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Introduction: Single ventricle congenital heart disease resulting in Fontan palliation has led to improved survival,
however, Fontan-associated liver disease (FALD) is ubiquitous in this population by adulthood. While lympho-
penia has been associated with the degree of FALD, potential immunologic mechanisms remain unstudied, and
were the focus of this study.

Methods: Single-nuclei RNA-seq (snRNA-seq) data from liver samples of adolescent Fontan and control patients
were analyzed with specific focus on lymphocytes and natural killer (NK) and T-cell fractions.

Results: Liver samples from Fontan patients demonstrated upregulation of endothelial cells (ECs: 4.2 + 1.0 vs.
13.6 + 3.4 %, p = 0.037) and total lymphocytes (0.7 £ 0.1 vs. 3.6 + 0.7 %, p = 0.007), more specifically in NK
and T-cells (NK: 0.29 + 0.16 vs. 1.40 + 0.64 %, p = 0.028 and T-cell: 0.28 + 0.04 vs. 1.80 + 1.01 %, p = 0.034).
Enhanced genes important in T-cell activation and differentiation were demonstrated, as well as those involved
in cell-to-cell adhesion and lymphocyte migration. Supporting lymphocyte trafficking, ECs demonstrated
amplification of critical chemotactic and lymphocyte recruitment genes. Increased time from Fontan palliation
was associated with more dramatic lymphocytic transcriptomic changes.

Conclusions: Hepatic changes in adolescent Fontan patients suggest that T-cells are contributing to the early
development and possible progression of FALD.

1. Introduction 2. Methods

Children born with a single ventricle represent the most complex
form of congenital heart disease, yet with Fontan palliation most survive
to adulthood. Fontan circulation results in both late cardiac and extra-

2.1. Data processing

Single-nuclei RNA-seq (snRNA-seq) de-identified data from liver

cardiac disease, in particular, Fontan-associated liver disease (FALD),
which is ubiquitous in this population by late childhood. Traditional
markers of liver function (i.e. the Model for End-stage Liver Disease/
MELD score) have failed to identify severe FALD, and the etiology of this
unique form of liver disease is poorly understood. Lymphopenia has
been reported commonly in Fontan physiology [1,2], and we recently
demonstrated that it is linked to liver dysfunction [3]. However, po-
tential immunologic underpinnings to FALD remain unstudied, and
were the focus of this study.

Abbreviations: EC, Endothelial cells; FALD, Fontan-associated liver disease.

samples of adolescent Fontan (n = 4, 13-18 y/0) and control patients (n
= 2, 13-14 y/0) were downloaded from a publicly available repository
(GSE223843) [4] and reanalyzed, obviating the need for institutional
review board review. This data was re-processed via the Seurat v5
package (Yuhan Hao, 2023). Briefly, nuclei were filtered for mito-
chondrial reads <10 %, counts >400, and features >250. Doublets were
removed with DoubletFinder (v2.0.4) and samples were integrated
using the canonical correlation analysis from the Seurat package. Cells
were clustered and identified using the FindClusters and FindMarkers
function in Seurat. Pseudo-bulk RNA-seq analysis was performed using
DESeq2 (v1.40.2), and gene set enrichment was performed using the
fgsea package (v1.26.0).
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Fig. 1. Immunologic Changes in Fontan-Associated Liver Disease (A) Uniform Manifold Approximation and Projection (UMAP) plots demonstrate cell types iden-
tified in the single-nuclei RNA-ATAC seq data analysis of adolescent Fontan (n = 4) and Control (n = 2) liver samples. Quantitative data is shown in the inset. (B)
UMAP plot for lymphocyte populations identified within the lymphocyte cluster are shown. Quantitative data is included in the inset. Gene Set Enrichment Analysis
demonstrating significantly up- and down regulated pathways in hepatic T-cells (C) and endothelial cells (D) in FALD and control patients. Heatmap for genes
significantly up- or downregulated in hepatic T-cells (E) and endothelial cells (F) of FALD patients. PCA plots at the bottom of (E) and (F) demonstrate progression in
the activation of gene programs in T-cells and endothelial cells, respectively, with time from Fontan palliation.
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2.2. Statistical analysis

Analysis and statistics were performed in R (v.4.3.1). Data are re-
ported as mean + standard deviation. A Student’s t-test was used to
detect differences between control and Fontan patients, and a p-value of
<0.05 was considered statistically significant.

