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Abstract

Background: The liver plays a critical role in metabolism and immune

function, yet the contributions of its heterogeneous cell types to these

processes remain unclear. While most liver studies focus on adults, pediatric

liver diseases often present differently, underscoring the need for age-

specific research.

Methods: To better understand cellular drivers of childhood liver diseases,

we generated single-cell RNA-sequencing maps of the normal pediatric

liver and used this map to examine disease-related populations in biopsies

from pediatric patients with intestinal failure–associated liver disease

(IFALD).
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Results: The normal pediatric liver map consists of 42,660 cells from 9

donors under 17 years of age. Compared with normal adult liver (26,372 cells;

7 donors, age 26–69), pediatric livers exhibited differences in myeloid popu-

lations. Specifically, pediatric Kupffer-like cells (MARCO+C1QA+VSIG4+)

exhibited higher expression of immune activation genes, including CCL4,

CCL3, and IL1B. In vitro stimulation confirmed more IL-1β-secreting myeloid

cells in pediatric versus adult livers, supporting these findings. Using the

pediatric atlas as a reference, we analyzed 3 IFALD biopsies (11,969 cells; 3

donors, under 9 y of age) and identified increased expression of fibrosis-

associated genes (eg, LY96) in Kupffer-like cells. In addition, mesenchymal

cells in IFALD showed fibrotic gene modules resembling adult liver cells more

than healthy pediatric cells. These signatures, undetectable when comparing

IFALD to adult liver alone, highlight the value of a pediatric map.

Conclusion: Taken together, our healthy pediatric liver atlas reveals distinct

age-related signatures and provides a background against which to interpret

pediatric liver disease data.

Keywords: HSCs, KC, liver zonation, single-cell transcriptomics, spatial
transcriptomics

INTRODUCTION

The liver is vital for human metabolism and immune
function. Although the liver is composed of a heteroge-
neous mix of cell types, how these cell types contribute
individually, and in concert, toward liver function
remains poorly understood. What is known about
healthy liver function, cellular heterogeneity, and cell
structures is primarily based on studies of the fetal
and adult liver.[1–8] However, there are few studies that
have examined the pediatric liver with single-cell
transcriptomics.[9,10] The pediatric window is a poten-
tially unique time in liver biology. The body’s immune
system is seeded in part from the fetal liver. Subse-
quently, populations of tissue-resident immune cells
undergo tissue-specific maturation programs. How the
pediatric liver resident immune system matures and
differs from both the fetal liver and the fully developed
adult liver is unclear.

It is well established that functional differences
between pediatric and adult liver exist at the
level of metabolism and response to liver damage.
For example, there are differences in drug meta-
bolism,[11] potentially through differences in cyto-
chrome P450 protein levels,[12] as well as differences
in ALT levels, which are an indicator of the response
to liver damage.[13] These differences in healthy liver
function provide a clear rationale for creating an atlas
focused on pediatric livers. Furthermore, there are
liver diseases that present differently in children, such

as intestinal failure–associated liver disease (IFALD).
When the intestine is unable to absorb adequate
nutrition, frequently due to neonatal short bowel
syndrome,[14] parenteral nutrition is a lifesaving
intervention. However, 20%−30% of children receiv-
ing prolonged parenteral nutrition will develop
IFALD.[15] Pediatric IFALD is characterized by chole-
stasis and fibrogenesis while in adults steatohepatitis
is seen more commonly.[16] Liver injury seen in IFALD,
such as cholestasis, inflammation, and fibrosis, can
lead to end-stage liver disease.[17] The pathogenesis
of IFALD is multifactorial, not fully elucidated and is a
result of intrinsic and extrinsic factors. More specif-
ically, the intestinal microbiome and components
found in parenteral nutrition are expected to play
a role in IFALD, with the activation of hepatic
macrophages.[18]

In both the fetal and adult liver, single-cell RNA
sequencing (scRNA-seq) has been instrumental in
gaining an in-depth understanding of the liver’s cellular
heterogeneity and complexity. Based on the relative
wealth of adult scRNA-seq data, we can now compare
adult to pediatric liver and establish commonalities and
pediatric-specific differences. A map of the healthy
pediatric liver will also enable a better understanding of
childhood liver diseases, such as IFALD. Here, we
analyzed healthy human pediatric liver tissue and have
made a pediatric liver single-cell map as a community
resource. Using this map as a comparator, we present
the first scRNA-seq map of the normal pediatric liver
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and the pediatric IFALD liver and identify disease-
associated differences in cell states.

