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GRAPHICAL ABSTRACT
Study Design Predictive Indicators of Acute Cellular Rejection
Longitudinal sample collection up scRNA-Seq Baseline & Phase 3 ] [ Phase 1 ‘ [ Phase 2

to 1 year after LT from three cohorts
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PUBLIC SUMMARY

m A dynamic immune landscape after liver transplantation unveils a four-phase recovery process, facilitating the precise
management of liver transplantation patients.

m T cell activity deficiency does not completely suppress the allogeneic cell rejection.
m The elevated proportion of inflamed NK cell subset is a potential driver for graft rejection in liver transplantation patients.
m Monocytes serve as the major signal source to initialize immune responses after liver transplantation.

= CD14'RNASE2* monocytes and FOS-expressing monocytes are potential early predictive indicators for graft rejection.
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Elucidating the temporal process of immune remodeling under immunosup-
pressive treatment after liver transplantation (LT) is critical for precise clin-
ical management strategies. Here, we performed a single-cell multi-omics
analysis of peripheral blood mononuclear cells (PBMCs) collected from LT
patients (with and without acute cellular rejection [ACR]) at 13 time points.
Validation was performed in two independent cohorts with additional LT pa-
tients and healthy controls. Our study revealed a four-phase recovery pro-
cess after LT and delineated changes in immune cell composition, expres-
sion programs, and interactions along this process. The intensity of the
immune response differs between the ACR and non-ACR patients. Notably,
the newly identified inflamed NK cells, CD14"RNASE2" monocytes, and FOS-
expressing monocytes emerged as predictive indicators of ACR. This study
illuminates the longitudinal evolution of the immune cell landscape under
tacrolimus-based immunosuppressive treatment during LT recovery,
providing a four-phase framework that aids the clinical management of LT
patients.

INTRODUCTION

Liver transplantation (LT) is the ultimate therapy for patients with end-stage
liver disease. Tacrolimus-based immunosuppressive regimens have been widely
used in the clinic and have achieved great success in LT, yet graft rejection and
severe drug side effects still occur in some LT patients. Consequently, therapeu-
tic drug monitoring (TDM) is essential for individualizing and optimizing tacroli-
mus therapy. However, achieving precision in immunosuppression management
purely based on TDM is a formidable challenge because the change in plasma
concentration of tacrolimus only reflects its pharmacokinetics in vivo and cannot
directly reflect the immunosuppressive status of LT patients. A comprehensive
understanding of immune status dynamics during the LT recovery trajectory
and between patients with different clinical outcomes would facilitate the devel-
opment of precise clinical management strategies (e.g., preventing graft rejection
and/or reducing drug toxicity for the right patients at the optimal time).

Recently, single-cell MRNA sequencing (scRNA-seq) and cytometry by time of
flight (CyTOF) have brought many new insights to the immune status of LT.? °
For instance, Huang et al. mapped a single-cell atlas of the transplanted liver,
profiling the physiological process of graft reconstruction and the interaction be-
tween the graft and the recipient.® In a follow-up study, they used CyTOF to
explore the temporal evolution of hepatic macrophage populations.® However,
these studies were conducted in animal LT models and may not reflect the dy-
namics in LT patients. Several single-cell studies of intrahepatic immune cells
in LT patients have been published,”  but data were only gathered for limited
time points. Other studies used CyTOF or T cell receptor repertoire analyses to
address the alterations in immune cells among LT patients but with limited
cell markers.>® Longitudinal, unbiased fate mapping of the global immune cell
populations across the LT recovery trajectory in humans remains unexplored.

The analysis of peripheral blood mononuclear cells (PBMCs) offers a minimally
invasive, rapid, and convenient approach to dynamically reflect systemic im-
mune states, which could remedy the weakness of TDM and allow for a more
accurate evaluation of the immune status of patients. In this study, we profiled
the immune cell dynamics by scRNA-seq, bulk mRNA-seq, CyTOF, and flow cy-
tometry in PBMCs from LT patients with and without acute cellular rejection
(ACR) at multiple time points up to 365 days after LT. We charted a four-phase
response during LT recovery, characterized cell heterogeneity between patients
with different clinical outcomes, and further validated the presence and clinical
relevance of newly discovered immune cell subsets in additional cohorts.

