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Combination of spatial transcriptomics analysis and
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associated with clinical outcomes of COVID-19
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Summary
Background Liver involvement is a common complication of coronavirus disease 2019 (COVID-19), especially in
hospitalized patients. However, the underlying mechanisms involved are not fully understood.

Methods Immunohistochemistry (IHC) staining of SARS-CoV-2 spike (S) and nucleocapsid (N) proteins was
conducted on liver tissues from six patients with COVID-19. The 10x Genomics Visium CytAssist Spatial
Gene Assay was designed to analyze liver transcriptomics. TCR CDR3 sequences were analyzed in DNA
from liver tissues. Liver function indicators were retrospectively studied in 650 hospitalized patients with
COVID-19.

Findings SARS-CoV-2 proteins were initially detected in the livers of naturally infected golden (Syrian) hamsters,
prompting us to investigate the situation in clinical cases. Thus, we collected liver tissues from patients with
abnormal liver biochemical values. Viral S and N proteins were detected in the livers of severe and deceased patients
but not in those of moderate patients. We further demonstrated that hepatocytes and erythroid cells in hepatic si-
nusoids are major cells targeted by SARS-CoV-2. Immune cells, especially T cells, were enriched in surviving severe
patients, characterized by enhanced CDR3α clonality and novel CDR3β recombination of the T-cell receptor. In
contrast, hepatocyte apoptosis was triggered, and the transcription of albumin (ALB) was obviously impaired in
the deceased patients. We then performed a retrospective study including patients with COVID-19. Serum
aspartate aminotransferase (AST) and ALB levels at baseline significantly differed in the deceased cohort.
However, AST regression did not decrease the risk of death. ALB recovery indicated clinical improvement, and
declining or low serum ALB concentrations were associated with death.
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Interpretation This study provides clinical evidence for liver infection with SARS-CoV-2, insight into the impact of
SARS-CoV-2 on the liver, and a potential way to evaluate the risk of death via assessing serum ALB concentration
fluctuations in patients with COVID-19.
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Research in context

Evidence before this study
The pandemic of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has caused about seven million
deaths worldwide. Infection of this virus can result mild,
moderate or severe respiratory symptoms, known as
coronavirus disease 2019 (COVID-19). Nevertheless, more
evidences showed that SARS-COV-2 exposure results non-
respiratory manifestations, including neurological disorders,
kidney damage and gastrointestinal disease. The most
described mechanism for this multi-organ dysfunction is the
broad expression of angiotensin-converting enzyme 2 (ACE2),
the main receptor for SARS-CoV-2 entry through interacting
with receptor binding domain (RBD) on viral spike protein (S).
Liver involvement is a nonnegligible clinical complication of
COVID-19. Several studies described liver injury, manifested as
increased alanine aminotransferase (ALT) or aspartate
aminotransferase (AST). Since viral RNA is detectable in 69%
of autopsy liver tissue, SARS-CoV-2 has been regarding to
have hepatic tropism via ACE2. However, it is still debated
whether SARS-CoV-2 can enter into hepatocytes, as
hepatocytes expressing minimal ACE2 in liver, and only 2.5%–
76.3% cases have enhanced ALT and AST as reports.
Interestingly, liver dysfunction in some patients is believed to
be caused by drug treatment. Detectable viral RNA might due
to the blood circulation in livers. Recently, SARS-CoV-2
pseudovirus has been reported to infect primary hepatic
parenchymal cells via ASGR1, rather than ACE2, but the
situation in patients with COVID-19 remains unknown. These
studies indicated that the liver tropism of SARS-CoV-2 is

complicated. In addition, the impact of viruses on the liver
still lacks in-depth study, especially in clinical patients.

Added value of this study
In this study, we stained liver tissues from COVID-19 cases
with abnormal liver functions, and found viral proteins were
detectable from deceased or severe cases, but not from
moderate patients. We then combined the
immunohistochemistry (IHC) staining with spatial
transcriptomics analysis, and SARS-CoV-2 was found to
mainly locate in clusters characterized as hepatocytes and
erythroid cells. Additionally, ASGR1, but not ACE2, was high
expressed in livers from both deceased and severe cases.
Immune cells, especially T cells, were enriched in the survived
severe cases, characterized by an enhanced CDR3α clonality
and a novel CDR3β recombination of T cell receptor. In
contrast, apoptosis of hepatocytes was triggered, and
transcription of albumin (ALB) was obviously impaired in
deceased cases. Using clinical cohorts, we confirmed that
declined or persistent low level of serum ALB, rather than
elevated aminotransferases, is closely related with outcomes
of patients.

