward 

motion of the syringe to aspirate cells. This introduces the potential for blood contamination if 

the needle engages hepatic blood vessels. Because of the collection method, the cellular 

composition of liver FNAs lies between peripheral whole blood and core biopsies(10). To ensure 

consistent sampling of intrahepatic tissue, it is important to objectively assess the extent of 

peripheral blood contamination in each sample. 

We established a standardized protocol, and instructional video (Suppl video 1), for obtaining 

FNA material, followed by immediate assessment of sample quality.  Individual FNA passes 

display different degrees of peripheral blood composition based on visual inspection (Fig 1a). 

We used flow cytometry to quantify naïve T cells in FNAs, which are not typically not found in 

solid organs(8). However, flow cytometry requires significant time to prepare, a large fraction of 

the collected sample, and infrastructure at different sites within a clinical trial. Therefore, we 

examined whether an optical density (OD) to measure red blood cell (RBC) content would 

deliver comparable results while minimizing sample use and processing time. We compared 

OD450 measurements with conventional immunological profiling on different FNA passes from 

individual participants (Suppl Fig 1). As the OD450 value increased, the CD4:CD8 ratio 
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inverted.  CD8 T cells dominated in samples with a low OD450 while there was a predominance 

of CD4 T cells in high OD450 samples, as is characteristic for the blood (Fig 1b)(6). The OD450 

measurement was further validated by finding a significant positive correlation between OD450 

and the frequency of naïve CD4 and CD8 T cells (Fig 1c and 1d). Furthermore, there was a 

significant negative correlation between OD450 and frequencies of mucosal-associated invariant 

T (MAIT) cells (Fig 1e), which are compartmentalized to the liver(11). These data demonstrate 

that RBC content measured by OD450 is a robust indicator of peripheral blood composition 

within FNA passes and supports the use of this simple, quantitative, sample-sparing test to 

account for peripheral blood content in FNA samples. 

 

Comparing scRNAseq technology platforms for analysis of human liver FNAs 

We next sought to identify the best means of comprehensively profile total cellular diversity in 

FNA samples. Reverse-emulsion droplet and picowell-based high throughput scRNAseq 

platforms are amenable to low input samples. The 10x Genomics Chromium system, like the 

Drop-seq and inDrops platforms, uses a reverse-emulsion microfluidic system to co-capture 

uniquely barcoded beads and cells(12, 13). Picowell based platforms, such as Seq-Well S
3
(14) 

and BD Rhapsody(15), use small wells to isolate individual cells. Both the Seq-Well S
3
 and 10x 

Genomics platforms have been successfully used to analyze peripheral blood and digested 

tissue(16, 17). However, cell capture, cell type representation, sequencing depth and quality, and 

the robustness of data generation across multiple sites from primary human liver tissue samples 

is not known. 

Four FNA passes were collected from each of four volunteers. The lowest OD450 passes were 

pooled and analyzed in parallel using Seq-Well S
3
 and the 10x Genomics 3’ version 2  10x v2) 

platforms. After filtering low-quality cells based on a minimum 300 genes and 500 UMIs per 

cell, the number of transcripts (p=0.044), number of genes captured per cell and cell capture 

from 15,000 cell input was significantly higher in liver FNAs using Seq-Well S
3
 (Suppl Fig 2a-

c).  For the peripheral blood, only the number of transcripts showed a significant difference 

between Seq-Well S
3
 and 10x Genomics (Suppl Fig 2d-f). 

UMAP visualization of the Seq-Well S
3
 and 10x 3’ v2 datasets readily identified lymphocytes 

and myeloid cells(Fig 2a-d). We compared cell type frequencies between the platforms by 

calculating the number of each cell type recovered divided by the total sequenced cells passing 
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quality thresholds in the sample (Fig 2e). The 10x v2 captured significantly more γδ T cells 

whereas Seq-Well S
3
 captured significantly more granulocytes and was capable of efficiently 

capturing both blood and liver neutrophils, which were undetectable in the 10x 3’ v2 dataset (Fig 

2e). A cluster of regulatory T cells (CD3, CTLA4, IL2RB, FoxP3) was unique to the Seq-Well S
3
 

dataset, when compared to data obtained using the 10x 3’ v2 kit.  Few high-quality non-immune 

cells, such as hepatocytes, were captured using either method. 

