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ABSTRACT Human alveolar echinococcosis (AE) is a tumor-like disease predomi-
nantly located in the liver. The cellular composition and heterogeneity of the lesion-
infiltrating lymphocytes which produce an “immunosuppressive” microenvironment
are poorly understood. Here, we profiled 83,921 CD45" lymphocytes isolated from
the peripheral blood (PB), perilesion (PL), and adjacent normal (AN) liver tissue of
four advanced-stage AE patients using single-cell RNA and T-cell receptor (TCR)
sequencing technology. We identified 23 large clusters, and the distributions and
transcriptomes of these cell clusters in the liver and periphery were different. The
cellular proportions of exhausted CD8" T cells and group 2 innate lymphoid cells
(ILC2s) were notably higher in PL tissue, and the expression features of these cell
subsets were related to neoplasm metastasis and immune response suppression. In
the 5 CD8* T-cell populations, only CD8* mucosa-associated invariant T (MAIT) cells
were enriched in PL samples and the TRAV1-2_TRAJ33_TRAC TCR was clonally
expanded. In the 11 subsets of CD4* T cells, Th17 cells and induced regulatory T
cells (iTregs) were preferentially enriched in PL samples, and their highly expressed
genes were related to cell invasion, tumor metastasis, and inhibition of the inflam-
matory immune response. Exhaustion-specific genes (TIGIT, PD-1, and CTLA4) were
upregulated in Tregs. Interestingly, there was a close contact between CD8* T cells
and iTregs or Th17 cells, especially for genes related to immunosuppression, such as
PDCD1-FAM3C, which were highly expressed in PL tissue. This transcriptional data
set provides valuable insights and a rich resource for deeply understanding the
immune microenvironment in AE, which could provide potential target signatures
for AE diagnosis and immunotherapies.

KEYWORDS alveolar echinococcosis, Echinococcus multilocularis, immune
microenvironment, infiltrating lymphocytes, heterogeneity, single-cell sequencing

uman alveolar echinococcosis (AE) is a potentially lethal helminthic disease that is

caused by infection with the metacestode, or larval stage, of the cestode Echinococcus
multilocularis in the Northern Hemisphere (1). A systematic search of the global literature
on the epidemiology of human AE showed the increasing spread of reported cases and
the rise in case numbers in the 21st century, especially in western, northern, and eastern
Europe, as well as in central Asia (2). Annually, more than 18,000 new AE cases are esti-
mated to occur worldwide, with 91% of them occurring in China (3). Human AE primarily
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occurs in the liver, which shows tumor-like malignant growth of the E. multilocularis meta-
cestode that frequently results in invasion and destruction in the liver and other host
organs (4). Due to its aggressive growth, AE leads to death in 90% of infected individuals
within 10 to 15 years of diagnosis if left untreated (5). Thus, increased understanding of the
immune mechanisms of pathology and protection of E. multilocularis infection in order to
search for other treatment methods is urgently needed.

Some clinical observations have revealed that the type of immune response elicited
in the host determines the outcome of E. multilocularis larval infection. Observations in
hosts with impaired immunity, such as in the context of AIDS, organ transplantation, or
cancer chemotherapy, strongly suggest that immunosuppression increases disease se-
verity, leading to uncontrolled proliferation of the metacestode (6). In fact, the survival
of E. multilocularis larvae in the host relies upon their ability to create an “immunosup-
pressive” microenvironment, leading to a kind of balance between the parasite and
host to maintain immune homoeostasis during persistent infection (7). The metaces-
tode continuously proliferates and infiltrates, thus forming a growing hepatic lesion
that consists of a large conglomerate of parasite vesicles, which are intermingled with
mainly host connective tissue and infiltrating immune cells. Recently, histopathological
analysis of human AE liver samples showed that the immune infiltrate around liver
lesions was composed of macrophages, lymphocytes, granulocytes, and myofibro-
blasts. Among these cells, large clusters of CD4* T cells and CD8* T cells were found to
accumulate around the metacestode in the liver (8). The progressive clinical course of
AE is associated with significant specific stimulation of T cells, leading to the disruption
of T-cell signaling and T-cell exhaustion in the late stage of infection (9). Our recent
study showed that the coinhibitory receptor T-cell immunoglobulin and immunorecep-
tor tyrosine-based inhibitory motif domain (TIGIT), which is known to limit T-cell func-
tion, was an enriched gene in a heatmap generated by comparing mRNA arrays of
paired AE liver tissues (8). Flow cytometric analysis further confirmed that the absolute
numbers of TIGIT" CD4* T cells and TIGIT* CD8" T cells in paired liver tissue samples
were significantly higher in perilesion (PL) tissue than in adjacent normal (AN) tissue
and that the hepatic infiltrating TIGIT* CD4* T cells and TIGIT* CD8* T cells had lower
expression of granzyme B, perforin, interferon gamma (IFN-y), and tumor necrosis fac-
tor alpha (TNF-a) in PL tissue than in AN tissue, suggesting an “exhausted” parasite-
induced T-cell response (8). In addition, persistent infection has been reported to be
mediated by specialized regulatory T cells (Tregs) and related cytokines, such as inter-
leukin-10 (IL-10) and transforming growth factor B (TGF-B) (10, 11). These cells may
contribute to the production of the “immunosuppressive” microenvironment that
leads to the maintenance of E. multilocularis survival. However, the systematic cellular
composition and functional heterogeneity of lesion-infiltrating lymphocytes in the he-
patic AE lesion microenvironment are currently poorly understood. Therefore, a deep
understanding of the profile of infiltrating immune cells in hepatic AE microenviron-
ments will provide better strategies to modulate the immune system to eradicate
E. multilocularis.

Single-cell RNA sequencing (scRNA-seq) is a powerful tool for defining cell types
and states on the basis of individual cell transcriptomes in health and disease (12).
Recently, scRNA-seq has been applied to analyze infiltrating lymphocytes from cancer
patients (13, 14) and cystic echinococcosis (CE) patients (15), allowing a detailed under-
standing of the dynamic nature of these infiltrating cells in the highly complex cancer
or parasite microenvironment. In addition, scRNA-seq provides an advanced method
to define T-cell receptor (TCR) sequences for each cell (16). In this study, we performed
scRNA-seq analysis of 81,865 single CD45* lymphocytes isolated from the peripheral
blood (PB), PL tissue, and paired AN liver tissue of four hepatic AE patients to identify
the infiltrating immune cells and their complete TCR sequences in the lesion microen-
vironment. We identified 23 cell subsets with distinct tissue distribution patterns,
including novel cell subsets such as group 2 innate lymphoid cells (ILC2s) and mucosa-
associated invariant T (MAIT) cells. The signature genes for exhausted CD8" T cells,
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MAIT cells, ILC2s, and Tregs were examined in detail. Our results provide a valuable
resource for studying the basic characteristics of immune cells in the AE microenviron-
ment and potentially guiding effective immunotherapeutic strategies.