Implications of all the available evidence
This study showed clinical evidence for liver infection of
SARS-CoV-2, suggested viral-induced apoptosis of
hepatocytes leading decrease of ALB synthesis is associated
with death, and gave a potential way to evaluate death risk
via fluctuation of serum ALB in patients with COVID-19.
Introduction
The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pandemic has caused approximately seven
million deaths worldwide. Infection with this virus can
result in mild, moderate, or severe respiratory symptoms,
known as coronavirus disease 2019 (COVID-19).
Increasing evidence has shown that SARS-CoV-2 exposure
results in nonrespiratory manifestations, including neuro-
logical disorders, kidney damage, and gastrointestinal
disease.1,2 The most commonly described mechanism for
this multiorgan dysfunction is the broad expression of
angiotensin-converting enzyme 2 (ACE2),3 the main re-
ceptor for SARS-CoV-2 entry.

Liver involvement, suggested by abnormal liver func-
tion, is common in hospitalized patients with COVID-19,
and is a nonnegligible clinical complication of COVID-
19. Several studies have described liver injury, mani-
festing as increased alanine aminotransferase (ALT) or
www.thelancet.com Vol 111 January, 2025
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aspartate aminotransferase (AST) levels.4 SARS-CoV-2 is
known to have hepatic tropism via ACE2, with viral RNA
detectable in 69% of autopsied liver tissue samples.5,6

More and more evidence have showed that SARS-CoV-
2 can enter hepatocytes,5,7,8 although hepatocytes express
minimal ACE2 in the liver,9 and only 2.5–76.3% of pa-
tients have increased ALT and AST levels.10,11 Interest-
ingly, liver dysfunction in some patients is believed to be
caused by drug treatment.12,13 The detection of viral RNA
might be due to the blood circulation in the liver.14,15 The
aforementioned studies indicate that the liver tropism of
SARS-CoV-2 is complicated. In addition, the impact of
viruses on the liver still lacks in-depth study, especially in
clinical patients.

In this study, we stained liver tissues from patients
infected by SARS-CoV-2 with abnormal liver function.
We found that viral proteins were detectable in deceased
patients or those with severe disease but not in those
with moderate disease. We then combined immuno-
histochemistry (IHC) staining with spatial tran-
scriptomics analysis and found that SARS-CoV-2 was
located mainly in clusters characterized as hepatocytes
and erythroid cells. Additionally, enhanced T-cell gene
expression was found only in virus-positive clusters
from the surviving patient with severe disease.
Decreased albumin (ALB) transcription was observed in
virus-positive clusters from the deceased patient. Using
clinical cohorts, we confirmed that decreased or persis-
tently low levels of serum ALB are closely related to
outcomes of patients with COVID-19, and fluctuations
in ALB could be used to evaluate the risk of death.
Methods
Animals
Golden (LVG) Syrian hamsters were purchased from
Charles River Laboratories. Studies were carried out
strictly according to the recommendations of the Guide
for the Care and Use of Laboratory Animals. SARS-CoV-2
challenge experiments were conducted in the Animal
Biosafety Level 3 (ABSL-3 in Shantou University) facility.
Briefly, hamsters were inoculated with 1 × 104 PFU of
SARS-CoV-2 virus in 100 μl of PBS through the intra-
nasal route under anesthesia, and were sacrificed on day
5 post infection. Livers were fixed in 4% PFA perfusion,
embedded with paraffin, and cut into 4 μm sections. The
hamster studies were conducted under the approval of
the institutional Animal Care and Use Committee of
Xiaman University, and approved by the Medical Ethics
Committee with number: SUCM2021-112.

Human subjects
Liver tissues were separated from deceased individuals
with COVID-19, fixed with formalin and embedded in
paraffin within 48 h after death in Shanghai Public
Health Clinical Center in the latter half year of 2022.
Formalin-fixed, paraffin-embedded (FFPE) liver biopsy
www.thelancet.com Vol 111 January, 2025
sections from respiratory SARS-CoV-2 RNA positive
cases with abnormal liver functions were collected in
Huashan Hospital in the year of 2023. Patients are
infected by SARS-CoV-2 strain sequenced as Omicron
BA.5 or BF.7. Their clinical indicators were shown in
Supplementary Table S1. Cohorts used for retrospective
study of liver function indicators were randomly gath-
ered from the hospitalized COVID-19 cases in
December 2022 and January 2023 from Huashan Hos-
pital. Studied were viewed and proved by The Ethics
Committee of Huashan Hospital (Fudan University)
with number: KY-2022-721. Informed consent from all
participants was obtained.