RESULTS
Study design

To assess the dynamics of immune responses after LT, we collected PBMCs
from six carefully selected LT patients. Serial blood samples were obtained on
days 0,1,3,5,7,11,15,19, 23, 60, 90, 180, and 365. Within this cohort, two pa-
tients experienced ACR, and additional blood samples were collected at the time
of rejection (days 31 and 60 after LT, respectively) and postrejection (days 67 and
98, respectively). PBMCs from five healthy donors were collected as controls
(HCs). As a result, 69 samples were subjected to scRNA-seq, with a
subset also examined via CyTOF and cytokine assays (Figures 1A and 1B).
Following this discovery cohort (cohort 1), longitudinal PBMCs from a subset
of 37 non-ACR LT patients and 4 HCs (cohort 2) were collected and subjected
to bulk RNA-seq, with the relevant clinical data recorded. Longitudinal PBMCs
from an additional 24 LT patients (14 without ACR and 10 with ACR) and 7
HCs (cohort 3) were collected and analyzed using flow cytometry and ELISA (Fig-
ure TA). The demographics and clinical features of the patients are detailed in
Table ST.

Comprehensive analysis of single-cell data, bulk transcriptomics, and
clinical parameters reveals a four-phase recovery process after LT

During the LT recovery process, the patients’ immune responses exhibited
large interindividual differences, yet most ultimately returned to a stable state.
The non-ACR patients with long-term follow-up successfully recovered from
LT, enabling us to observe the entire recovery course. Initially, we scrutinized
the time-based gene expression patterns in cohort 1. Specifically, we compared
the combined transcriptomes of immune cells at individual time points to those
at other time points to pinpoint time feature genes (TFGs) (Figure STA; Table S2).
The number of TFGs sharply increased on day 1 after LT and then decreased and
stabilized at a relatively low level between days 19 and 90. From days 90 to 365,
the number of TFGs increased and was maintained at a relatively high level com-
parable to that in HCs. Gene Ontology analysis® of upregulated genes at each
time point showed that biological processes and pathways enriched at each
time point demonstrated a phased transition (Figure 2A). Notably, pathways
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Figure 1. Study design (A) Overview of the sample collection and analysis workflow. (Created with BioRender.com.). (B) Schematic diagram of time points for blood sampling and
analysis (top). Line graphs showing longitudinal changes in clinical parameters (mean) in the ACR and non-ACR groups (bottom). MARS-seq, massively parallel RNA single-cell

sequencing.

enriched on days 90, 180, and 365 demonstrated significant similarity with those
in HCs (hypergeometric distribution test, p < 0.0001). These observations sug-
gested that the immune components underwent stepwise remodeling and even-
tually reached a relatively steady state at approximately day 90 after LT.

Furthermore, we applied unsupervised hierarchical clustering analysis to the
immune-related gene expression, the gene set variation analysis (GSVA) results,
and the immune cell populations identified in the scRNA-seq data (Figures 2B
and S1B). Combining the results, we successfully identified 4 sequential but
separable phases as follows: the first 7 days as phase 1, from days 7 to 19 as
phase 2, from days 19 to 90 as phase 3, and from days 90 to 365 after LT as
phase 4. The immune-related gene expression changes across these phases pre-
sented a progressive trend from phases 1 to 4 and gradually approached a
healthy state (Figure 2C). To validate the generalizability of this four-phase model,
we used bulk RNA-seq on 71 samples from 14 LT patients at multiple time points
and 4 HCs in cohort 2. Partial least squares discriminant analysis (PLSDA) of 64
post-LT samples highlighted a clear distinction from phases 1 to 3 (pairwise
Adonis, p < 0.01). In contrast, phase 4 and HCs showed negligible differences
(pairwise Adonis, p = 0.117) (Figure 2D). Correspondingly, the number of differen-
tially expressed genes (DEGs) between HCs and LT patients decreased from
phases 1 to 4 in both the scRNA-seq (from n = 1,073 to n = 459) and bulk
RNA-seq (from n = 5,297 to n = 1,216) data (Figures S1C and S1D). Finally, to eval-
uate the clinical implications of these four-phase recovery processes, we retro-
spectively analyzed the shift in liver function parameters during these distinct
phases in cohort 2 (n = 37), including alanine transaminase (ALT), aspartate
transaminase (AST), total bilirubin (TB), direct bilirubin (DB), prealbumin (PA),
and prothrombin time (PT) (Figure 2E). These parameters showed constant
and phased changes matching the transcriptome-defined phases.