RESULTS

Infiltrating immune cells in the hepatic AE tissue microenvironment. To charac-
terize the immune cell profiles in AE, we applied scRNA-seq and single-cell TCR
sequencing (scTCR-seq) methods to study CD45* cells isolated from PB, PL liver tissue,
and AN liver tissue samples from four AE patients (Fig. 1a). All of the patients had bio-
logically active AE lesions that were evidenced by computed tomography (CT) or mag-
netic resonance imaging (MRI) scans and histopathological analysis (see Fig. STA in the
supplemental material). Hematoxylin and eosin (H&E) staining showed typical parasitic
material inside lesions formed by E. multilocularis metacestodes, including many small,
polymorphous, and partly conglomerated cysts, and contorted parts of the laminated
layer were present in the lumina of some of the cysts with a rather reddish appearance
(Fig. S1B). The baseline clinical characteristics of the 4 AE patients studied are shown in
Table S1. After quality control, we obtained a total of 83,921 cells from 11 samples,
with an average of 1,602 genes detected per cell (Fig. S2A). Seurat was used to inte-
grate all the samples, and 23 subgroups were obtained through an unsupervised clus-
tering method using marker genes (Fig. 1b and ¢; Fig. S2B and C) (17). These subgroups
included B cells, plasma cells, four CD4+ T-cell clusters including activated CD4" T cells
(TCF7), naive CD4" T cells (LEF1), cytotoxic CD4" T cells (CX3CR1 and FGFBP2), and
CDA4* Tregs (FOXP3 and CTLA4), four CD8* T-cell clusters including naive CD8* T cells
(CCR7 and SELL), effector CD8" T cells (CD69), exhausted CD8" T cells (PDCD1) (18),
and CD8" MAIT cells (RORC), phosphoantigen-reactive y6 T (PRGDT) cells (PRGDT), two
innate lymphoid cell (ILC) clusters including group 1 ILCs (ILC1s) (LAG3) and ILC2s
(GFI1 and IL-4), four natural killer (NK) cell clusters, two monocyte (CD14* and
FCGR3A™) clusters, dendritic cells (DCs), plasmacytoid DCs (pDCs, IL3RA), and platelets
(Fig. 1d). The 23 cell clusters were all identified in the three tissues, and the presence
of cells from each patient in each subgroup indicated that the data were highly repro-
ducible. However, there were some differences in the source of cells in each subgroup,
indicating immune profile changes among the PL, AN, and PB samples (Fig. 1d).

Changes in the immune cell landscape of the AE tissue microenvironment. To
describe the changes in the immune cell profiles among the PL, AN, and PB samples in
detail, we analyzed the source of each cell type for each patient (Fig. S3A) and then
compared the differences among the three sources (Fig. S3B). When comparing PL and
AN liver tissues with the PB, we found that the changes in the immune profile mainly
showed the difference between the liver and the periphery, and the patients exhibited
the same trends, such as the proportions of B cells, plasma cells, CD4_naive cells,
CD8_effector cells, CD8_naive cells, and monocytes being increased in the PB, while
those of PRGDT cells, NK cells, ILCs, pDCs, and especially CD8_exhaustion cells were
enriched in the liver tissues (PL and AN samples) (Fig. 2a and b). Disease enrichment
analysis found that the differentially expressed genes (DEGs) of CD8_exhaustion cells
in the PL high group showed enrichment of the disease term “immunosuppression”
(Fig. 2d), suggesting that exhausted CD8* T cells play an immunosuppressive role in
the AE microenvironment favoring persistent E. multilocularis infection, which is con-
sistent with our recent findings (8).

As comparing PL and AN liver tissues could better reflect the changes in the immune
response in the AE tissue microenvironment, we then performed an analysis to determine
which cell types in the liver had a tendency to accumulate in the PL region. We analyzed
the differences between PL and AN tissues for each cell type, calculated the patient consis-
tency, and found that the proportions of CD4_naive cells, CD8_naive cells, CD4_cytotoxic
cells, NK_NCAM1 cells, NKT2 cells, ILC1s, and CD8_effector cells in the PL site were
decreased, while Mono_CD14 cells, NKT1 cells, CD4_Tregs, MAIT cells, DCs, pDCs, B cells,
PRGDT cells, CD8_exhaustion cells, and ILC2s were enriched in the PL site (Fig. 2¢; Fig. S3B).
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FIG 1 Single-cell landscape of peripheral blood and liver biopsy specimens from alveolar echinococcosis patients. (a) Flowchart depicting the overall
design of the study. FACS, fluorescence-activated cell sorter. (b) Uniform manifold approximation and projection (UMAP) visualization of scRNA-seq data for
single cells derived from AE patients. Cells were color coded by cell type (left), patient (middle), or sample origin (right); each dot represents one cell. DC,
dendritic cells; pDCs, plasmacytoid dendritic cells; Mono, monocyte; NK, natural killer cells; MAIT, mucosa-associated invariant T cells; ILC, innate lymphoid

(Continued on next page)

Month YYYY Volume XX Issue XX 10.1128/iai.00177-22 4

Downloaded from https://journals.asm.org/journal/iai on 01 November 2022 by 49.118.85.164.


https://journals.asm.org/journal/iai
https://doi.org/10.1128/iai.00177-22

Single-Cell Landscape of Human Alveolar Echinococcosis

Interestingly, among the cell types at the PL site, ILC2s showed the highest patient
consistency.

We next performed a pairwise comparison of the three sources of ILC2s followed by
unsupervised clustering of the DEGs to obtain five groups (liver PL high, liver AN high,
PL high, PB high, and AN high) (Fig. 2e). We found that the liver PL high and liver AN
groups included genes such as CXCR4, ZBTB16, and HLA-G, which mainly reflected the
difference between the liver and PB. Strikingly, tumor-related genes such as IFNG,
ANXA1, FOSB, and HSPA90AAT were highly expressed in the PL region. Disease enrich-
ment analysis also found that the DEGs in the PL high group showed enrichment of
the disease terms “hepatic neoplasms” and “neoplasm metastasis.” The DEGs in the AN
high group were enriched in only liver cirrhosis (Fig. 2f). Gene ontology (GO) enrich-
ment analysis found that the DEGs in the PL high and PB high groups were enriched in
the “apoptotic signaling pathway,” “leukocyte activation,” and “NK cell-mediated cyto-
toxicity” (Fig. 2g). The DEGs of the three groups were all enriched in cytokine-mediated
signaling pathways (Fig. 2g). Therefore, we conducted a differential analysis of all cyto-
kines and found that genes such as CCL4L2, IFNG, and TNF were highly expressed in
the PB and PL site (Fig. 2h). These results suggested that these genes might promote
the development and metastasis of AE lesions, which could explain why AE exhibits
malignant tumor-like symptoms and metastasis.