3. Results

While hepatocytes were attenuated in Fontan samples (84 + 2 vs. 69
+ 4 %, p = 0.010), endothelial cells (ECs) were upregulated (4.2 + 1.0
vs. 13.6 &+ 3.4 %, p = 0.037), as were total lymphocytes (0.7 & 0.1 vs.
3.6 + 0.7 %, p = 0.007, Fig. 1A). More specifically, with respect to
lymphocytes, upregulation was demonstrated in natural killer (0.29 +
0.16 vs. 1.40 + 0.64 %, p = 0.028) and T-cell (0.28 + 0.04 vs. 1.80 +
1.01 %, p = 0.034) populations without changes in B-cells (Fig. 1B). In
support of Fontan liver T-cell upregulation, we found that the most
enhanced genes functioned in T-cell activation and differentiation
(THEMIS, IKZF; Fig. 1C and D), along with those involved in leukocyte
cell to cell adhesion and lymphocyte migration (ITGA4, RIPOR2; Fig. 1C
and D) [5]. We also observed an increase in resident T-cell markers
(ITGA4, INPP4B, TRERF1, Fig. 1D) [6]. In further support of lymphocyte
trafficking, critical chemotactic and lymphocyte recruitment genes
(DACH1, NOVA1) were amplified in ECs, including those that encode for
selectins (endothlin-1, which increases expression of E-selectin) and
integrins (ITGA8, ITGB5, SELP), which are essential for active trafficking
of T-cells into tissue; concomitantly, we demonstrated attenuation of
negative cell to cell adhesion regulators (Fig. 1E and F) [7]. We also
observed increases in angiogenic pathways, lymphangiogenic pathways,
and pro-inflammatory cytokines (EDN1, EDA, BMP4) in ECs. To further
characterize the importance of upregulated genes in ECs and T-cells,
principal component analysis (PCA) was performed and revealed an
age-dependent upregulation in both the EC and T-cell activation tran-
scriptome. The transcription profile of ECs and T-cells became less like
the control samples with increasing time from Fontan palliation, sug-
gesting time-dependent progressive EC and T-cell activation in FALD.

4. Discussion

In this limited sample we demonstrate a potentially novel immuno-
logic mechanism for FALD characterized by hepatic lymphocytic infil-
tration and activation. Our data also suggests that a time-based
coefficient exists and may explain differential FALD severity.

FALD is a unique and only relatively recently recognized late extra-
cardiac manifestation that results from Fontan physiology [8]. In other
forms of liver disease, more specifically in steatotic liver disease (SLD),
lipid accumulation and lipotoxicity are thought to trigger liver injury,
which leads to inflammation and subsequent fibrosis [9,10]. Recent data
has suggested that the high central venous pressures observed in Fontan
physiology may incite central hepatocyte changes that lead to fibrosis
and the early initiation of FALD [4]. Our data would support that
although the provoking source of FALD may differ from SLD, down-
stream inflammatory and immune-based mechanisms may be respon-
sible for the propagation and progression of FALD. In support of this, we
demonstrated increases in the frequency of T-cells in Fontan liver, and
evidence of upregulation of T-cell activation and differentiation. We also
showed concomitant changes in the EC transcriptome to facilitate T-cell
recruitment from the periphery to the liver. Taken together, this data
suggests that ECs are involved in recruiting T-cells from the systemic
circulation to the liver, where they are differentiating and activating,
potentially mediating FALD.

In further support for a “T-cell immune mediated mechanism” for
FALD, many patients with Fontan physiology also demonstrate
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peripheral lymphopenia. This may suggest that attenuation in circu-
lating lymphocytes could be due to peripheral (liver) recruitment. While
the findings are correlative, the hepatic changes in adolescent Fontan
patients suggest that T-cells are contributing to the early development
and possible progression of FALD. The small number and age-restrictive
nature of the samples analyzed present one limitation of this study.
However, future simultaneous investigation of systemic and hepatic
lymphocytes in older patients with more significant FALD will facilitate
better understanding of T-cell mediated mechanisms associated with
this unique form of liver disease. In conclusion, this study supports the
need for further investigation of immune-based mechanisms in FALD.
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