Using Mfuzz'? for the scRNA-seq data, we identified nine distinct transcrip-
tional patterns associated with major immune events across the four recovery
phases (Figure 2F). Phase 1 (cluster 6) showed a surge in transcripts for cellular
oxidant detoxification (e.g., GPX1,NCF2) and Toll-like receptor binding (e.g., TLRS,
S100A12), indicating an early response to the traumatic injury-induced stress.
Phase 2 (cluster 3) was characterized by an increased expression of type | inter-
feron (IFN) stimulated genes (ISGs) (e.g., ISG15 and MX1) and genes involved in
ubiquitination (e.g., VCP, WSB1). Since the ISGs are important for antigen presen-
tation'" and facilitation of the alloresponse,'*'® and ubiquitination is required for
eukaryotic cells to recover from oxidative stress by decomposing stress gran-
ules,'*© there could be an ongoing alloresponse and posttraumatic stress
reparative response in immune cells during phase 2. In phases 2 and 3 (cluster
2), there was an increase in RNA splicing and chromatin remodeling-related tran-
scripts (e.g., SF3A3, UPF1, CHD2), along with a peak in cell-cycle-related tran-
scripts (e.g., CDK4, TLK1) in phase 3 (cluster 8). These results indicated that im-

mune cells in phase 3 continuously recovered from stress-induced
transcriptional inhibition'”'® of phase 1 and enhanced cell proliferation for ho-
meostasis remodeling. By phase 4 (clusters 7 and 9), immune response genes
(e.g., IL-2RB, GZMB, IL-6ST) aligned closely with HCs, despite some persistent
disparities (e.g., SELL, NOTCH2) (cluster 1). In addition, differential expression
and pathway enrichment analysis across 71 bulk RNA-seq samples reaffirmed
these phase-specific immune signatures (Figure STE). Also, we applied weighted
gene coexpression network analysis to the bulk RNA-seq data and identified 7
gene modules (M1-M7) with distinct expression patterns throughout the LT re-
covery phases (Figure STF). Consistent with the findings from the scRNA-seq
data, we found that M2 and M3, which reflected T cell and natural killer (NK)
cell responses, exhibited the lowest levels in phase 1 and then progressively
increased in later phases. M6, related to the response to IFN, continued to in-
crease during phases 2 and 3. M7, associated with the innate immune response,
was enriched in phase 1 after LT. Taken together, these results indicated that
each LT recovery phase may have a unique immune signature.

Global changes in immune cells across the four-phase recovery process

Although transcriptomic analyses could objectively reflect the temporal
changes in major immune events, many cell-type-specific changes were still
masked. We next examined temporal alterations in cell composition over the
four-phase recovery process based on the scRNA-seq data to address this (Fig-
ure S2A). After the removal of neutrophils and erythrocytes, 7 major cell clusters
were identified (Figures 3A and S2B), including monocytes, CD4" T cells, CD8"
T cells, B cells, NK cells, megakaryocytes, and dendritic cells. As expected, these
cell clusters showed different enrichment across the LT recovery trajectory (Fig-
ure 3B), with the compositions of immune cells gradually altering from phases 1
to 4 and approaching a healthy state (Figure 3C).