CD8* T-cell subtype analysis in the hepatic AE tissue microenvironment. CD8*
T cells mainly play a cytotoxic role in the immune response (19). To reveal the potential
functional subtypes of CD8* T cells, we performed a comparison between PL and AN
liver tissues to determine which CD8" T-cell subsets in the liver exhibited a tendency
to accumulate in the PL site. We found that only MAIT cells were enriched in PL tissue
(Fig. 3a and b). Therefore, we conducted a differential analysis of MAIT cells and found
that genes related to cell killing and cytokine secretion, such as GZMA and CXCR6, were
highly expressed in cells in AN tissue. PL highly expressed MYADM, FOS, LMNA, and
other tumor-related genes (Fig. 3c). Disease enrichment analysis also found that the
DEGs highly expressed in PL tissue were enriched in the terms “neoplastic cell transfor-
mation” and “lung neoplasms and carcinoma” (Fig. 3d). GO term enrichment analysis
of the DEGs highly expressed in PL tissues identified enrichment in “negative regula-
tion of cytokine production,” “apoptotic signaling pathway,” “positive regulation of cell
migration,” and “regulation of extracellular matrix assembly” (Fig. 3e). These terms indi-
cate that the AE tissue microenvironment has functions related to suppressing the
immune response and promoting apoptosis and cell migration, which further explains
why AE patients exhibit severe pathological damage to the liver and growth with a ma-
lignant tumor-like pattern.

More importantly, we found that the DEGs that were highly expressed in PL tissue
were enriched in the inflammatory response to antigenic stimuli (Fig. 3e). To determine
the receptors that respond to parasite antigens in AE patients, we performed scTCR-
seq and found that in MAIT cells from all patients, the TRAV1-2_TRAJ33_TRAC TCR
exhibited significant clonal expansion in PL tissue but that in other cell types, the
patients did not exhibit clonal expansion of common TCRs (Fig. 3f; Fig. S4). The propor-
tion of MAIT cells carrying the TRAV1-2_TRAJ33_TRAC TCR showed an increasing trend
among the PB, AN liver tissue, and PL liver tissue (Fig. 3g). Therefore, we speculated
that this TCR may respond to some of the parasite antigens and that vaccines based
on this receptor are expected to prevent the occurrence of AE in patients.

CD4+ T-cell subtype analysis in the hepatic AE tissue microenvironment.
Because it is well established that not only CD8" T cells but also CD4* T cells are criti-
cal for controlling metacestode growth in the liver (7, 8), we reclustered all CD4* T cells

" ou

FIG 1 Legend (Continued)
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cells; Treg, regulatory T cells; NKT, natural killer T cells; PRGDT, phosphoantigen-reactive y8 T cells; UN_KIT, unknown. (c) Expression patterns of marker
genes used for cell type annotation. The expression levels of marker genes are indicated by color. (d) For each of the 23 cell subclusters, the number of
cells, the proportion of cells originating from each of the four patients, and the proportion of cells originating from each of the three tissues are shown

from left to right, respectively. The left column indicates the cell subtypes identified based on combinations of marker genes.

Month YYYY Volume XX Issue XX

10.1128/iai.00177-22 5

Downloaded from https://journals.asm.org/journal/iai on 01 November 2022 by 49.118.85.164.


https://journals.asm.org/journal/iai
https://doi.org/10.1128/iai.00177-22

Single-Cell Landscape of Human Alveolar Echinococcosis

Infection and Immunity

a AN VS PB b PLVS PB ¢ PL VS AN
| -PRGDT T T
48 : | cD8_Exhaustion j slLe=
I L I 61 I
14 NKTZ) i [ [
. i CD8_Exhaustion B 1 |
2 | 525 | - 51CD8_Effecton
£1.2 CD8_Effector, 1 | -, 2 I %) bPlasma
z I MAIT %20 | S 4 |
‘B Plasma l L2, 1 0 4T |
8 | LCD4 Cytotoxic |2 NKTR e |2 NKT2 | EEEP R vt
2 Moo FCGRAA | et |8, 5 | war 3 aJNKNCAM ¢ S rhastRn
Gos g DC 1  NT'"pdc |=1%1mono_FoaraA Pasmf MAT S :D4_cyto;oxi,§"°;°6
T . I NK_KIR £ I 8 et "= omarr
o PNk 5., CD8_Effector) NK_KIRNK_NCAM1| = , | o8 Naive ! B
4 CD4_Activate| ¢ CD4_Cytotoxic%, | ,ILC2 o _Naive o
CD4_Treg, N : NK_NCAM1 .« : CD14CD4_Treg bd . NKf_KIR D.COCD4_Treg
04 o _GD4e o 5 1{cb4_Naive ! Mono_CD14
Mono_CD14 pg Naive | 051 5 4_NaiveCD4_Actlvate: .pDC — : NRT1 _C
65 * CD4_Naive i ‘* CD8_Naive | o |
4 -3 -2 -1 0 1 2 3 4 -3 -2 -1 0 1 2 3 -0.5 0.0 05 1.0 15
Log2 Foldchange Log2 Foldchange Log2 Foldchange
d f
. ILC2 DEG Enriched Disease
Endotoxemia e — e i ) ) .
Herpes Simplex Infections -Log P-value Liver Cirrhosis, Experimental
Tauopathies T Dermatitis, Allergic Contact
Juvenile-Onset Still Disease 0 15 Neoplastic Cell Transformation
Dermatologic disorders Lung Neoplasms
Post-Traumatic Stress Disorder i Liver Injury
o Juvenile arthritis Rheumatoid Arthritis
a0 Immunosuppression Osteoporosis
k] Myocardial Ischemia HIV Infections
a Adult Classical Hodgkin Lymphoma Unipolar Depression
3 Behcet Syndrome _ Major Depressive Disorder
5 Epsteln-Barr _V|rus Infections Heart failure
UEJ :Brf?un Ischf\mla melanoma
Fg‘nggr':f;] s Mental Depression
Juvenile psoriatic arthritis :ilvel’r?eqpr:alﬁl_'ns
Polyarthritis, Juvenile, Rheumatoid Factor Positive Hepe n“s'%. CJ“%/. "
Polyarthritis, Juvenile, Rheumatoid Factor Negative ypertrophic Cardiomyopathy
Helicobacter pylori (H. pylori) infection Mammary Neoplasms
Pleural effusion disorder ‘l{luvenllle artm'tis inal]
eoplasm Metastasis
PBANPL : : "
Arsenic Poisonin
mLiver PLhigh ™ Liver AN high  ZSCO€ 9 -Log P value
m PL high == PB high == AN high 1 [
-1 1 0 5
: h . . ,
Enriched GO Differentially expressed cytokines
Chaperone-mediated protein folding
Cellular responses to stress
Positive regulation of hemopoiesis
| Apoptotic signaling pathway PB
Response to ketone
Regulation of muscle cell apoptotic process
Striated muscle tissue development
Negative regulation of protein modification
Influenza Infection AN-
PID REG GR PATHWAY
Estrogen-dependent gene expression
Regulation of mRNA stability by proteins
Positive regulation of protein complex assembly
Cytokine-mediated signaling pathway PL-
Leukocyte activation
Regulation of hemopoiesis LA LT L UL L. L. L O o
Natural killgrcell rpegiatedcytotoxicity QI S:EEEQE§9§2288“§9§838§?§%?§%§2§82%88:§8
Th17 cell differentiation g N NBNNIZ VMO JFASNGEFILOLCSI AR MmO r-onr
: - o NTwnd RFTn goNog QuPaTIvegRXFomhvons S
Second-messenger-mediated signaling € s ® SIS o= 5 = RN a’o ®
Leukocyte migration N S ~ SERr
-Log P value --1
m -
o o 1
0 5