We used publicly available datasets to determine how liver sample processing impacted cell 

capture. We compared liver FNAs, which required minimal processing, to datasets that sorted 

CD45+ cells from liver biopsies(49) or collected total cells after perfusion-based tissue 

digestion(16). Each method resulted in a distinct cell capture profile (Supp Fig 3). Perfusion-

based tissue digestion resulted in high hepatocyte, LSEC, and plasma cell capture but lost of 

most of the non-adherent lymphocytes. CD45 sorting from dissociated biopsies lost all 

hepatocytes and LSECs and dramatically reduced myeloid cell capture, presumably due to their 

lower CD45 expression. RBC depleted FNAs sat in the middle, providing good representation of 

lymphocytes, myeloid cells and neutrophils while still capturing some parenchymal cells. These 

data support the use of liver FNAs to capture a representative cellular repertoire of the liver, with 

the understanding that parenchymal cells are underrepresented in FNAs. 

 

Cryopreservation of Seq-Well S
3
 arrays for centralized library generation 

Based on cell type capture, we selected the picowell-based Seq-Well S
3
 system to collect 

remaining samples for this study. We further developed a protocol that allowed for centralized 

processing by freezing Seq-Well S
3
 arrays immediately after cell loading and membrane sealing. 

This allowed us to capture freshly isolated cells on site and perform library generation centrally 

to minimize onsite processing and batch effects. 

Fresh FNA and PBMC samples from six participants from 3 sites were loaded onto parallel 

arrays up to membrane sealing.   One array was processed on site up to the reverse transcription 

step and the other was frozen at -80 
o
C and shipped on dry ice to the central lab. Freezing and 

shipping after cell loading yielded equivalent number of transcripts, genes per cell and total cell 

recovery compared to processing onsite for both the liver FNA (Fig 3a,c,e) and peripheral blood 

samples (Fig 3b,d,f). Fresh and frozen arrays clustered together, without data integration, with 

only a maximum of seven consensus differentially expressed genes (consensus = expressed in 
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>50% of comparisons) observed in CD8 T cells (Fig 3g). Arrays from individual patients showed 

similar cellular diversity (Fig 3h). We used the optimized workflow to characterize blood and 

liver FNA samples from 13 CHB participants and 3 healthy participants (Table 1, representing 4, 

4, 5, and 3 samples from the four sites). We recovered a total of 66,446 high-quality cells, which 

were analyzed in a lineage-specific manner to investigate transcriptional differences between the 

blood and liver. 

 

Subset enrichment and transcriptional adaption of lymphocytes in the liver 

The composition and phenotypic profiles of liver T cells is distinct from the blood(18). 

Subclustering data revealed 5 distinct CD8 T cell populations (Fig 4a). The differentially 

expressed genes discriminating each cluster are shown in Figure 4b (a full list of gene markers is 

available in Supplementary Table 1). The observed clusters were comparable to prototypic CD8 

T cell subpopulations known from prior studies of infection and cancer(19, 20). Cluster 0 

 “GZM ”) displayed strong expression of granzymes B (GZMB) and H (GZMH), together with 

CX3CR1 and other markers typically found in effector T cells(19, 21).  Cluster 1  “GZMK”) was 

dominated by expression of GzmK, the transcription factor EOMES and chemokine receptors 

CCR5 and CXCR6, resembling transitional, or precursor, CD8 T cells previously described in 

liver cancer(19). Cluster 2  “NR4A2”) expressed the transcription factor NR4A2 that has been 

associated with dysfunctional CD8 T cells(22). Cluster 3  “CCR7+ TCF7+”) expressed the 

chemokine receptor CCR7 and transcription factor TCF7, together with LEF1 and SELL, which 

is characteristic of both naïve or stem-like CD8 T cells(23). Cluster 4  “MAIT”) co-expressed 

genes associated with MAIT cells such as KLRB1, SLC4A10, DPP4, and IL7R(24). Interestingly, 

the MAIT cell cluster expressed many of the GZMK cluster 1 defining genes, in addition to its 

own characteristic gene expression signature (Fig 4c). 