METHODS

Liver sample collection

Healthy human liver tissue from the caudate lobe (and
in 3 cases, right lobes) was obtained from neurolog-
ically deceased donor livers acceptable for liver
transplantation and without evidence of histopatholog-
ical liver disease, some of which have been previously
published (Supplemental Table S1, http://links.lww.
com/HC9/C130). IFALD samples were from children
with IFALD undergoing an elective surgery due to their
short bowel syndrome, and the samples are core-
needle biopsies. Healthy adult samples were collected
with institutional ethics approval from the University
Health Network (REB# 14-7425-AE) and healthy and
diseased pediatric samples through the Hospital for
Sick Children (REB# 1000064039). All research was
conducted in accordance with the Declarations of
Helsinki and Istanbul, and written informed consent
was obtained from living participants or, for pediatric
or deceased donors, from their legal guardians or
representatives. Samples were collected and proc-
essed for scRNA-seq, as described.[19,20]

Single-cell RNA-seq data analyses

Full details are in the Supplemental Material, http://links.
lww.com/HC9/C130, but in brief, sequencing reads
were aligned using 10x Genomics Cell Ranger 3.1.0
software to the reference human transcriptome
(GRCh38-Ensembl 93; Cell Ranger reference pack-
age-3.0.0). The resulting counts were processed using
Seurat,[21–24] SoupX,[25] rPCA,[26,27] cell cycle scoring,[28]

and SCINA.[29] For cell type annotation, cells were
clustered using the Seurat functions FindNeighbors and
FindClusters (30 principal components and a resolution
of 0.5). Then clusters were assigned a cell type label
based on SCINA using broad cell type markers and
then confirmed and/or refined with subclustering and
manual annotation (Supplemental Table S2, http://links.
lww.com/HC9/C130). Clusters of cells expressing mul-
tiple markers (often immune cells expressing LSEC
markers) were annotated as doublets, except for cells
expressing both myeloid and erythrocyte markers,
which were labeled “Myeloid Erythrocytes (phagocyto-
sis).” Differential expression of individual genes be-
tween healthy pediatric and adult or IFALD samples
was tested in each cell type, using the FindMarkers
function in Seurat[30] on log-normalized counts. To
explore the pathways related to differential expression
with age and IFALD, we examined the enrichment of

gene ontology groups fgsea.[31] Cell-cell interactions
were inferred using CellPhoneDB.[32] Comparison to
fetal liver[2] was done using varimax rotations of the
principal components after integration.[33]

Spatial transcriptomics

From 5 livers, 7 formalin-fixed paraffin-embedded liver
sections (1 liver sampled 3 times) were applied to
Xenium slides following the manufacturer’s recom-
mended protocols (10x Genomics) (Supplemental
Table S3, http://links.lww.com/HC9/C130). Then they
were run on the Xenium Analyzer at the Princess
Margaret Genome Centre using the Human Multi-
Tissue plus 100 liver-specific custom markers (Supple-
mental Table S4, http://links.lww.com/HC9/C130). For
all spatial data, sections used were deemed normal by a
pathologist's evaluation of hematoxylin and eosin stain.
One sample (C94_2) contained a bile duct hamartoma
and was excluded from analysis. Transcript counts and
coordinates were exported from Space Ranger (10x
Genomics). Further details on segmentation using
BIDCell,[34] cell type annotation, and zonation of
hepatocytes are in the Supplemental Materials, http://
links.lww.com/HC9/C130.