FIG 2 Exhausted CD8* T cells and ILC2s are enriched in the PL and AN tissues of AE patients. (a to ¢) Differences in the proportions of cells among all cells
and consistency in the differences between AN and PB (a), PL and PB (b), and PL and AN (c) samples across the patients. ILC2s (c) and exhausted CD8* T
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and obtained a total of 11 subclusters (Fig. 4a). According to the expression of marker
genes, these cells could be defined as naive cells, Th1 cells, Th2 cells, Th17 cells,
induced Tregs (iTregs), naive Tregs (nTregs), cytotoxic cells, and some CD8* cells mixed
in due to clustering errors (Fig. 4a and b; Fig. S5). Similarly, we found that there were
differences in the cell source for each cell type, and the source of each cell type was
heterogeneous among the patients (Fig. S5D and S6A). For example, most of the na-
ive_8 cells were derived from the PB of P1, and the proportion of cells derived from
the PB of P3 was significantly reduced (Fig. S6A).

To describe the changes in CD4* T cells in the AE patients, we compared the pro-
portions of cells derived from PL liver tissue, AN liver tissue, and the PB for each CD4*
cell type. We found that the PL and AN liver tissues had the same trends for changes
as the PB (Fig. S6B and C). For example, the proportions of cytotoxic cells, Th1 cells,
and iTregs were enriched in the PL and AN liver tissues, while the proportions of naive
cells, Th2 cells, and nTregs were increased in the PB, which also reflected the difference
between the liver and periphery (Fig. S6B and C). To investigate the CD4" cell changes
in the AE tissue microenvironment in detail, we compared the differences between PL
and AN liver tissues and calculated the fold change in each cell type and the associated
patient consistency (Fig. 4¢; Fig. S6D). We found that the proportions of Th1 cells, naive
cells, and cytotoxic cells in the PL site were reduced but that those of exhaustion-
related iTregs, Th17 cells, and nTregs were significantly increased in the PL site com-
pared to the AN site (Fig. 4c). Additionally, Th17 cells and iTregs had high patient con-
sistency, which indicates that the AE tissue microenvironment is in a state of
immunosuppression.

We further analyzed the expression of exhaustion-related genes in CD4* T cells
from PB, AN, and PL samples and found that iTregs had higher expression of most of
the exhaustion-related genes (CTLA4, LAG3, PDCD1, and HAVCR2) than other CD4* T-
cell subsets (Fig. 4d). Interestingly, we performed a differential analysis of Th17 cells
and showed the expression of DEGs in PL and AN liver tissues (Fig. 4e). We found that
TSC22D3, MCL1, and other genes related to the inhibition of inflammation and the
immune response were highly expressed in PL tissue (20) (Fig. 4e). GO enrichment
analysis also found that PL tissue highly expressed DEGs enriched in apoptosis-related
GO terms, further indicating that the AE tissue microenvironment was in a state of
immunosuppression (Fig. 4e and f). Differential analysis of iTregs revealed that onco-
genes such as SET and OCIAD2 were highly expressed in PL tissue and that SECT1A,
which promotes cell invasion and tumor metastasis, was especially enriched (21) (Fig.
49g). Genes with antimicrobial activity, such as LGALS3, were highly expressed in AN tis-
sue (22) (Fig. 4g). GO enrichment analysis also found that DEGs with high PL expression
were enriched in GO terms such as “nonalcoholic fatty liver disease (NAFLD)" (Fig. 4h),
which might explain the severe parenchymal damage caused by AE.

Interactions of iTregs and Th17 cells with CD8* T cells. Tregs, Th17 cells, and
CD8* T cells are all key immunomodulators in AE (8, 11). Thus, the regulatory relation-
ships between CD8" T cells and Th17 cells or iTregs were separately analyzed using
immune-related ligand-receptor pairs (23). Focusing on the interaction between Th17
and CD8* T cells, the receptor-ligand pairs enriched in both the PB and the AN and PL
liver tissues included CD47-SIRPG, which is related to T-cell activation (24), and CD48-
CD244, which is related to T-cell immunosuppression (25) (Fig. S7A). The receptor-
ligand pairs enriched in AN and PL liver tissues included CXCR3-CCL20 and CCR6-
CCL20, which regulate the migration of Th17 cells to local tissues (26), LGALS9-CD47,
LGALS9-CD44, and PDCD1-FAM3C, which have been reported to be related to

FIG 2 Legend (Continued)
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in ILC2s in PB, AN, and PL samples. P values were calculated using Student’s t test. Diseases related to the immune response are marked in bold red text.
(g) Heatmap showing the enriched GO terms for genes differentially expressed in ILC2s in PB, AN, and PL samples. P values were calculated using Student’s
t test. GO terms related to the immune response are marked in bold red text. (h) Heatmap of the differentially expressed cytokine genes of ILC2s in PB,
AN, and PL samples. Genes were clustered by unsupervised clustering. The means of the expression levels of the differentially expressed genes are

indicated by color.
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immunosuppression (27), TNF and its receptors ICOS, TNFRF1B, and FAS, and apoptosis-
related FAS-FASLG (28) (Fig. 5a), which was also consistent with the enrichment of the
GO term “apoptosis” in Th17 cells in PL and AN liver tissues (Fig. 4f). For the interaction
between iTregs and CD8" T cells, the receptor-ligand pairs enriched in both the PB
and the AN and PL tissues included CD40LG-a5b1 complex, which is related to costi-
mulation of T cells (29), and LGALS9-CD47, which is related to T-cell immunosuppres-
sion (27) (Fig. 5b). The receptor-ligand pairs enriched in AN and PL tissues included
CXCR6-CXCL16, CXCR3-CCL20, and CCR6-CCL20, which regulate the migration of
iTregs to local tissues (30-33), and inhibitory cytokine and immune checkpoint mole-
cule pairs such as LGALS9-SLC1A5, TGFB1-TGFBR3, PDCD1-FAM3C, and ADORA2A-
NAMPT (27, 34, 35) (Fig. 5b), suggesting that the effector function of CD8* T cells can
be suppressed through interactions with iTregs in the local immune microenvironment
of AE patients.