The composition and phenotypic profiles of liver T cells is distinct from what is found in the 

blood(18). Differences in relative T cell frequencies were especially apparent for MAIT cells, 

which are enriched in the liver (Fig. 4d,e)(11). The GZMK population was also more prevalent in 

the liver. In contrast, the naïve/naïve-like CCR7 TCF7 population was enriched in the blood (Fig 

4e)(25). While all five clusters were found in both tissue compartments, the UMAP visualization 

in Figure 4d showed that liver and blood derived T cells occupy distinct spaces within most 

clusters, suggesting different transcriptional states. Detailed comparison of transcriptional 

ACCEPTED

Copyright © 2023 American Association for the Study of Liver Diseases. Published by Wolters Kluwer Health, Inc. Unauthorized 
reproduction of this article prohibited.

D
ow

nloaded from
 http://journals.lw

w
.com

/hep by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

n
Y

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
4/O

A
V

pD
D

a8K
K

G
K

V
0Y

m
y+

78=
 on 05/18/2023



signatures between blood and liver within clusters revealed profound differences in gene 

expression for the NR4A2 and GZMK CD8 T cell clusters (Fig 4f), representing key cellular 

pathways involved in the inflammatory response, IL2 and TNF-α signaling in the liver NR4A2 

population and IFN-γ and mTORC1 signaling in the liver GZMK population compared to blood 

(Fig 4g). The overall T cell composition and clear differences in the transcriptional landscape 

support that liver FNAs predominantly captured liver-resident T cells. 

Other major lymphocyte populations showed fewer differences when analyzed by 

compartment. CD4 T cells were less complex than CD8 T cells, with only 2 distinct clusters 

(excluding Tregs cluster in Fig 2c) and only marginal differences with regards to the relative size 

of clusters or their transcriptional landscape (Suppl Fig 4). NK cell analysis showed enrichment 

of the CD56
hi

 NK cell population in the liver FNAs, as expected, but no significant impact of the 

liver compartment on the transcriptional profiles (Suppl Fig 5). B cells showed no significant 

compartment specific enrichment or transcriptional profiles (Suppl Fig 6) 

 

Complex neutrophil compartment in the blood and liver 

Animal studies suggest that neutrophils are recruited first in the inflammatory cascade and 

facilitate immune cell infiltration into the liver parenchyma, but little data is available from the 

patient liver(26, 27). After recognizing that picowell-based scRNAseq approach efficiently 

captured neutrophils, we changed our RBC depletion to magnetic bead-based depletion to 

preserve the neutrophil population. As a result, we present neutrophil data from 7 participants 

with matched whole blood and FNA, as the remaining 9 had PBMCs isolated by density gradient 

centrifugation. Subclustering of neutrophils yielded six subpopulations (Fig 5a). The loss of 

neutrophils was apparent in the PBMC samples (Fig 5b). Neutrophils shared an overlapping 

transcriptional profile with monocytes but were clearly distinguishable from monocytes due to 

the lack of VCAN and CD68 (not shown). The five clusters expressed known neutrophil markers 

CXCR2, IL8, and S100A genes(28, 29). Cluster 0, IL8(hi) SYAP1- neutrophils, and cluster 4, 

IL8(hi) SYAP1+ neutrophils expressed the highest level of IL8 (CXCL8), which is found in 

activated neutrophils(30). Expression of SYAP1, a described target of caspases, distinguished the 

IL-8+ neutrophils (Fig 5c). Both cluster 3 (MME) and cluster 5 (MMP8) neutrophils expressed 

genes whose products are stored in secretory granules and aid in the process of neutrophil 

recruitment to tissues and matrix degradation(31, 32). However, they expressed different 
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secreted molecules such as MME and FCN1 or MMP8 and LCN2 in cluster 3 and 5, respectively 

(Fig 5c). Cluster 1, IFN-stim neutrophils, displayed a profile consistent with activation by type I 

interferon, with increased expression of RSAD2, IFIT1, MX1, ISG15 and OAS3. Cluster 2 

(SIGLEC10) neutrophils expressed SIGLEC10, which has been described as an inhibitory 

receptor of other immune cells in the context of tumor escape(33) (Fig 5c). 