Myeloid intracellular cytokine and
immunofluorescent staining

The IL-1β secretion response by cells was assessed
through flow cytometry by stimulating biobanked total
liver homogenate cell suspension specimens with
lipopolysaccharide (LPS). The gating strategy for both
cell surface markers and intracellular markers was
based on Fluorescence Minus One controls for each
marker. Live CD45+CD3-CD68+CD14+ were targeted.
The intracellular cytokine IL-1β gating strategy was
based on the fluorescence seen in both Fluorescence
Minus One and the unstimulated control. Events were
acquired using the Sony ID7000 spectral analyzer (6-
laser 320–637 nm). Paraffin-embedded sections from
healthy pediatric and IFALD liver were stained and
quantified as described.[35] Details are provided in the
Supplemental Materials and antibodies are listed in
Supplemental Table S5, http://links.lww.com/HC9/
C130.

Data availability

The healthy pediatric liver map and IFALD data are
available through CELLxGENE: https://cellxgene.czis-
cience.com/collections/ff69f0ee-fef6-4895-9f48-
6c64a68c8289. Spatial transcriptomics data are
qavailable for exploration through a Shiny application:
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macparlandlab.shinyapps.io/pediatric_liver_spatial.
Spatial transcriptomics data are available under:
GSE286254, and associated hematoxylin and
eosin images are available at: zenodo.org/records/
15691785. The single-cell map is on the Human
Cell Atlas Data Portal: https://explore.data.human-
cellatlas.org/projects/febdaddd-ad3c-4f4a-820f-
ade15c48545a.

In the interest of patient privacy, pediatric ages are
published as a range. Exact age can be provided upon
reasonable request. All code for analysis presented
here is available at github.com/redgar598/liver_ped_-
map. Artificial intelligence tools were used to improve
the readability and language of this work with the
authors’ oversight and careful review.

RESULTS

Landscape of pediatric liver cells

We generated 54,629 high-quality single-cell liver
transcriptomes from 9 pediatric neurologically
deceased liver donors (referred to as “healthy”) and 3

IFALD donors (Table 1 and Supplemental Table S1,
http://links.lww.com/HC9/C130). For comparison, we
have used 26,372 liver cells from 7 healthy adult
patients (Table 1 and Supplemental Table S1, http://
links.lww.com/HC9/C130). Single-cell profiles were
partitioned into 35 clusters, which we annotated using
known markers (Figures 1A–C, Supplemental Table
S2, http://links.lww.com/HC9/C130). All coarse clusters
are well represented across technical variables and
generally proportional across individuals (Supplemen-
tal Figures S1 and S2, http://links.lww.com/HC9/C130;
entropy > 0.48). While distinct parenchymal and non-
parenchymal compartments are seen, ALB expression
was also seen in PTPRC+ cells, suggesting ambient
mRNA contamination from hepatocytes in all other
cells (Figure 1D). Ambient mRNA was seen to a
greater extent in adult samples (Supplemental Table
S1, http://links.lww.com/HC9/C130), but we expect this
is a chance technical effect and not an age-related
biological effect. All coarse cell types identified in the
healthy pediatric map are also seen in adults (except
for a population of neutrophils, 70% of which were from
1 adult sample, ID: C97) (Figures 1E, F, Supplemental
Figure S3, http://links.lww.com/HC9/C130).

TABLE 1 Demographics of patients

Condition Individual Age (y) Tissue Sex

Healthy pediatric C104 1–4 Biopsy M

C105 5–14 Caudate F

C85 5–14 Caudate M

C115 5–14 Caudate M

C93 5–14 Caudate F

C102 15–19 Right lobe F

C113 15–19 Right lobe M

C64 15–19 Caudate M

C96 15–19 Caudate F

IFALD pediatric IFALD006
Mild IFALD

5–14 Biopsy M

IFALD030
Progressive IFALD

0–11 mo Biopsy F

IFALD073
Mild IFALD

0–11 mo Biopsy F

PBMC

Healthy adult C82 26 Caudate M

C70 48 Caudate F

C97 57 Caudate F

C68 61 Caudate F

C39 65 Caudate (NPC) M

Caudate (TLH)