Immunohistochemistry and immunofluorescence
staining
Mouse anti-SARS-CoV-2 N protein (Clone: 15A7) and S
protein (Clone: 39C2) antibodies developed by in Xia-
men University were used in immunohistochemistry
staining.16 Briefly, primary antibodies were diluted to
2 μg/ml, and added on liver sections incubating over-
night on 4 ◦C after blocking. Goat anti-Mouse IgG H&L
(HRP) pre-adsorbed (Abcam, Cat#: ab97040) was used
as the second antibody. 3,3′-diaminobenzidine was used
as the substrate, and hematoxylin was used to stain cell
nuclear. Sections were observed via Olympus BX63
microscope, images were generated via DP22 digital
camera. In immunofluorescence (IF) staining, anti-
bodies targeting CD3 (Abcam Cat#: ab16669, RRDI:
AB_443425) and Cleaved caspase-3 (CST Cat#: 9664,
RRID: AB_2070042), and Alexa Fluor Tyramide Super-
Boost kits from Thermo Fisher Scientific were used
according to the manufacturer’s instructions. IF was
performed with the technical support from Yuanxibio
(Shanghai, China). For whole scanned IHC and IF im-
age, prior H101F ProScan® Flat Top Stage combining
with microscope and camera were used.

Spatial transcription analysis
10x Genomics Visium CytAssist Spatial Gene Assay was
designed to analyze viral RNA and mRNA isolated from
FFPE liver tissue sections from human subjects, and
was conducted by Shanghai Xuran Biotechnology. To
detect SARS-CoV-2 RNA, three pairs of probes targeting
viral nucleocapsid domain were designed as shown in
Supplementary Table S2. Spatial Barcodes are used to
associate the reads back to the tissue section images for
spatial mapping of gene expression. Figure images were
generated via Loupe Browser 6.5.0 downloaded from the
website of 10x Genomics Inc. The raw data is available
in NCBI GEO database (GSE279405).

TCR CDR3 sequence
DNA samples were isolated from FFPE liver tissues, and
analyzed by HTS of T cell receptor (TCR) chains using
the ImmuHub® TCR profiling system at a deep level
(ImmuQuad Biotech, Hangzhou, China). Sequencing
3
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was performed on an Illumina NovaSeq® system with
PE150 mode. The raw sequencing data were then
aligning with NCBI VDJ database with IgBLAST and
PCR amplification and sequencing errors correction
based on clone frequency. The resulting sequences of
TCRα and TCRβ CDR3 were determined. We further
defined amounts of each TCR clonotype by adding
numbers of TCR clones sharing the same sequence of
CDR3.

Statistical analysis
Data were analyzed using GraphPad Prism 10.0.2. Sta-
tistical significance was assessed by Mann–Whitney test
or unpaired/paired two-tailed t tests. Error bars in fig-
ures presented the median with interquartile range.
*p < 0.05; **p < 0.01; ***p < 0.001.

Role of funders
The funders did not have any role in study design, data
collection, data analysis, data interpretation, or writing
of report.
Results
Detecting viral proteins in SARS-CoV-2-infected
livers
Golden (Syrian) hamsters constitute a natural SARS-
CoV-2 infection model17,18 that is broadly used in the
study of pathogenic mechanisms and drug development
for COVID-19.19,20 Previously, we used this model to
evaluate the protective effects of antibodies and vac-
cines.16,21 After sacrificing the hamsters, we surprisingly
detected the SARS-CoV-2 S and N proteins in their
livers (Supplementary Figure S1a, b), prompting us to
investigate the situation in clinical cases.

Thus, we obtained three autopsied liver tissue sam-
ples from deceased patients and three liver biopsy
samples from patients with increased liver amino-
transferases who ultimately recovered from COVID-19.
Among the resolved patients, one remained positive
for respiratory viral RNA for 31 days (severe), whereas
the other two became negative within two weeks
(moderate) (Supplementary Table S1). We stained the
samples with anti-viral S or N protein antibodies.
Interestingly, the S and N proteins were detected in the
hepatocytes of patients with severe disease (Fig. 1c–j)
and all autopsied liver tissues (Fig. 1d–f and k–n),
whereas they were not detected in the livers of those
with moderate disease or in the hepatitis B control tis-
sue (Fig. 1a, b, g, h, i and n). These findings indicate
that viral attack in the liver is related to COVID-19
severity.