Neutrophil distribution between the blood and liver did not show significant enrichment of any 

cluster in either compartment (Fig 5d). However, similar to the CD8 T cells, neutrophil clusters 

displayed distinct liver and blood transcriptional signatures within clusters (Fig 5e). Enrichment 

analysis of IL8(hi)SYAP1+ neutrophils revealed significant enrichment of pathways associated 

with inflammation and type I and II interferons (IFNs) in the blood. MMP8 neutrophils displayed 

distinct signatures within the cluster with type I and II IFN signatures in the blood and pathways 

enriched in IL6 signaling and metabolic processes in the liver (Fig 5f). While their role in the 

progression of CHB is unclear, the ability to capture neutrophils in the scRNAseq data will allow 

for deeper investigation and a more in-depth understanding of their role. 

 

Liver FNAs capture macrophage diversity in the human liver 

The plasticity of myeloid cells allows them to tune their functionality to specific environments.  

We identified a highly diverse monocyte population between the blood and liver, consisting of 

10 monocyte subpopulations (Suppl Fig 7a).  Monocyte subpopulations were not enriched in 

either compartment (Suppl Fig 7c,d), consistent with their ability to circulate and patrol 

tissues(34). Two monocyte clusters displayed significant DEGs between the compartments: 

cluster 0, cMono(1), and cluster 1, cMono(2) (Suppl Fig 7e). These data demonstrate the 

potential diversity of short-lived monocyte populations. 

Macrophages regulate the inflammatory environment in the liver. They have been associated 

with HBV-mediated liver inflammation and progression of fibrosis(35, 36). Macrophages exist 

on a functional spectrum between activating and suppressive(37). They are tightly bound to the 

endothelium, and studies that have characterized human macrophages with scRNAseq have used 

collagenase to digest liver tissue(16). It was unclear if we would capture them with FNAs. We 

noted that macrophage capture was variable among patients. Therefore, caution should be taken 

when comparing frequencies of adherent cells, like macrophages, between time points or 

between patients. 
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Subclustering macrophages yielded five subpopulations (Fig 6a) that were restricted to the liver 

(Fig 6b).  The macrophage clusters displayed markers shared across populations including 

complement (C1QA), FCGR3A (CD16), MARCO, CTSS and MSR1 (Fig 6c). However, we 

identified unique markers capable of distinguishing each population (Fig 6d). Cluster 0, TIMD4 

macrophages, have been defined as embryonically-derived, or long-lived, tissue 

macrophages(38, 39). TIMD4 macrophages expressed LYVE1, also associated with long-lived 

tissue resident macrophages(38), and CD163, a scavenger receptor associated with fibrosis in 

chronic hepatitis B (Fig 6e)(40). Cluster 1, SLC40A1 (ferroportin) macrophages, expressed 

markers that indicate recent monocyte to macrophage differentiation including NR1H3 (Liver X 

receptor alpha, LxRa) and SPIC (Fig 6e)(41, 42). Cluster 2, C1QA low macrophages, and cluster 

3, HBB (hemoglobin) macrophages expressed the lowest level of shared macrophage markers 

C1QA and MARCO and may represent transient or transitional macrophage populations(43) (Fig 

6c). Cluster 2, C1QA low macrophages, expressed high levels of monocyte markers VCAN and 

LYZ, suggesting these macrophages are in a transitional state of differentiation (Fig 6e)(44). 