DISCUSSION

The liver is an immunological organ with unique tolerogenic capacities (36). E. mul-
tilocularis larvae predominantly dwell in the liver and cause tumor-like AE, which elicits
a severe hepatic granulomatous inflammatory response. Our previous studies have
identified some larger and tolerogenic cell subsets, such as macrophages (CD163"), NK
cells, and T cells (CD4* and CD8) around lesions, and found that the persistence of E.
multilocularis in the liver leads to the disruption of the normal functions of T cells and
NK cells via traditional immunohistochemical and flow cytometric analyses (8, 37).
Although these traditional approaches were powerful, they required prior guesswork
or knowledge in order to discover various immune cell types, which introduces bias
and limits the potential for discovery of new cell subsets (38, 39). scRNA-seq technol-
ogy overcomes the limitations of these traditional methods, by measuring the whole
transcriptome at a single-cell resolution and distinguishing different cell types and cel-
lular states based on their transcriptional signatures, and has been widely used to
explore tumor microenvironment heterogeneity (40, 41). Therefore, we used scRNA-
seq technology to identify the heterogeneous composition of liver-infiltrating cells,
and we generated a relatively comprehensive view of the immune atlas of the AE liver
immune microenvironment with data from 4 AE patients, consisting of 83,921 single-
cell profiles isolated from 4 PL tissue, 3 AN tissue, and 4 PB samples. We identified a
total of 23 large clusters as well as some novel cell subsets, such as ILC2s and CD8*
MAIT cells, in all the PL, AN, and PB samples with high homogeneity. The distributions
and transcriptomes of these cell clusters differed between the liver and periphery and
between the lesion and normal tissues, which will help us gain a deeper understanding
of the heterogeneity of immune cells in the AE lesion microenvironment.

The first direct comparisons between PL or AN tissue and the PB confirmed that the
immune cell subset composition was different between the liver region and peripheral
immune system and that some cell clusters showed a tissue preference. In particular, the
proportions of CD8_exhaustion cells, PRGDT cells, NK cells, ILCs, and pDCs were higher in
the liver tissues (PL and AN), and CD8_exhaustion cells showed the highest patient consis-
tency when comparing PL tissue with the PB. The DEGs of CD8_exhaustion cells in the PL

FIG 3 Legend (Continued)
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between the PL and AN samples from the patients. MAIT cells are marked in red because there was a higher proportional change in these
cells in the PL site than in the AN site. (c) Volcano plot showing the differentially expressed genes of the MAIT cells in PL and AN samples.
P values were calculated using Student’s t test. Genes with P values lower than 0.01 and the top 10 genes with the highest log, fold
changes are marked in red. Genes with P values lower than 0.01 and the 10 lowest log, fold changes are marked in blue. (d) Heatmap of
the significantly enriched disease terms for the genes differentially expressed in MAIT cells from PL and AN samples. GO terms related to
the liver are marked in bold red text. (e) Heatmap of the significantly enriched GO terms for the genes differentially expressed in MAIT
cells from PL and AN samples. GO terms related to the immune response with a smaller P value in the PL site than in the AN site are
marked in red. GO terms related to the immune response with a smaller P value in the AN site than in the PL site are marked in blue. (f)
Bar plot showing the counts of the top 10 TCR clones of MAIT cells in the PL site across the four AE patients. Each TCR clone was named
according to its combination of VDJC genes. (g) Percentages of MAIT cells with the TCR clone TRAV1-2_TRAJ33_TRAC across PB, AN, and

PL tissues for each patient.
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FIG 4 Th17 cells and iTregs exhibit immunosuppressive functions in PL tissue across AE patients. (a) Two-dimensional
representation of CD4" T cells via UMAP; each dot represents one cell. Th1, Th1 helper cells; Th2, Th2 helper cells; Th17, Th17
helper cells; iTregs, induced regulatory T cells, nTregs, naive regulatory T cells. (b) Expression patterns of the marker genes used
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group showed enrichment of the disease term “immunosuppression,” suggesting that ex-
hausted CD8" T cells play an immunosuppressive role in the AE microenvironment that
favors persistent E. multilocularis infection, which is consistent with our recent reports (8).
To reflect the microenvironment of metacestodes in the liver, we next compared PL tis-
sue with the corresponding AN tissue and observed that the proportions of Mono_CD14
cells, NKT1 cells, CD4_Tregs, ILC2s, CD8_exhaustion cells, MAIT cells, pDCs, B cells, and
PRGDT cells were enriched in the PL site. Notably, ILC2s showed the highest patient consis-
tency at the PL site. ILC2s are antigen-independent innate lymphocytes that regulate
inflammation and immunity to pathogens in mammalian tissues (42). Recently, ILC2s have
been found to accumulate in human cancer tissues and have emerged as tissue-specific
enhancers of anticancer immunity (43, 44). We found that tumor-related genes such as
IFNG, ANXAT, FOSB, and HSPA90AAT were highly expressed by ILC2s in the PL site and iden-
tified enrichment of the disease terms “hepatic neoplasms” and “neoplasm metastasis,”
which may explain why AE lesions exhibit malignant tumor-like symptoms and the poten-
tial to metastasize to other organs. In addition, the frequency of ILC2s was reported to be
increased in the fibrotic liver (45), and a main pathological feature of AE is extensive fibrosis
around the lesion, indicating that ILC2s may be correlated with liver fibrosis in AE patients.
MAIT cells, as a new innate cell-like T-cell population that is clearly enriched in the
human liver, constitute up to 20 to 50% of all intrahepatic T cells and may play impor-
tant roles in immune homeostasis in the steady state as well as in immune defense
and inflammation in liver diseases (46, 47). However, previous studies have investi-
gated MAIT cells in infectious or autoimmune diseases and shown that the infiltration
and function of this subset are substantially impaired (47, 48). In human colorectal can-
cer studies, activated MAIT cells accumulated in tumors were correlated with inferior
patient survival (49). In human hepatocellular carcinoma (HCC), MAIT cells were found
to be functionally exhausted with high expression of PD-1, CTLA4, and TIM-3 and an
inability to produce IFN-y, perforin, and granzyme B (50). In this study, we observed
increased representation of CD8* MAIT cells in PL tissue compared to AN liver tissue,
and these cells expressed higher levels of MYADM, FOS, LMNA, and other tumor-
related genes but lower levels of cell killing- and cytokine secretion-related genes,
such as GZMA and CXCR6, in PL tissue, indicating that the function of CD8" MAIT cells
was also impaired in PL tissue, consistent with previous studies in HCC. Furthermore,
the DEGs highly expressed in PL tissue were enriched in the terms “neoplastic cell
transformation” and “lung neoplasms and carcinoma.” GO term enrichment analysis of
the DEGs highly expressed in PL tissue showed enrichment in the negative regulation
of cytokine production, apoptotic signaling pathway, positive regulation of cell migra-
tion, and regulation of extracellular matrix assembly. These results indicate that MAIT
cells in the AE tissue microenvironment have functions related to suppressing the
immune response and promoting apoptosis and cell migration, which further explains
why AE patients exhibit severe pathological damage to the liver and growth with a ma-
lignant tumor-like pattern. Therefore, strategies to modulate the functional activities of
CD8* MAIT cells from exhausted to effector-like cells might be a possible immunother-
apy for AE. Notably, TCR-seq results showed that the TRAV1-2_TRAJ33_TRAC TCR
exhibited significant clonal expansion in MAIT cells from all patients, indicating that