Spatial landscape of SARS-CoV-2 in livers from
patients with COVID-19
Notably, the levels of serum ALT, AST, and gamma-
glutamyl transferase (GGT) were not elevated in the
deceased patients examined in the last test before death
(Supplementary Table S1). Therefore, to reveal the im-
pacts of SARS-CoV-2 on the liver, we analyzed the
spatial transcriptome in liver tissues from one moder-
ate, one severe, and one deceased patient. Three pairs of
probes targeting the viral nucleocapsid domain were
designed (Supplementary Table S2). A total of 4981
spots were generated with a mean of 104,110 reads and
a median of 5.720 genes or 30,899 transcripts unique
molecular identifiers (UMIs) per spot in the deceased
case; 751 spots were generated with a mean of 296,715
reads and a median of 5705 genes or 28,814 transcripts
UMIs per spot in the severe case; and 271 spots were
generated with a mean of 491,854 reads and a median of
3082 genes or 39,928 transcripts UMIs per spot in the
moderate case (Supplementary Figure S2a, b and c). The
graph-based algorithm partitioned the spots into three
clusters in the moderately resolved case (Fig. 2a), five
clusters in the severe case (Fig. 2b), or ten clusters in the
deceased case (Fig. 2c), as shown in the section or in the
t-stochastic neighbor embedding (t-SNE) visualization.
Moreover, the sequencing saturation in all three tissues
exceeded 60% (Supplementary Figure S2d, e and f),
which means that most of converted probe in the kit
from 10x Genomics ligation products have been
sequenced.

Similar to the IHC results, SARS-CoV-2 RNA was
detected only in those with severe disease and deceased
patients but not in those with moderate disease (Fig. 2d
and e). In severe cases, viral RNA was detected in all
clusters and was higher in Clusters 2, 3, and 4 (Fig. 2d).
In the deceased patients, viral RNA was detected in
Clusters 1 to 9 but not in Cluster 10 (Fig. 2e), and viral
RNA was high in Clusters 3, 4, 5, and 8 (Fig. 2e). Next,
whole-scanned IHC images of S protein-stained sam-
ples from serial sections of the analyzed transcripts were
obtained (Fig. 2f–l). The corresponding areas to the
cluster were selected and zoomed. Consistently, in the
severe case, Clusters 2, 3, and 4 (Fig. 2h–j), but not
Clusters 1 and 5-matched areas (Fig. 2g–k), contained
more SARS-CoV-2 proteins. In the deceased case, the
viral protein expression was strong in Clusters 3, 4, 5,
and 8 (Fig. 2o–q and t) but weak or not detected in
Clusters 1, 2, 6, 7, 9, and 10 (Fig. 2m, n, r, s, u and v).
These findings indicate that SARS-CoV-2 can infect
particular areas of the liver.

ACE2 was almost undetectable in our liver sections
(Supplementary Figure S2g, h). However, a hepatoma-
derived line has been reported to support entry of
SARS-CoV-2 via ACE2.22 Recently, one study revealed
that ASGR1 is the receptor that mediates SARS-CoV-2
pseudovirus infection of primary hepatic parenchymal
cells.23 Consistently, ASGR1 was most highly expressed
then other reported entry factors including ACE2,
KREMEN1, AXL, ATSL and TMPRSS2, in all clusters in
the liver samples of deceased patients in our study
(Supplementary Figure S2i). Nevertheless, level of
www.thelancet.com Vol 111 January, 2025
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Fig. 1: Detection of viral spike (S) and nucleocapsid (N) proteins in liver tissues from patients. Immunohistochemistry (IHC) staining SARS-
COV-2 S protein in livers from two moderate (a, b), a severe (c) and three deceased (d, e and f) patients with COVID-19 or in liver biopsy tissue
from a non-COVID patient with hepatitis B (g). IHC staining SARS-COV-2 N protein in livers from two moderate (h, i), a severe (j) and three
deceased (k, l and m) patients with COVID-19 or in liver biopsy tissue from a non-COVID patient with hepatitis B (n). Viral S and N proteins were
visualized in yellow/brown.
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ASGR1 was similar among the moderate, severe and
deceased patients (Supplementary Figure S2i, j and k).

Intrahepatic immune characteristics in SARS-CoV-
2-infected livers
To investigate the immune features of SARS-CoV-2-
infected livers, we checked the level of PTPRC, which
encodes CD45, a panmarker of immune cells.
www.thelancet.com Vol 111 January, 2025
Approximately 5% of the spots were PTPRC positive in
the deceased patient (248 out of 4981), whereas
approximately 25.3% of the spots had PTPRC expres-
sion in the patient with severe disease (190 out of 751)
(Fig. 3a). PTPRC expression was not enriched in any
cluster in the deceased patient but was enriched in
Clusters 2, 3, and 4 in the surviving patient with severe
disease (Fig. 3b). Interestingly, these clusters were
5
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Fig. 2: Analyzing spatial feature of SARS-COV-2 RNA and proteins in livers from patients. Visium cell type classification showing distribution of
clusters in liver tissue from moderate (a), severe (b) and deceased (c) subjects with COVID-19. (d) t-stochastic neighbor embedding (t-SNE)
visualization of these clusters. (e) Distribution of SARS-COV-2 RNA in different cell clusters. (f) Whole scanned IHC image of S protein in a serial
section from the transcript analyzed liver section of severe case (g–k) Magnified IHC views of S proteins in the corresponding areas of clusters from
the severe patient. (l) Whole scanned IHC image of S protein in a serial section from the transcript analyzed liver section of the deceased patient (m–

v) Magnified IHC views of S proteins in the corresponding areas of clusters from deceased patient. Viral S and N proteins were visualized in yellow/
brown. Viral protein positive dots were counted using QuPath-0.5.1. The numbers depict viral positive dots/nucleuses (f–v).
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enriched in viral RNA (Fig. 2d), indicating that immune
cells participate in liver viral control.