Cluster 4, HBB+ macrophages, may represent a transient liver macrophage population 

responsible for clearance of RBCs prior to differentiating to SLC40A1 macrophages(45). Cluster 

4, CD9 macrophages, expressed OLR1 and LGALS3 consistent with scar-associated macrophages 

found in the cirrhotic liver (Fig 6e)(17).  These data confirm that the collection of FNAs allows 

the capture of adherent macrophages and identifies unique macrophage states associated with 

different stages of liver disease. 

 

Myeloid cells show significant differences between treated and untreated patients. 

Nucleoside analogue treatment suppresses HBV replication and normalizes ALT. Five CHB 

patients in our study were on nucleoside analogue therapy at the time of FNA collection. The 

remaining 8 had varying HBV DNA levels and all but one (ALT 1.7xULN) had ALT levels in 

the normal range (Table 1). This allowed us to investigate how the presence of HBV DNA 

impacts the transcriptional profile of immune cells with little to no influence by liver damage. 

The groups were divided based on treatment and cell clusters were projected onto UMAP plots 

(Fig 7a, b). None of the clusters showed a significant difference frequency between treated and 

untreated patients (Fig 7c). Macrophages were not included in the frequency comparison, due to 
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their adherent nature, but showed the greatest changes in DEGs between patient groups, followed 

by monocytes (Fig 7d). DEGs from monocytes and macrophages comprised numerous immune 

related genes that included chemokines, cytokines and interferon stimulated genes (Fig 7e). In 

contrast, lymphocytes displayed few significant DEGs between cohorts, which were largely not 

immune-related and comprised of many ribosomal genes (Fig 7e). The impact of nucleoside 

analogue therapy, particularly on liver macrophage gene expression, indicate that ongoing HBV 

replication induces significant changes in the liver environment despite comparable ALT levels. 

Discussion 

Liver FNAs revolutionize access to liver tissue, allowing frequent, scheduled tissue sampling to 

collect the most informative time points in disease progression or treatment. Our comparison of 

tissue processing approaches showed that RBC depleted liver FNAs represented a balance 

between CD45+ immune cells and perfusion-based tissue digestion, effectively capturing 

lymphocytes, myeloid cells, and some parenchymal cells. The OD450 measurement developed 

as a quantitative, sample sparing approach to assess peripheral blood contamination reserves 

>95% of the FNA sample for scientific investigation. Using a picowell-based technology 

provided the ability to load fresh cells onto the arrays locally, freeze and ship them. This allowed 

us to use a central laboratory for library generation and sequencing to support the international 

multi-site collaboration. 

Elective liver sampling with FNAs allows for monitoring therapeutic interventions and opens the 

opportunity to re-define the classical stages of chronic hepatitis B. Clinically, the stages are 

based on viral load, HBeAg and liver damage (ALT) but are given immunological names such as 

“immune tolerant” or “immune active”(46). While such staging has been relevant for clinical 

management, it may obscure effective use of novel therapies or the actual immune status in the 

liver. Recent studies have used microarray, or total RNA sequencing from core liver biopsies, to 

distinguish immunological signatures between stages but lack resolution of individual cell types 

and comparisons to the blood(47, 48). Recently, Zhang et.al. performed scRNAseq on core 

biopsies, after enzymatic digestion and CD45+ cell sorting, and showed distinct 

compartmentalization of T cells and transcriptional profiles associated with liver damage(49). In 

contrast, the workflow we present using FNAs avoids the time and manipulation involved with 

digestion and cell sorting and was used to electively sample patients without liver damage.  We 

took advantage of this to compare the effect of nucleoside analogue therapy in CHB patients 
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without liver damage. While lymphocytes showed relatively minor alterations between groups, 

monocytes and macrophages showed significant changes between treated and untreated patients. 

Given that macrophages represent a primary sentinel of inflammation in the liver, the 

transcriptional changes suggest ongoing immunological activation in the absence of clinically 

evident liver damage. 