C54 67 Caudate F

C88 69 Caudate F

Abbreviations: NPC, nonparenchymal cells; PBMC, peripheral blood mononuclear cells; TLH, total liver homogenate.
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F IGURE 1 Landscape of cells in the pediatric liver shows similar coarse clusters to the adult liver. (A) Overview of the map generation process. (B)
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pediatric liver map colored by age group.
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Immune activity of pediatric and adult liver
resident myeloid cells

In both adult and pediatric livers, myeloid cells selected
based on marker genes (Supplemental Table S2, http://
links.lww.com/HC9/C130) could be subclustered into 3
major populations: KC-like liver resident macrophages
(VSIG4, MARCO, and CD5L), recently recruited mono-
cyte-like (Mono-Mac) myeloid cells (S100A8/9 and
LYZ), or major histocompatibility class II (MHCII) high
myeloid cells (HLA-DRA/DPB1/DQB1) (Figures 1B,
2A). A minor population of MHCII and CLEC9A high
cells was seen in both pediatric and adult livers. These
may be conventional type 1 dendritic cells (cDC1),[36]

but as there were only 38 of these cells in the healthy
pediatric and adult samples, little can be concluded
from this population.

When comparing pediatric to adult in each of the 3
major myeloid populations, genes associated with
immune activation were more highly expressed in
pediatric livers. In KC-like cells in particular, key
chemokines (CCL3 and CCL4) were more highly
expressed as well as IL1B (Figure 2B and Supplemental
Table S6, http://links.lww.com/HC9/C130). The differen-
tial expression results were confirmed to be robust to
technical confounding of assay chemistry, by repeating
the analysis using only 3′ samples (Supplemental Table
S1, http://links.lww.com/HC9/C130 and Supplemental
Figure S4, http://links.lww.com/HC9/C130). The immune
activation gene signature seen in pediatric KC-like cells
has previously been seen in fetal liver macrophages.[2,37]

The combined fetal and pediatric liver data show even
higher immune activation in the fetal liver (Supplemental
Figure S5, further detail in Supplemental Materials, http://
links.lww.com/HC9/C130), suggesting that the KC-like
immune activation may be highest in fetal liver and wane
through gestation and aging. These genes and others
contributed to a significant enrichment of the “IL-18
signaling” pathway in genes more highly expressed in
pediatric KC-like cells (Figure 2B and Supplemental
Figure S6, http://links.lww.com/HC9/C130). In the MHCII
high myeloid cells, HMOX1 and APOE are more highly
expressed in pediatric cells and drive an enrichment of
the pathway “regulation of epithelial cell proliferation”
(Figure 2B and Supplemental Figure S6, http://links.lww.
com/HC9/C130; Supplemental Table S7, http://links.lww.
com/HC9/C130). In Mono-Mac cells from pediatric
samples, cellular stress pathways were enriched, includ-
ing elevated expression of AREG and several heat shock
protein–related genes (Figure 2B and Supplemental
Figure S6, http://links.lww.com/HC9/C130; Supplemen-
tal Table S8, http://links.lww.com/HC9/C130).

Focusing on the KC-like cell immune activation, we
observed that pediatric KC-like cells are predicted to
interact with other myeloid cells and T cells through
known ligand-receptor pairs. Specifically, CCL3 and
CCL4 expressed in KC-like cells could be interacting

with Mono-Mac and MHCII high myeloid cells (through
CCR1) and T-cell populations (through CCR5 and
CCR1) (Figure 2C), suggesting KC in the pediatric liver
could be recruiting T cells and promoting monocyte
chemotaxis. Looking at interactions inferred from
expression of known IL-1β binding partners, interactions
were predicted between KC-like cells and many other
cell types: hepatocytes, cholangiocytes, neutrophils,
Mono-Mac cells, and MHCII high myeloid cells
(Figure 2C). However, there were also predicted
interactions between IL-1β and the IL-1β receptor
inhibitor in neutrophils, Mono-Mac cells, and MHCII
high myeloid cells, but not in hepatocytes and chol-
angiocytes (Supplemental Figure S7, http://links.lww.
com/HC9/C130). Therefore, potentially, the interaction
of IL-1β with its receptor is inhibited in myeloid cells but
not in hepatocytes and cholangiocytes, allowing acti-
vated pediatric KC-like cells to signal to parenchymal
and epithelial cells specifically.