Furthermore, marker genes for macrophages, gran-
ulocytes, B cells, NK cells, and T cells were analyzed. In
Cluster 3, which contained the most abundant viral pro-
teins (Fig. 2i), CD68, TRAC, TRBC1, TRBC2, CD3D,
CD3E, CD4, and CD8A expression levels were signifi-
cantly increased (Fig. 3c). CD14 and CD15 expression
levels were higher in Clusters 2, 3, and 4 (Supplementary
Figure S3a, b), but CD19 and CD56 were almost unde-
tectable in all clusters (Supplementary Figure S3c, d).
Cluster analysis also confirmed that CD68 and CD3D
were expressed mainly in Clusters 2, 3, and 4, which
were positive for viral proteins (Fig. 3d and e). Strikingly,
CD3E was increased only in Cluster 3 (Fig. 3f). We then
conduced IF staining of CD3 and viral N protein. As
expected, viral N protein was detected in livers from the
severe and deceased, but not in liver from the moderate
www.thelancet.com Vol 111 January, 2025
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Fig. 3: Spatial immune features from intrahepatic SARS-COV-2 positive livers from patients. (a) Distributions of PTPRC/CD45 transcription
level in liver sections from the deceased and severe patients. (b) Transcription level of PTPRC in clusters. (c) Levels of immune marker genes in
Cluster 2, 3 and 4 from liver tissue of the severe. Transcription level of CD68 (d), CD3D (e) and CD3E (f) in clusters. The Y-axis is an estimated
change of the log2 ratio of expression in a cluster to that in all other spots. (g) Immunofluorescence staining CD3 (Green) and viral N protein
(Red) in liver tissue from moderate, severe and deceased patients. White arrows show CD3 positive cells adjacent to viral protein. (h) t-SNE
visualization of TRAC, TRBC1 and TRBC2 gene levels in clusters. (i) Distribution of TCRα CDR3 (CDR3α) sequences in different length
from deceased and severe cases (j) Bubble graph showing clonality and diversity of CDR3α in livers. (k) Recombination of CDR3β V and J genes
in livers.
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patient (Fig. 3g). Interestingly, more CD3+ cells are
adjacent to viral positive cells in the surviving severe, but
not in the deceased patient (Fig. 3g). Because the CD3
heterodimer composed of CD3E/CD3D or CD3E/CD3G
is essential for T cell receptor (TCR) expression,24 CD3E
in Cluster 3 indicates T-cell activation. TCR genes
including, TRAC, TRAC1, and TRBC2, were examined.
These genes tended to be highly expressed in Cluster 3
(Fig. 3h).

Considering the crucial roles of T cells in elimination
of virus, we next conducted TCR sequencing on FFPE
liver tissues to compared their features between sur-
viving severe and deceased patients. Compared with
those from deceased patients, liver tissue from resolved
patients contained shorter CDR3s in the TCRα chain
(CDR3α) (Fig. 3i), with highly expanded clones in
resolved patients (Fig. 3j). Interestingly, we observed a
new recombination of TRBV20-1 and TRBJ207 in the
www.thelancet.com Vol 111 January, 2025
TCRβ chain in the resolved case (CDR3β) (Fig. 3k). The
top sequences of CDR3α and CDR3β for each patient are
shown in Supplementary Table S3 and Supplementary
Table S4. These results suggest that T cells are crucial
for the intrahepatic control of SARS-CoV-2.

Distribution of and changes in the liver after SARS-
CoV-2 infection
Spatial transcriptomics analysis revealed enriched
characteristic genes in clusters in the samples from
moderate, severe, and deceased cases (Fig. 4a–c). We
investigated well-known liver nonparenchymal cell-
related genes. Interestingly, erythroid genes (AHSP,
CA1, and SLC4A1) were found in viral RNA-enriched
Clusters 2 and 4 from the severe case (Supplementary
Figure S4a) and Clusters 3, 4, 5, and 8 from the
deceased case (Supplementary Figure S4b). The AHSP
(erythroid cells), ISLR (hepatic stellate cells), ISGF6
7
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Fig. 4: Features of livers from patients with COVID-19. Top up and down-regulated genes in clusters from moderate (a), severe (b) and
deceased (c) cases. Transcription level of albumin (ALB) in different clusters from severe (d) and deceased (e) patients. GO Biological Processes
enrichment of apoptotic process (GO: 0006915) in top 1000 up-regulated genes from Cluster 5 (f) and Cluster 8 (g). GO Biological Processes
enrichment of pathway in down-regulated genes from Cluster 5 (h) and Cluster 8 (i). Levels of housekeeping genes, ACTB (j) and TUBB (k), in
clusters from the deceased patient. In d, e, j and k, the Y-axis is an estimated change of the log2 ratio of expression in a cluster to that in all
other spots.
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(Kupffer cells), JCHAIN (Plasma cells) and CD3D
(T cells) are also showed in Violin spots (Supplementary
Figure S4c-l). This finding is supported by reports that
SARS-CoV-2 can infect red blood cells and cause
hemagglutination.25