Our technology comparison showed that cellular diversity between the emulsion- and picowell-

based approaches were similar for lymphocytes and myeloid cells but diverged significantly in 

their ability to capture granulocytes. Human neutrophil capture is a known issue with the 10x 

3’v2 data because of their low RNA and high nuclease content. Newer versions of the 10x 

Genomics reagents may improve neutrophil capture but our data suggest that picowell strategies 

were more effective. As a result, we identified liver-specific transcriptional profiles in neutrophil 

subtypes known to modulate the adaptive response in other settings(50). This presents an 

opportunity to investigate the role of neutrophils in HBV infection, particularly in liver damage, 

where the only existing data was generated in mouse models(26, 27). 

We did not observe vastly different frequencies of CD4 and CD8 T cell subpopulations by 

compartment, as seen by Zhang et.al., likely because our patient cohort did not include patients 

with hepatitis(49). However, we found transcriptional differences between blood and liver 

immune cell populations in the absence of inflammation. CD8 T cells displayed the most unique 

transcriptional profiles between compartments. In the five CD8 T cell clusters that we analyzed, 

GZMK CD8 T cells displayed the chemokine receptors CCR5 and CXCR6, which are associated 

with homing to the liver(51), and were the only cluster positive for the IFN-γ transcript. This 

suggests that a CD8 T cell population, that is likely not HBV-specific due to its size, may play a 

role in viral control in the HBV infected liver and/or the potential to drive pathogenesis through 

induction of IFN-γ regulated chemokines CXCL-9 and CXCL-10. 

B cells and NK cells did not show compartment-specific transcriptional profiles. However, it 

should be stated that our study was not powered to discover all DEGs and included patients with 

different disease profiles, including healthy donors, with a primary goal of mapping cellular 

diversity. Moreover, the number of cells recovered from three healthy donors did not allow for a 

robust comparison to CHB patient liver FNA samples. Our analysis used stringent thresholds for 

identifying compartment specific gene expression. Genes specifically expressed in the blood or 

liver were compared while taking the participants into account as covariates. This was necessary 

ACCEPTED

Copyright © 2023 American Association for the Study of Liver Diseases. Published by Wolters Kluwer Health, Inc. Unauthorized 
reproduction of this article prohibited.

D
ow

nloaded from
 http://journals.lw

w
.com

/hep by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

n
Y

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
4/O

A
V

pD
D

a8K
K

G
K

V
0Y

m
y+

78=
 on 05/18/2023



to avoid bias towards individual participants but resulted in lower statistical power in this small 

cohort. We have observed lower inter-patient variability when patients are selected by defined 

inclusion/exclusion criteria and more robust transcriptional changes in longitudinal samples from 

individual CHB patients(52). 

Liver macrophages have been characterized in studies from healthy livers(16), livers with 

cholestatic liver disease(53), and cirrhosis(17), all of which required tissue digestion. The FNA 

sampling approach captured macrophages without the need for tissue digestion, minimizing 

processing time to preserve in vivo transcriptional profiles. However, macrophage capture varied 

between patients using the FNA sampling approach. Therefore, calculations such as frequency 

would be prone to error, but their transcriptional profiles can be highly informative of the 

inflammatory environment. In a heterogeneous disease, such as chronic hepatitis B, we expected 

to find a heterogeneous macrophage population, and did so, identifying five different clusters. 

Some macrophage populations displayed markers of monocyte to macrophage differentiation, 

suggesting datasets such as these could be used to investigate the transition of liver infiltrating 

monocytes. However, because of variability in collection, macrophage-related data should be 

validated in tissues sections where their transcriptional profiles can be validated by spatial 

transcriptomics and their frequency and localization can be assessed by fluorescent microscopy. 

We found the greatest diversity of cellular phenotypes within short-lived monocytes and 

neutrophils(54, 55). Because of their short-lived nature, they are dynamically regulated within 

the tissues and periphery by changing environmental cues. Therefore, these cell types may be 

ideal sentinels for immunomodulatory therapies that induce inflammatory cytokines. The FNA 

procedure, properly timed after treatment, could be used to interrogate the intrahepatic response 

to immunomodulation to identify more robust biomarkers related to antiviral immunity and 

immune activation. 