From these data, we asked the question of whether
the higher expression of immune-related genes could
be linked to protein-level functional differences related
to cytokine and chemokine secretion. Having seen IL1B
more highly expressed in the pediatric liver, we tested
the capacity of myeloid cells (CD68+CD14+) isolated
from pediatric and adult livers to secrete IL-1β upon LPS
stimulation (Supplemental Figure S8, http://links.lww.
com/HC9/C130). We found a significantly higher
frequency of pediatric myeloid cells secreting IL-1β in
response to LPS compared with adult myeloid cells
(p< 0.05; Figures 2D, E). This confirms that the immune
activation signature seen in the pediatric scRNA-seq
map does confer a higher inflammatory potential
compared with the adult liver.

Zonation of immune cells within the liver is a dynamic
system. We therefore examined the zonation of gene
expression in myeloid cells to understand if spatial
dynamics in liver transcriptomics could explain some
differences seen between the pediatric and adult liver.
We explored the zonation of a panel of 477 genes using
the Xenium spatial transcriptomics platform in 2
pediatric and 3 adult livers (Supplemental Table S2,
http://links.lww.com/HC9/C130; Figures 3A–C, Supple-
mental Figure S9, http://links.lww.com/HC9/C130). Of
the 70 genes significantly differentially expressed in
pediatric KC-like cells in the single-cell pediatric map,
10 genes were included in the spatial panel. Of these, 8
genes were zonated (false discovery rate < 0.001) in
KC-like cells (Supplemental Table S9, http://links.lww.
com/HC9/C130, Figures 3D–F), which have more
zonated genes than expected by chance (p<0.05).
This included KC marker genes (MARCO and CD5L),
which were zonated within KC-like cells in all samples
(Figure 3F). The zonation of the KC marker genes
suggests that the observed differential gene expression
in the dissociated map could be the result of underlying
shifts in KC zonation in the pediatric liver.
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Of note, 1 sample from C94 (C94_2) captured a bile
duct hamartoma (Supplemental Figure S10, http://links.
lww.com/HC9/C130). This sample was excluded from
analyses but the data will be released along with the
other spatial data presented here as it may be of
interest to the community.

Fibrosis and immune activity in IFALD liver

Having established the healthy pediatric map, we then
applied this map as a comparator to explore the cellular
complexity of liver biopsies from pediatric IFALD
patients (Figure 4A). In the combined adult, healthy
pediatric and IFALD map, we observed 2 distinct
populations of HSCs (Figure 4B). HSC population 1 is
made up of mainly healthy pediatric HSCs (92% of
cells), and HSC population 2 is made up of mainly
IFALD (48% of cells) and adult HSCs (23% of cells),
suggesting HSCs in IFALD are more similar to healthy
adult than healthy pediatric HSCs. Comparing these 2
HSC populations, we saw fibrosis genes (PDGFRA,
CXCL12, COL1A1, and IGFBP3) more highly
expressed in HSC population 2, which is mainly adult
and IFALD cells (Figure 4C; Supplemental Table S10,
http://links.lww.com/HC9/C130). Fibrosis is a key fea-
ture of IFALD, and it is interesting to confirm HSC
activation at the single-cell level. Without the healthy
pediatric map, IFALD HSCs would have only been
compared with healthy adults, and this evidence of
fibrosis at the single-cell level may have been missed,
as several fibrosis markers (PDGFRA, CXCL12, and
IGFBP3) were not differentially expressed when com-
paring IFALD to adult HSCs (Supplemental Table S11,
http://links.lww.com/HC9/C130).