FIG 4 Legend (Continued)

marked in red because there were higher proportional changes in these cells in the PL site than in the AN site. (d) Expression
patterns of exhaustion-related molecules in CD4* T cells across PB, AN, and PL samples. The means of the expression levels of
the marker genes are indicated by color. (e) Volcano plot showing the differentially expressed genes of Th17 cells in PL and AN
samples. P values were calculated using Student’s t test. Genes with a P value lower than 0.01 and log, fold change higher than
0.1 are marked in red. Genes with a P value lower than 0.01 and log, fold change lower than —0.1 are marked in blue. (f)
Heatmap of the significantly enriched GO terms for the genes differentially expressed in Th17 cells from PL and AN samples. GO
terms related to the immune response are marked in bold red text. MAPK, mitogen-activated protein kinase. (g) Volcano plot
showing the differentially expressed genes of iTregs in PL and AN samples. P values were calculated using Student’s t test.
Genes with a P value lower than 0.01 and log, fold change higher than 0.1 are marked in red. Genes with a P value lower than
0.01 and log, fold change lower than —0.1 are marked in blue. (h) Heatmap of the significantly enriched GO terms for the genes
differentially expressed in iTregs from PL and AN samples. GO terms related to the immune response are marked in bold red
text. ESR, erythrocyte sedimentation rate.

Month YYYY Volume XX Issue XX

Infection and Immunity

10.1128/iai.00177-22

11

Downloaded from https://journals.asm.org/journal/iai on 01 November 2022 by 49.118.85.164.


https://journals.asm.org/journal/iai
https://doi.org/10.1128/iai.00177-22

Single-Cell Landscape of Human Alveolar Echinococcosis

Cell-cell interaction between Th17 and CD8 Tcells in PB AN PL

TNF_ICOS-PB
TNF_ICOS-AN
TNF_ICOS-PL
PLAUR_a4b1 complex-PB
PLAUR_a4b1 complex-AN
PLAUR_a4b1 complex-PL
CD48_CD244-PB
CD48_CD244-AN
CD48_CD244-PL
TNF_TNFRSF1B-PB
TNF_TNFRSF1B-AN
TNF_TNFRSF1B-PL
TNFSF10_RIPK1-PB
TNFSF10_RIPK1-AN
TNFSF10_RIPK1-PL
LGALS9_CD47-PB
LGALS9_CD47-AN
LGALS9_CD47-PL
CXCR3_CCL20-PB
CXCR3_CCL20-AN
CXCR3_CCL20-PL
CD40LG_a5b1 complex-PB
CD40LG_a5b1 complex-AN
CD40LG_a5b1 complex-PL
LGALS9_CD44-PB
LGALS9_CD44-AN
LGALS9_CD44-PL
PDCD1_FAM3C-PB
PDCD1_FAM3C-AN
PDCD1_FAM3C-PL
SELL_SELPLG-PB
SELL_SELPLG-AN
SELL_SELPLG-PL
FAS_FASLG-PB
FAS_FASLG-AN
FAS_FASLG-PL
ICAM3_alLb2 complex-PB
ICAM3_aLb2 complex-AN
ICAM3_alLb2 complex-PL
CD47_SIRPG-PB
CD47_SIRPG-AN
CD47_SIRPG-PL
CCR6_CCL20-PB
CCR6_CCL20-AN
CCR6_CCL20-PL

TNF_FAS-PB
TNF_FAS-AN
TNF_FAS-PL
-og10(pvalue)  Log2 mean

) t o
4

®
[ X 2
o: 3

LGALS9_SORL1-PB
LGALS9_SORL1-AN
LGALS9_SORL1-PL
CXCR6_CXCL16-PB
CXCR6_CXCL16-AN
CXCR6_CXCL16-PL
FAM3C_CLEC2D-PB
FAM3C_CLEC2D-AN
FAM3C_CLEC2D-PL
LGALS9_SLC1A5-PB
LGALS9_SLC1A5-AN
LGALS9_SLC1A5-PL
LGALS9_CD47-PB
LGALS9_CD47-AN
LGALS9_CD47-PL
CXCR3_CCL20-PB
CXCR3_CCL20-AN
CXCR3_CCL20-PL
TGFB1_TGFBR3-PB
TGFB1_TGFBR3-AN
TGFB1_TGFBR3-PL
CD40LG_a5b1 complex-PB
CD40LG_a5b1 complex-AN
CD40LG_a5b1 complex-PL
PDCD1_FAM3C-PB
PDCD1_FAM3C-AN
PDCD1_FAM3C-PL
FAS_FASLG-PB
FAS_FASLG-AN
FAS_FASLG-PL
ICAM3_alLb2 complex-PB
ICAM3_alLb2 complex-AN
ICAM3_aLb2 complex-PL
ICAM2_alLb2 complex-PB
ICAM2_aLb2 complex-AN
ICAM2_al b2 complex-PL

PY CCR6_CCL20-PB

CCR6_CCL20-AN
CCR6_CCL20-PL
ADORA2A_NAMPT-PB
ADORA2A_NAMPT-AN
ADORA2A_NAMPT-PL

-log10(pvalue) Log2 mean
. &

e o o
(8] . ° [ ]
e o
e
e o
e o
e o o
e o o
. . .
. ®
. @
[ ] e o
o ®
. - @
. - @
e o o
]
®
e o
@
e o -
e @
[ ]
. . .
[ ]
e o o
. @ o
§ 5§ & 2
7 8 £ %
> = ZI
g o ©
X © a
I.I.lI Il [$)
9] o
o
O
Th17

Cell-cell interaction between iTreg and CD8 Tcells in PB AN PL

. .
e o O
[ ]
. e e .
o o
° .
& .
°
. [ ] [ ] .
. ® . .
[ ]
e o o -
L] L] .
® 0 o o
o o
e o
[ ]
. .
® - .
§ § £ 2
5 8 =5
3 O 2
£ H ©
X o0 [a]
o O
Q
(&)
iTreg

FIG 5 Interactions of iTregs and Th17 cells with CD8* T cells in the AE lesion microenvironment. (a) Dot plot of the
interactions between Th17 and CD8" T cells in PL, AN, and PB tissues predicted by CellPhoneDB. Each row in the cell-cell
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this TCR may respond to parasite antigens and that vaccines based on this receptor
may prevent the occurrence of AE in patients.