We then investigated whether the liver parenchyma
was affected by viruses and analyzed the transcription of
marker genes for hepatocyte-1 (ADH6, CMBL, and
SLC10A1), hepatocyte-2 (APOF, AOX1, and C8A),
cholangiocyte (APINT1, EPCAM, and KRT71), vascular
endothelial cells (ECSCR, ARAP3, and RHOJ) and
sinusoid endothelial cells (CLEC1B, EHD3, and
GPR182). In the severe case, Clusters 1 and 4 consisted
of hepatocytes with abundant sinusoids, Cluster 2
comprised hepatocytes, and Clusters 3 and 5 highly
expressed cholangiocyte- and vascular-specific genes
(Supplementary Figure S4m). In the deceased patient,
Clusters 9 and 10 were enriched for cholangiocyte- and
www.thelancet.com Vol 111 January, 2025
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vascular endothelial cell-specific genes, and the number
of sinusoid-related genes was high in Clusters 2, 3, 4, 5,
and 8 (Supplementary Figure S4n). Clusters 1, 2, 3, 4, 6,
and 7 also highly expressed hepatocyte-specific genes
(Supplementary Figure S4n). The EPCAM, SLC10A1,
C8A, EHD3 and ECSCR are also showed in Violin spots
(Supplementary Figure S4o-x). Interestingly, SARS-
CoV-2 RNA was enriched in Clusters 3, 4, 5, and 8
from the deceased patient (Fig. 2e). We then suspected
that the clusters with high levels of sinusoid genes were
dysfunctional hepatocytes. The transcription of ALB was
evaluated to investigate this. As expected, Clusters 5 and
8 from the deceased patient had obviously decreased
ALB levels (Fig. 4e), whereas ALB expression in clusters
was unchanged in the severe case (Fig. 4d).

We subsequently conducted GO biological process
enrichment for the top 1000 upregulated genes in Clus-
ters 5 and 8 with decreased ALB. A total of 145 genes
from Cluster 5 and 96 genes from Cluster 8 were
enriched in the apoptotic process (GO: 0006915) (Fig. 4f
and g). In addition, the extrinsic apoptotic pathway was
identified in Cluster 5 (Fig. 4f), and the intrinsic apoptotic
pathway tended to be activated in Cluster 8 (Fig. 4g).
Moreover, the expression of genes related to glutamine
family amino acid metabolism, cellular amino acid
catabolism and metabolism, and alpha-amino acid
catabolism and metabolic processes significantly
decreased in both Clusters 5 and 8 (Fig. 4h and i). These
data suggested that there might be a general drop across
all transcripts due to cell death. We therefore checked two
housekeeping genes, ACTB (ENSG00000163631, encod-
ing beta-actin) and TUBB (ENSG00000075624, encoding
beta-tubulin), and found both of them are decreased in
the apoptotic clusters, especially in the Cluster-5 (Fig. 4j
and k). We also stained cleaved caspase-3 to view the
apoptotic in liver sections, and found that it is unex-
pectedly less in the deceased than in the severe patient
(Supplementary Figure S5a-d). Considering the general
decrease of all transcripts due to cell death, we checked
transcription level of caspase-3 gene (CASP3). In the
apoptotic Cluster-5, it is much lower than other clusters
(Supplementary Figure S5e), which should be the reason
for less presentation of its cleaved form in the deceased
patient. Interestingly, we found viral N protein positive
cells tend to have weak nucleuses (Supplementary
Figure S5b), which might be caused by death of hepato-
cytes. These findings suggested that the protein synthesis
function of hepatocytes was greatly impaired by SARS-
CoV-2, promoting their apoptosis in deceased patients.