Since the patients with IFALD are younger than the
healthy pediatric individuals, we performed differential
expression analysis in HSCs using the most closely
age-matched individuals. We compared healthy pediat-
ric HSCs from one individual in the 1–4-year age range
to HSCs from 2 patients with IFALD in the 0–11-month
age range. In this subset analysis, 64% of genes
identified in the full cohort were also significant (false
discovery rate <0.005, absolute fold change > 1,)
including key fibrosis markers discussed (Supplemental
Figure S11, http://links.lww.com/HC9/C130).

The IFALD HSC findings highlight the limitations of
using healthy adults as a pediatric disease comparator;
an alternate approach used previously has employed

other pediatric liver diseases as comparators.[38] Look-
ing at cholangiocytes from a previously published biliary
atresia map where the original comparator was cells
from patients with choledochal cysts, we observed
higher expression and pathway enrichment of MHCI
and MHCII signaling in both biliary atresia and
choledochal cysts compared with healthy pediatric liver
(Supplemental Material; Supplemental Figures S12 and
S13, http://links.lww.com/HC9/C130). As this signal is
shared in cholangiocytes from patients with biliary
atresia and choledochal cysts, it was not observed in
the original publication.

Turning to immune populations, we saw several
populations unique to IFALD and not seen in either
healthy pediatric or adult populations. Specifically, we
saw more pre-B cells (IGLL1+ but MS4A1−)[39,40] in
IFALD. We also identified plasmacytoid dendritic cells
(pDCs; IL3RA+ and PLAC8+),[2] which were more
abundant in IFALD (Figures 4E–G). We were also
interested in any macrophage-specific differences in
IFALD. In terms of differences in cell type abundance, we
see similar levels of major cell types (Figure 5A). We did
see the cDC1 population more abundant in IFALD
(Figure 5A), and cDCs have been seen previously to
be more abundant in metabolic dysfunction–associated
steatohepatitis (MASH).[41] However, both the pDC and
cDC1 differences could result from the differences in
sample processing and the inclusion of more blood in the
IFALD liver samples (Supplemental Material; Supple-
mental Figure S14, http://links.lww.com/HC9/C130).

When comparing healthy pediatric to IFALD in the 3
major myeloid populations, we saw potential shifts in
cell identity and function. In Mono-Mac myeloid cells,
we see IL1B more highly expressed in IFALD than in
healthy pediatric (Figure 5B and Supplemental Table
S12, http://links.lww.com/HC9/C130), suggesting a sim-
ilar immune activation seen when comparing pediatric
to adult. In addition, we observed a potential profibrotic
state of IFALD myeloid cells. In KC-like cells, we saw
higher expression of profibrotic genes (ie, LY96)
(Figure 5B and Supplemental Table S13, http://links.
lww.com/HC9/C130). The overexpression of LY96 is
unique to IFALD and not seen in comparison to other
pediatric liver diseases (Supplemental Material; Sup-
plemental Figure S15, http://links.lww.com/HC9/C130).
As the protein product of LY96 (MD-2) is a component of
Toll-like receptor 4 (TLR4),[42] we wanted to validate its
increased abundance in IFALD myeloid cells at the
protein level. Using immunofluorescence staining of

KC-like cells, higher expression in pediatric MHCII high cells, and higher expression in pediatric Mono-Mac cells. (C) Predicted cell-cell inter-
actions between KC-like cells and all other cell types. Individual cells in the UMAP are colored by the expression of the ligand and/or receptor. Left
panel: CCL4-CCR5, right panel: IL1B-IL1. Arrows on the connecting curves point from ligand to receptor, and curves are only shown for significant
cell-cell interactions. Larger points that curves connect are colored to indicate the cell population. (D) Percentage of IL-1β+ secreting myeloid cells
(CD68+CD14+) in the unstimulated control and LPS-stimulated conditions of pediatric and adult myeloid cells. (E) Stimulated adult versus
pediatric cells with the percentage of myeloid cells (CD68+CD14+) secreting IL-1β is shown. Abbreviation: LPS, lipopolysaccharide. *Bonferroni-
adjusted p-value < 0.005.
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healthy pediatric and IFALD samples, we confirmed the
higher proportion of MD-2+CD68+ myeloid cells in
IFALD compared with healthy pediatric myeloid cells
(p<0.05; Figures 5C, D).