Overall, establishing this workflow across four international collaborating sites provides a 

framework to compare immunological status between the blood and liver across the different 

stages of CHB, where specific cohorts may be differently represented in geographical regions 

and facilitates deployment in future clinical studies. We are highly confident that when this 

approach is applied to clinical studies with defined enrollment criteria and longitudinal sampling, 

the ability to detect changes in transcriptional profiles between time points will be significantly 

more sensitive 

.  
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Figure 1. Quantification of RBC contamination of liver FNAs. (a) Images showing variable RBC 

contents of individual FNA passes. (b) CD4:CD8 ratio in FNA passes from single patient with 

increasing OD450 values. Frequency of (c) naïve CD4 T cells (d) naïve CD8 T cells and (e) 

MAIT cells compared to OD450 values of each FNA pass. Analysis done using Pearson pairwise 

correlation. 
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Figure 2. 10x 3’v2 vs  eq-Well S
3
 comparison. UMAPs of all data from (a) Seq-Well and (b) 

10x. Dot plot of cell type marker genes for (c) Seq-Well and (d) 10x. (e) Cell type frequencies 

compared across matched samples (gray lines) for Seq-Well S
3
 (red) and 10x (blue). Paired t test 

was used to test for statistical significance. Samples from FNA, PBMC, and WB are circles, 

triangles, and squares, respectively, n = 4 patients run in parallel, 8 samples account for blood 

and liver from each patient. 
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Figure 3. Data comparison of freshly processed vs. frozen arrays. (a) number of transcripts/cells, 

(b) number of genes/cells, and (c) number of cells captured in liver FNAs from six different 

patients. (d) number of transcripts/cells (e) number of genes/cell and (f) number of cells captured 

in peripheral blood from six different patients. Paired t test was used to test for statistical 

significance in panels a-f. (g) Number of differentially expressed genes in matched cell types 

between freshly processed and frozen arrays. Differential expression was performed on a 

participant and compartment basis. Genes were considered consensus differentially expressed if 

they were significant at adjusted p-values <0.05 and absolute value of Cohen’s d>0.2 across at 

least 6 of the 12 individual and compartment combinations. (h) Comparison of cell type capture 

across matched samples (gray lines) for fresh (pink) and frozen (blue) arrays. Samples from FNA 

and PBMC are circles and triangles, respectively. Paired t test was used to test for statistical 

significance (n = 6 patients, blood and liver). 
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Figure 4. CD8 T cell composition in liver vs blood. (a) scRNAseq UMAP for CD8 T cells 

colored by cluster IDs. (b) Dot plot showing top 10 marker genes for each cluster ID. (c) Violin 

plot showing the top 5 marker genes for GZMK+ CD8 and MAIT cells. Significance was 

determined using Wilcoxon Rank sum test. (d) scRNAseq UMAP colored by cluster and split 

based on tissue of origin, i.e. liver and blood. (e) Comparison of cell frequencies between blood 

and liver within sample (connected through grey lines) for each CD8 cluster. Significance was 

determined using Wilcoxon Signed-Rank test with Bonferroni correction (adjusted p-value < 

0.05). (f) Volcano plots depicting differences in gene expression between blood and FNA in 

NR4A2+ and GZMK+ CD8 T cells. The R-package MAST was used to obtain hurdle P-values 

which were Bonferroni corrected for multiple hypothesis testing. Positive cohen’s D value 

suggests higher expression in liver. Cohen’s D cutoff calculated as mean + 2 x standard deviation 

of cohen’s D values of all genes. (g) Hallmark genesets enriched by NR4A2+ and GZMK+ CD8 

T cells. Normalized enrichment score was calculated based on a vector of gene-level signed 

statistic and false discovery rate was adjusted based on Benjamini Hochberg (BH) Correction. X-

axis represents signed log10 of adjusted P-value for the genesets, and positive value suggests 

enrichment in liver. 
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Figure 5. Neutrophil identification. (a) scRNAseq UMAP for neutrophils colored by cluster 