Dynamic fluctuations in the ALB concentration are
associated with outcomes of patient with COVID-19
The spatial analysis suggested that in the deceased pa-
tient, ALB synthesis was significantly impaired, whereas
ALT, AST, and GGT levels were elevated, accompanied
by immune cell infiltration, in the resolved severe pa-
tient. Therefore, we retrospectively studied hospitalized
www.thelancet.com Vol 111 January, 2025
patients with COVID-19, including 165 deceased (me-
dian age was 87 years, range from 51 to 104; 48 females
and 117 males), 122 severely ill (median age was 75
years, range from 32 to 94; 40 females and 82 males),
and 363 moderately ill patients (median age was 75
years, range from 18 to 99; 140 females and 223 males).
We did not observe any difference in baseline ALT or
GGT levels among the deceased, severe, and moderate
cohorts (Fig. 5a–c). However, AST levels increased with
increasing disease severity (Fig. 5b). In contrast, the
baseline ALB concentration decreased with severity
(Fig. 5d).

Moreover, among them, 30 deceased, 17 severe, and
15 moderate cases had dynamic monitored data (≥4
times). In the deceased patients, 12 initially and 10 ul-
timately had increased AST levels (Supplementary
Figure S6a). Among the severe cases, five patients
initially and three ultimately had increased AST levels
(Supplementary Figure S6b). Among the moderate
cases, six initially and four ultimately had increased AST
levels (Supplementary Figure S6c). Although AST
slightly decreased in these patients, we did not observe a
clear trend. Thus, we directly compared the data be-
tween the start and end points. There was no significant
change in AST levels in patients without enhanced
baseline AST, regardless of their outcome
(Supplementary Figure S6d, f). In the survival cohorts,
which included the moderate and severe cohorts,
increased AST levels also did not significantly change
(Supplementary Figure S6g). Surprisingly, in the
deceased patients, the increase in AST initially returned
to normal (Supplementary Figure S6e). This finding
indicates that the baseline AST level could be used as a
prognostic marker for mortality risk in patients with
COVID-19, while its regression does not indicate a
decrease in risk.

We next examined the fluctuation of ALB levels.
Among the deceased patients, 24 initially 28 ultimately
had decreased ALB levels (Fig. 5e). Among the severe
cases, 10 initially and 8 ultimately had decreased ALB
levels (Fig. 5f). Among the moderate cases, seven initially
and five ultimately had decreased ALB levels (Fig. 5g). In
the deceased group, the ALB concentration decreased
below the normal level (Fig. 5e), whereas in the surviving
severe and moderate cohorts, the ALB concentration
tended to increase (Fig. 5f and g). A comparison of the
ALB levels between the start and end points revealed that
the patients whose serum ALB level decreased at the
beginning of the study did not recover at the end of the
study (Fig. 5h). Even when the serum ALB concentration
initially returned to normal, it decreased by the end of
the study (Fig. 5i). In contrast, in surviving patients,
patients whose ALB levels initially decreased tended to
recover (Fig. 5j), and those with normal ALB levels
maintained this trend until the end of the study
(Fig. 5k). As hepatocytes specifically synthesize ALB,
its decrease reflects the impact of SARS-CoV-2 on the
9
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Fig. 5: Characteristics of liver function indicators in COVID-19 clinical cohorts. (a) Serum ALT levels in deceased (Orange, n = 165), severe
(Blue, n = 122) and moderate (Green, n = 363) cohorts. (b) Serum AST levels in deceased, severe and moderate cohorts. (c) Serum GGT levels in
deceased, severe and moderate cohorts. (d) Serum ALB levels in deceased, severe and moderate cohorts. (e) Dynamic monitor of ALB in 30
deceased cases. (f) Dynamic monitor of ALB in 17 severe cases. (g) Dynamic monitor of ALB in 15 moderate cases. Change of ALB between start
and end points in deceased cases, with declined ALB (h) or normal ALB (i) at the beginning. Change of ALB between start and end points in
survived severe and moderate cases (Red), with declined ALB (j) or normal ALB (k) at the beginning. Statistical significance was assessed by
Mann–Whitney test (a–d) or paired two-tailed t tests (h–k). *p < 0.05, **p < 0.01, ***p < 0.001.
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liver. Importantly, fluctuations in the serum ALB
concentration could be used to assess the mortality
risk of patients with COVID-19.
Discussion
Liver injury is commonly reported in patients with
COVID-19, but whether SARS-CoV-2 can infect the liver
remains controversial. In this study, we detected viral
proteins and RNA in the livers of severely ill deceased
patients. Although our findings do not provide direct
evidence that the liver supports the entire life cycle of
SARS-CoV-2, we indicated that viral entry and trans-
lation were accessible. The spatial transcriptomics
analysis of tissues partitioned liver spots into 3 clusters
in moderate cases, 5 in severe cases, and 10 in deceased
cases. This finding suggested that, as the severity of the
disease increased, the impact of the virus on the liver
became more severe. As no viral proteins were detected
in the livers of moderate cases, it is possible that
SARS-CoV-2 was already controlled before entering liver
in these patients. Therefore, invasion of the liver
potentially occurs after long-term viral exposure in pa-
tients with moderate and severe COVID-19.