DISCUSSION

The pediatric liver represents an important but under-
studied window of development. Using single-cell tran-
scriptome profiling, we describe the cellular micro-
environment of the pediatric liver in comparison to adults
and pediatric liver disease. This map is a resource for the
community to study pediatric liver disease. Inherent
differences, like the immune activation in pediatric myeloid
cells, mean the pediatric map will serve as an important
comparator to account for normal differences with age in
the liver and with disease conditions.

The function of macrophage immune
activation during liver development is
unclear, but a similar trend has been seen
in other age ranges and tissues

In fetal tissues, including the liver, there is greater
macrophage immune activation at earlier gestational
ages.[37] A possible function for the immune activation is
suggested by the higher expression of genes related to
epithelial cell proliferation in MHCII myeloid cells
(HMOX1 and APOE) and the potential for myeloid cells
to signal cholangiocytes and hepatocytes through IL1B.
Shifts in liver immune composition have been seen to
be a crucial element in healthy liver development.[43]

The observed immune activation of KC-like cells could
be a normal part of the growth and structural develop-
ment of parenchymal and epithelial cells in the pediatric
liver, a process that is later suppressed in adulthood,
once the liver is fully formed.

Characterizing the pediatric liver could
have important clinical implications

Age-related differences in the chemokines we have
seen in the liver are also seen in pediatric blood
compared with adult blood.[44] There is an observed
decline with age in the abundance of the proteins CCL4,

IL-1β, and CXCL8 over a similar age range as our
samples, but no association between CCL3 and age
was seen.[44] In a separate cohort, CCL4 and CXCL8
abundance in the blood also declined with age, but
again, CCL3 was not significant.[45] Potentially, the
immune activation we have seen in the pediatric liver is
involved in shaping the liver’s growth and structure, and
the age-related differences in these secreted chemo-
kines can be seen in the blood.

The differences we have found between
pediatric and adult livers illustrate the
value of an age-matched comparator for
studying pediatric liver disease

The signal (COL1A1+, PDGFRA+, CXCL12+, and
IGFBP3+) of fibrosis in IFALD-enriched HSCs was
expected, given that IFALD is known to involve liver
fibrosis. However, if IFALD HSCs had only been
compared with adult HSCs, then this fibrosis would likely
have been missed. This highlights the importance of
using age-appropriate controls when studying pediatric
diseases, as comparisons to adult tissues may mask
disease-specific changes in young patients. Fibrosis,
observed at the single-cell level in IFALD, is an important
observation as it is similar to the signal seen in MASH
and may suggest some pathogenic similarities between
the 2 diseases,[46] but is distinct from differences seen
in single-cell transcriptomics of primary sclerosing
cholangitis.[8] As metabolic dysfunction–associated fatty
liver disease, MASH, and primary sclerosing cholangitis
all present uniquely in children compared with adults, the
finding of immune activation in the pediatric liver may
explain some of the clinically observed differences, as
the pediatric liver is generally a more immune-active
background for the disease.[47,48] These differences in
immune activation may also explain the different
histology findings in IFALD between children and adults
with the disease. In addition to the fibrosis signature seen
in HSCs, differences in myeloid subpopulations would
likely also have been missed if pediatric IFALD were only
compared with healthy adults. We saw IL1B more highly
expressed in IFALD Mono-Mac cells, suggesting an IL-
18 signaling role in IFALD in Mono-Mac cells. We did not
see the same higher expression of IL1B in IFALD KC-like
cells compared with healthy pediatric livers, but IL1B in
IFALD KC-like cells was different from that in adult KC-