CD4* T lymphocytes, the major cell population involved in the cell-mediated immune
response, have been reported to play a crucial role in mounting a granulomatous inflam-
matory response and achieving resistance to E. multilocularis infection; these cells are
highly associated with abortive or chronic parasitism by the metacestode in AE patients
(7). Depending on the changes in different cytokine-induced microenvironments, CD4* T
lymphocytes can differentiate into different subsets and perform different functions (51,
52). Here, we reclustered all CD4* T cells and obtained a total of 11 subclusters, and we
found that the proportions of iTregs, nTregs, and Th17 cells were significantly increased in
the PL site compared to the AN site and that iTregs and Th17 cells showed high patient
consistency, which is consistent with previous studies showing that Tregs gradually accu-
mulate during the course of both chronic human AE and murine AE (9, 53). DEG expression
analysis of iTregs in PL and AN tissues showed that oncogenes (SET, OCIAD2, and SECT1A)
were highly expressed in the PL site, which promoted cell invasion and tumor metastasis.
DEG analysis of Th17 cells in PL and AN tissues showed that genes related to the inhibition
of inflammation and the immune response were highly expressed in the PL site and
enriched in apoptosis-related GO terms, further indicating that the AE tissue microenviron-
ment was in a state of immunosuppression. In addition, recent studies have shown that
the expression of coinhibitory molecules by Tregs is critical for Treg differentiation and
function. For example, Tregs expressing TIGIT selectively inhibit proinflammatory Th1- and
Th17-cell responses but not Th2-cell responses (54). We further analyzed the expression of
coinhibitory molecules in CD4* T cells from PB, AN, and PL samples and found that Tregs
had higher expression of most of the coinhibitory molecules (TIGIT, PDCD1, CTLA4, LAG3,
and HAVCR2) than other CD4" T cells, and previous work reported that depletion of
FoxP3* Tregs in experimental animals resulted in a significantly lower parasite load by pro-
moting costimulation and Th1/17 immune responses (55). We speculated that the prefer-
ential accumulation of Tregs in PL tissue may inhibit proinflammatory Th1- and Th17-cell
responses in AE, favoring metacestode survival, which is regulated by the expression of
coinhibitory molecules.

With the development of scRNA-seq technology, a range of analysis tools is gradu-
ally developing and improving, which allowed us to identify the potential cellular com-
munication in the liver immune microenvironment. The CellPhoneDB analysis tool was
recently used to predict the interactions between different cell types based on their
ligand and corresponding receptor expression. If the P value of a ligand-receptor pair
between two cell types is lower than 0.05, the ligand-receptor pair is considered an
interaction pair between two cell types. It has been successfully used to predict the
interactions between tissue-resident Th17 cells and myeloid cells in the lungs of severe
COVID-19 patients (56), and these predictions were reliable and can be verified experi-
mentally (56, 57). In this study, we found a close contact between CD8" T cells and
iTregs or Th17 cells by this tool, especially based on genes related to immunosuppres-
sion, such as the PDCD1-FAM3C pair that was highly expressed in PL tissue, suggesting
that cellular interactions result in an inhibitory microenvironment in AE lesions.

Overall, we used scRNA-seq to elucidate the global landscape of single CD45* lym-
phocytes in different tissues from four hepatic AE patients and revealed detailed char-

FIG 5 Legend (Continued)

interaction plot represents a ligand-receptor interaction pair. The ligand-receptor interaction pairs with higher expression in
PL and AN samples than in PB samples were selected. The first interaction partner was considered to be expressed on
Th17 cells, and the second interaction partner was considered to be expressed on the CD8" T-cell subtypes. P values are
indicated by the size of the circle, as shown in the scale below (permutation test). The means of the average expression
levels of interacting molecule 1 in cluster 1 and interacting molecule 2 in cluster 2 are indicated by color. (b) Dot plot of
the interactions between iTregs and CD8" T cells in PL, AN, and PB tissues predicted by CellPhoneDB. Each row in the cell-
cell interaction plot represents a ligand-receptor interaction pair. The ligand-receptor interaction pairs with higher
expression in PL and AN samples than in PB samples were selected. The first interaction partner was considered to be
expressed on iTregs, and the second interaction partner was considered to be expressed on the CD8" T-cell subtypes. P
values are indicated by the size of the circle, as shown in the scale below (permutation test). The means of the average
expression levels of interacting molecule 1 in cluster 1 and interacting molecule 2 in cluster 2 are indicated by color.
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acteristics of the AE liver and peripheral microenvironments in terms of cell clustering,
differential expression analysis, and unique signatures. This study uncovers some im-
portant novel lymphocytes in the AE liver microenvironment. Higher levels of ILC2s
and impaired CD8* MAIT cell and iTreg infiltration in PL liver tissues blunting immune
responses may play critical roles in building an “immunosuppressive microenviron-
ment” for AE and favoring metacestode survival. These observations will pave the way
toward both a deeper understanding of AE pathogenesis and immune cell heterogene-
ity in the AE lesion microenvironment and the development of more effective person-
alized therapeutic approaches for AE.

MATERIALS AND METHODS

Ethics statement. The design of this study was in accordance with the Helsinki Declaration (58). All sam-
ples were obtained after written and signed informed consent was obtained from all patients or their legal
representatives, and the study was approved by the Human Ethics Committee of First Affiliated Hospital of
Xinjiang Medical University. Patients under the age of 18 were not included in this study.

Human subjects and specimen collection. Four AE patients who were pathologically and radio-
graphically (computed tomography [CT] and magnetic resonance imaging [MRI]) diagnosed were en-
rolled in this study. Three of these patients were female, and one was male. Their ages ranged from 22
to 60 years, with a median age of 42 years. None of the patients received drug or surgical treatment
prior to lesion resection, with the exception of P12, who was treated with albendazole (ABZ) for
4 months. Patients with hepatitis B virus (HBV), hepatitis C virus (HCV), or human immunodeficiency virus
(HIV) infection or other immunodeficiency conditions were excluded to eliminate other confounding in-
fectious and autoimmune disorders. The basic clinical characteristics of the patients are summarized in
Table S1 in the supplemental material. PB samples were obtained from the patients before surgery, and
liver tissue samples were collected from each patient during surgical resection. For patients P03, P12,
and P13, their PB and paired fresh PL (approximately 0.5 cm from a lesion) and AN (at least 2 cm distant
from the lesion) liver tissues, as described in the work of Zhang et al. (8), were obtained for subsequent
pathological examination and lymphocyte isolation. For patient P03, only fresh PL liver tissues and
matched PB were collected. The study protocol was approved by the Ethics Committee of the First
Affiliated Hospital of Xinjiang Medical University. All patients in this study provided written informed
consent for sample collection and data analysis.