IDs. (b) UMAP dimensionality reduction of neutrophils by compartment. (c) Dot plot showing 

top 5 marker genes for each cluster determined using Wilcoxon Rank sum test with Bonferroni 

correction (adjusted p-value < 0.05). (d) Differential frequency of neutrophil clusters between 

compartments. Participants with 0 cells within a cell population were excluded. Significant 

differences between compartments were assessed using Wilcoxon Signed-Rank test with 

Bonferroni correction (adjusted p-value < 0.05).  (e) Volcano plots depicting differences in gene 

expression between compartments within each cluster. The R-package MAST was used to obtain 

hurdle P-values which were Bonferroni corrected for multiple hypothesis testing. Positive 

cohen’s D value suggests higher expression in the liver.  (f) Hallmark genesets enriched for 

clusters with differentially expressed genes between compartments. Normalized enrichment 

score was calculated based on a vector of gene-level signed statistic and false discovery rate was 

adjusted based on Benjamini Hochberg (BH) Correction. X-axis represents signed log10 of 

adjusted P-value for the genesets, and positive value suggests enrichment in liver.  IFN-stim. 

Neutrophil, Interferon stimulated Neutrophil. 
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Figure 6. Macrophage identification in liver FNAs. (a) scRNAseq UMAP for macrophages 

colored by cluster IDs.  (b) UMAP dimensionality reduction of macrophages by compartment. 

Violin plots of (c) macrophage-shared genes and (d) unique cluster-defining genes. (e) Dot plot 

showing the top 9 cluster defining genes. Significance was determined using Wilcoxon Rank 

sum test with Bonferroni correction (adjusted p-value < 0.05). Mac, macrophages. 
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Figure 7. Myeloid cells are the most sensitive to treatment in CHB patients. (a) scRNAseq 

UMAP of cells from treated and untreated CHB patients. (b) UMAP dimensionality reduction of 

intrahepatic cells by treatment.  (c) Comparison of cell proportions between treatment. Dots 

represent individual donors; bars indicate mean values. Unpaired t test was used to test for 

statistical significance. (d) Number of differentially upregulated genes in each intrahepatic 

cluster between treated and untreated CHB patients. (e) Volcano plots showing genes that are 

differentially expressed between treated and untreated CHB patients. Significance was 

determined using Wilcoxon Rank sum test with Bonferroni correction (adjusted p-value < 0.05).  

Thresholds: p<0.05 and log2 fold change ≥ 1.5. Genes upregulated in untreated patients are 

shown to the right side of each plot. Genes upregulated in treated patients are shown to the left 

side of each plot. 
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Table 1. Donor used for Seq-Well scRNAseq 

ID Age sex

HBV DNA 

(Log10 IU/ml) ALT (U/L)

HBsAg 

(Log10 IU/ml) HBeAg +/- Treatment

Cell# 

FNA

Cell# 

Blood

10-1003 38 M <20 24 2.1 Neg  + 3692 2396

10-1005 26 M 4.3 68 2.1 Neg  - 1096 1739

10-1006 51 M <20 29 1.7 Neg  + 491 1910

10-1007 55 M <20 28 2.1 Neg  + 1564 1211

20-1002 55 M 2.5 21  + Neg  - 6247 3465

20-1003 43 M 3.8 24  + Neg  - 1377 1063

20-3001 62 F <20 26  + Neg  + 2592 1267

20-3002 42 M <20 10  + Neg  + 973 601

30-1021 32 F 2.4 9 3.1 Neg  - 2074 5273

30-1022 24 F 1.4 25 2.1 Neg  - 4168 859

30-1023 29 F 3.7 40 3.8 Neg  - 3430 2602

30-1024 19 F 3.2 23 3.6 Neg  - 5012 1655

30-1025 29 M 2.8 33 2.4 Neg  - 444 774

22-0002 61 F n/a 17 n/a n/a n/a 2592 2009

22-0004 64 M n/a 18 n/a n/a n/a 1809 1864

22-0010 66 M n/a 24 n/a n/a n/a 18 1680

 + indicates qualitative HBsAg and on nucleoside analogue therapy

22-0002, 22-0004, 22-0010 were heatlhy donors with no viral markers  
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