F IGURE 3 Zonation is successfully captured in both pediatric and adult spatial transcriptomics at the single-cell level. UMAP of combined
healthy pediatric and adult liver cells from the spatial transcriptomics assay, colored by (A) cell type and (B) donor ID. (C) Representative adult
(C94_4) and pediatric (C105) spatial transcriptomics samples with points representing cells colored by cell type and positioned in their physical
location in the tissue. Only the listed cell types are shown to highlight the zonation between the portal and central veins. (D) Only hepatocytes are
shown with cells colored by zonation score. (E) Differential expression, in the dissociated single-cell map, of genes present in the spatial data.
(F) The same genes are significantly differentially expressed with inferred distance to a portal vein in KC-like cells in the spatial transcriptomics
samples. Thicker lines represent the trend across samples, with thinner lines for the trend in pediatric and adult samples separately. *FDR
< 0.001.
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F IGURE 4 IFALD HSCs are more fibrotic than nondiseased livers and contain unique B-cell types. (A) UMAP of liver cells with key cell types
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like cells, likely due to the generally higher immune
activation of the pediatric liver. Our findings support
previous publications showing the major role of IL-1β in
the pathogenesis of IFALD through downregulation of
LXR and canalicular ABCG5/G8.[15] As with HSCs, if we
had only compared IFALD to healthy adults, the immune-
activated state of the pediatric KC-like population may
have been incorrectly attributed to IFALD.

With this age-matched comparator, we
were able to observe a potential role of
myeloid cells in contributing to IFALD
fibrosis

We have seen lower expression of S100A8 and
S100A9 in IFALD myeloid cells, and this is similarly
seen in metabolic dysfunction–associated fatty liver
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F IGURE 5 IFALD myeloid cells more highly express profibrotic genes than nondiseased livers. (A) UMAP of liver myeloid cells split by age
and disease. (B) Differentially expressed genes for each myeloid cell type. Rows show individual genes, and columns show samples split by age
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IAFLD, intestinal failure–associated liver disease.
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disease myeloid cells,[49] as well as a similar profibrotic
(ie, LY96+) role of IFALD KC-like cells is also seen in
MASH.[46] One potential mechanism in the patho-
genesis of IFALD is the crossing of LPS from the gut
into the portal system due to leaky gut, typical of
children with short bowel syndrome.[18] The protein
encoded by LY96, MD-2, is a component of TLR4, the
core receptor for LPS. The LY96+ KC-like population in
IFALD may support the theory that inflammation and
eventual failure of the liver, in part, occur through LPS-
driven inflammation at the portal veins. This is a
promising finding as MD-2 is a druggable target with
inhibitors being developed for the treatment of systemic
sclerosis.[50]

The healthy pediatric and IFALD maps will
be improved with the continual integration
of more samples

Some technical confounders cannot be fully controlled
for in the current analysis. For example, the adult
samples used for comparison had higher levels of
ambient mRNA contamination than the pediatric sam-
ples. In addition, the IFALD samples were derived from
liver biopsies, whereas the healthy pediatric map was
generated from perfused caudate lobes of neurologi-
cally deceased donors. These can be overcome with
the future inclusion of more diverse samples, integrated
across labs. Another confounder between pediatric
IFALD and the healthy pediatric samples, which may
explain some of the cell populations unique to IFALD, is
a difference in age. Two of the 3 IFALD sample donors
were under 1 year of age, and the youngest healthy
donor was a 2-year-old patient. As the liver is a site of
hematopoiesis during gestation, the abundance of pre-
B cells in IFALD may be a normal feature of livers under
1 year of age and not a unique feature of IFALD. This is
supported by the observation of a similar population (by
gene expression signature) of pre-B cells in the fetal
liver.[37] As pediatric liver samples are exceedingly rare,
it is important to share this map even with the current
caveats. This resource has enabled key insight into
pediatric liver disease and will be a valuable resource to
the community.
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