Single-cell preparation. Lymphocytes were isolated from human PB and liver tissue samples
according to the protocol described in a previous report (15). Briefly, peripheral blood mononuclear cells
(PBMCs) were isolated using Ficoll (Solarbio, Beijing, China) density gradient centrifugation, and 3 mL of
fresh PB was collected in EDTA anticoagulant-treated tubes, subsequently diluted with 3 mL of phos-
phate-buffered saline (PBS; Solarbio), and then carefully added to the top of 3 mL of Ficoll solution. After
centrifugation at 400 x g and 25°C for 30 min, the PBMCs were carefully transferred to a new tube,
washed twice with PBS at 1,500 rpm and 4°C for 5 min, and resuspended in sorting buffer (PBS supple-
mented with 1% fetal bovine serum [FBS; HyClone, Boston, MA, USA]). For isolation of mononuclear cells
from liver tissues, fresh PL and AN liver tissues from AE patients were cut into small pieces, followed by
digestion with collagenase IV (Sigma, St. Louis, MO, USA) and DNase | (Roche, Basel, Switzerland) in RPMI
1640 medium at 37°C for 30 min. The digested tissues were then filtered through 100-um mesh and sep-
arated by centrifugation with Ficoll (Solarbio), and the pelleted cells were suspended in red blood cell
lysis buffer (Solarbio) to remove the red blood cells. After being washed twice with 1x PBS, the cell pel-
lets were resuspended in sorting buffer.

Then, the single-cell suspensions of lymphocytes derived from the human PB, PL, and AN liver tissue
samples were blocked with mouse serum for 20 min at 4°C and then stained with an anti-CD45 antibody
(BioLegend, San Diego, CA, USA) for 30 min at 4°C. CD45™" cells were sorted using an LSRFortessa flow
cytometer (BD Immunocytometry Systems, San Diego, CA) and collected for further scRNA-seq analysis.

Single-cell RNA sequencing. (i) Cell capture and cDNA synthesis. Using the single-cell 5’ library
and gel bead kit (10X Genomics, catalog no. 1000006) and Chromium single-cell A chip kit (10X
Genomics, catalog no. 120236), a cell suspension (300 to 600 living cells per microliter determined by
Count Star) was loaded onto the Chromium single-cell controller (10X Genomics) to generate single-cell
gel beads-in-emulsion according to the manufacturer’s protocol. In short, single cells were suspended in
PBS containing 0.04% bovine serum albumin (BSA). Approximately 6,000 cells were added to each chan-
nel, and the number of target cells recovered was estimated to be approximately 3,000. The captured
cells were lysed, and the released RNA was barcoded through reverse transcription in individual gel
beads-in-emulsion. Reverse transcription was performed on an $1000 Touch thermal cycler (Bio-Rad) at
53°C for 45 min followed by 85°C for 5 min. The corresponding cDNA was generated and then amplified,
and quality was assessed using an Agilent 4200 (performed by CapitalBio, Beijing, China).

(ii) scRNA-seq library preparation. According to the manufacturer’s instructions, scRNA-seq libra-
ries were constructed using the single-cell 5’ library and gel bead kit. The libraries were sequenced on
an lllumina Novaseq6000 sequencer with a sequencing depth of at least 100,000 reads per cell using the
paired-end 150-bp (PE150) reading strategy (performed by CapitalBio, Beijing, China).

Data preprocessing. (i) scRNA-seq data processing. scRNA-seq reads were aligned with the
GRCh37 (hg19) reference genome and quantified using cellranger count (10X Genomics, v.2.0.0). To filter
out cells whose transcripts were captured at low levels, we first plotted the distribution of genes
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detected and nFeature_RNA for all experiments. On the basis of these plots, we chose to filter out cells
that had fewer than 1,000 nFeature_RNAs. For all expression matrices, the expression value of each
gene in each cell was normalized by the following conversions: total read counts of the cell multiplied
by 10,000 and then log-transformed (natural logarithm, In [value + 1]).

(ii) Single-cell TCR sequencing (scTCR-seq) data processing. scRNA-seq reads were aligned with
the refdata-cellranger-vdj-GRCh37-alts-ensembl-2.0.0 reference genome and quantified using cellranger
vdj (10X Genomics, v.2.0.0). Then, the number of reads for each TCR in each cell was counted.

(iii) scRNA-seq data integration and clustering. Using the Seurat v3 (17) package, variable genes were
detected in each matrix and used as the input for the ‘FindintegrationAnchors’ function; thus, six matrices
were integrated with the ‘IntegrateData’ function. The integrated data were then clustered with principal-
component analysis (PCA; the top 50 principal components were used for all data), and the clusters were
visualized in two dimensions with uniform manifold approximation and projection (UMAP). All data align-
ment, integration, and clustering were performed under the standard Seurat workflow.

(iv) Cell type proportion analysis with scRNA-seq data. The proportion of each cell type in every
patient was calculated using the ‘prop.table’ and ‘table’ R functions. In every patient, the sum of the pro-
portions of all cell types was set equal to 1. The log, fold changes in every cell type proportion for PL
versus AN, AN versus PB, and PL versus PB for each patient were calculated by taking the base 2 loga-
rithm of the quotient of the two proportions.

(v) Differential expression analysis. To identify differentially expressed genes (DEGs), we used a t
test to search for the DEGs between each pair of cells obtained from the three groups (i.e., the PB, AN,
and PL groups). We applied multiple thresholds to screen DEGs, including a mean log fold change
of >0.2 and a P value of <0.01. We then compared these DEG groups to the Metascape (59) website
(https://metascape.org/gp/index.html#/main/step1) and used the default parameters to perform gene
ontology (GO) analysis for each stage.

(vi) Cytokine-cytokine receptor interaction analysis. To identify potential cellular communication
between CD8" T cells and other CD4* T-cell types (Th17 cells and induced Tregs [iTregs]), we applied
the CellPhoneDB algorithm (23) to the scRNA-seq profiles of the PB, AN, and PL samples of the four he-
patic AE patients. CellPhoneDB evaluated the impact of the ligand-receptor interactions based on the
ligand expression in one cell type and corresponding receptor expression in another cell type. If a P
value of a ligand-receptor pair between two cell types is lower than 0.05, the ligand-receptor pair is con-
sidered an interaction pair between two cell types. We focused on the enriched cytokine-receptor inter-
actions between Th17 cells and CD8" T cells and between iTregs and CD8" T cells and selected the cyto-
kine-receptor interactions associated with highly significant (P < 0.01) cell-cell interaction pairs.

Data availability. The raw sequencing data have been deposited in the Genome Sequence Archive (60)
in the BIG Data Center (61), Beijing Institute of Genomics (BIG), Chinese Academy of Sciences, under accession
number HRA000553; they are publicly accessible at https://bigd.big.ac.cn/gsa-human/browse/HRA000553.
The processed data are provided on figshare (https:/figshare.com/s/f2a4578be27c2cb767f9). All the other
data generated in this study are included in the article and supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 9.3 MB.
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