Many studies have shown that ACE2 is detected in
the bile duct, sinusoidal, and capillary endothelial cells
and that the level of ACE2 is 20 times greater in these
cells than that in hepatocytes.26 However, we detected
few viral proteins or RNAs in cholangiocytes, mainly
observing them in hepatocytes and hepatic sinusoids.
ACE2 expression is upregulated in hepatocytes from
livers with cirrhosis27; however, ACE2 transcription is
almost undetectable, indicating a limited role for ACE2
in the liver and suggesting that other intracellular re-
striction factors or receptors might contribute to SARS-
CoV-2 infection in hepatocytes. Thus, we preliminarily
examined the transcription level of ASGR1 and found
that it was dramatically high. Notably, ASGR1 can
mediate the entry of SARS-CoV-2 in an ACE2-
independent manner.28 Recently, ASGR1 was shown to
www.thelancet.com Vol 111 January, 2025
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mediate SARS-CoV-2 pseudovirus entry into primary
hepatic parenchymal cells,23 and our work herein pro-
vides clinical evidence for its role in the liver. Moreover,
we found that the ASRG1 level in different patients are
almost equal, suggesting it is not a distinct factor for
liver infection, and whether the virus can reach the liver
through numerous obstacles should be the key issue.

Consistent with our finding that increased liver T
cells were observed only in patients with finally resolved
virus-infected livers but not in deceased patients, a
decreased magnitude of the T-cell response was associ-
ated with severe COVID-19.29 Surprisingly, one study
demonstrated that normal hepatocytes, which present
ABCD3 peptides, can be cross-recognized by SARS-
CoV-2-specific T cells in patients with COVID-19.30 The
ABCD3-specific and SARS-CoV-2-specific TCRs share
the same CDR3β and a single amino acid-substituted
CDR3α.30 These findings indicate that T-cell responses
triggered by SARS-CoV-2 may lead to liver damage. We
also analyzed CDR3αβ in the liver. No similar CDR3
sequence was identified, but clonal expansion of CDR3α
and novel recombination of CDR3β were characterized
in SARS-CoV-2-positive liver samples, which were ulti-
mately resolved, indicating a crucial role of T cells in
viral control.

A systematic summary and meta-analysis of in-
vestigations from the first four months of 2020 re-
ported that 19% of patients had increased ALT and/or
AST levels.31 Moreover, 50% of hospitalized patients
were demonstrated to have elevated liver biochem-
istry.32 Although we detected SARS-CoV-2 proteins and
RNA in liver tissues from deceased patients with
COVID-19, none presented increased ALT, AST, or
GGT levels. Conversely, there were increased ALT,
AST, and GGT levels in survived patients, who also had
expanded T cells colocalized with the virus. It is
possible that cytotoxic T cells rather than viruses cause
the increases in liver aminotransferases, which needs
further investigation.

This finding raises the question of the impact of vi-
ruses on the liver. We demonstrated that there is a
general drop across all transcripts due to cell death in
Cluster-5 from deceased patient. Nevertheless, one
limitation of this study is the mechanism by which he-
patocytes die is unclear and deserves further investiga-
tion. In the deceased patient, we observed that ALB
expression was dramatically impaired in clusters with
high levels of SARS-CoV-2 RNA. Consistently, the
serum ALB concentration was markedly decreased in
patients with severe SARS-CoV-2-positive hepatic dis-
ease, which was confirmed in clinical cohorts, with 165
deceased, 122 severely ill, and 363 moderately ill pa-
tients. This finding is supported by a study reporting
that patients with low ALB levels at baseline have an
increased risk of death versus those with high ALB
levels at baseline.33 We found that the recovery of serum
ALB, but not AST, indicated patients’ clinical
www.thelancet.com Vol 111 January, 2025
improvement. These findings suggest that down-
regulated serum ALB expression, but not upregulated
liver aminotransferase expression, could serve as a po-
tential indicator of liver involvement in SARS-CoV-2
infection.

Overall, we profiled the liver tropism of SARS-CoV-2
via the detection of viral RNA and S and N proteins,
revealed the spatial distribution and immune features of
the virus in the liver, and suggested that the clonality
and recombination of TCR CDR3s from T cells are
crucial for controlling intrahepatic viruses. We also
demonstrated that SARS-CoV-2 promotes the apoptosis
of hepatocytes in deceased patients, which results in
impaired ALB expression. Furthermore, the decrease in
serum ALB expression rather than that of aminotrans-
ferases can be used to evaluate a patients mortality risk.
Although we have not provided detail evidences on the
liver tropism, T cell activation and dysfunction of liver in
SARS-CoV-2 infection, this clinical-based study may
help elucidate the viral pathogenic mechanism and
immune responses against SARS-CoV-2.
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