To determine the cell types that dominate the recovery phases of the non-ACR
group, we examined the phase-feature cell types (PFCs), defined as immune cells
with higher module scores of phase-feature genes from the scRNA-seq data (Fig-
ure 3D; Table S3). In phase 1, the innate immune cells (monocytes and megakar-
yocytes) were PFCs. For phase 2, PFCs included megakaryocytes, monocytes,
CD8" T cells, and NK cells. The PFCs in phase 3 were NK cells, CD8" T cells,
and monocytes. The PFCs of phase 4 were CD8" T cells, CD4" T cells, and NK
cells, aligned with those observed in HCs. Overall, the dominant immune cells
during the normal recovery trajectory tended to transition from innate immune
cells to adaptive immune cells, which was also confirmed in both bulk RNA-
seq data (Figure S2C) and cellular composition (Figure 3E).

Correlation analyses of the clinical parameters, cytokines, and the gene mod-
ules with the cell proportions highlighted monocytes, T cells, and NK cells as
central to LT recovery, which were significantly correlated with one or more
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Figure 3. Global changes in immune cells across the four-phase recovery process (A and B) Uniform manifold approximation and projection (UMAP) plots of all merged patient
samples colored by cell type (A) and time points (B) in the non-ACR group. (C) PCA result of the distribution of immune cells in the non-ACR group. (D) Heatmap showing the module
score of immune cells from the non-ACR group in the distinct phase. (E) Line graphs showing longitudinal changes in cell proportions identified in the scRNA-seq data (mean + SEM).
Comparisons were made between the ACR and non-ACR groups and between phase 4 and HCs. Wilcoxon test. The sample sizes (n) for each group were as follows: non-ACR group:
baseline (n = 4), phase 1 (n=11), phase 2 (n = 12), phase 3 (n = 9), phase 4 (n = 7); ACR group: baseline (n = 2), phase 1 (n = 5), phase 2 (n = 6), phase 3 (n = 4), during rejection (n = 2),
postrejection (n = 2); and HCs (n = 5). (F and G) Correlation heatmaps between cell proportions and clinical parameters or cytokines (F) and between cell proportions and gene
coexpression modules (G). Spearman's correlation. (H) t-distributed stochastic neighbor embedding plots of aggregated samples and distinct groups colored by annotated cell types
derived from CyTOF data. *p < 0.05; **p < 0.07; ***p < 0.001; ****p < 0.0001.
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of the clinical parameters (e.g, ALT, AST, TB, DB) and gene modules
(Figures 3F and 3G). Among these, monocyte proportions showed correlations
with the levels of inflammatory response parameters (e.g., IL-6, IL-8, IL-13)
and tissue repair parameters (e.g., SCGF and HGF).

T cells from LT patients display a weak immune response during LT
recovery

To elucidate the potential contributions of these immune cells to the LT recov-
ery trajectory and clinical outcomes, we conducted a longitudinal comparison of
immune cell subpopulations and their functional changes between the non-ACR
and ACR groups and validated our findings with a 42-parameter CyTOF assay on
cohort 1 at crucial time points (Figures 3H and S2D).

As primary mediators of allogeneic immune responses,'® T cells present com-
plex dynamics post-LT and are affected by immunosuppressants.' We identified
7 T cell subsets, namely naive CD4" T cells, central memory CD4" T cells, T reg-
ulatory cells (Tregs), naive CD8" T cells, anergic CD8" T cells, effector memory
CD8* T cells, and terminal effector CD8* T cells (CTLs) (Figures 4A—4C).

We investigated the T cell dynamics in the non-ACR group (Figures 4D and 4E).
Consistent with other reports,”® we found that the proportions of CD4* and CD8"
T cell subsets exhibited a rapid decline in phase 1 compared to the baseline
(except for anergic CD8* T cells and Tregs), indicating that T cells were sup-
pressed in phase 1, probably due to the strong immunosuppressant treatment
(tacrolimus + mycophenolate mofetil + basiliximab) and surgical stress?® early
after LT. Interestingly, all of the diminished T cell subsets recovered and contin-
uously increased from phases 2 to 4, particularly in the memory subsets, which
could be partially ascribed to homeostatic proliferation induced by long-term
immunosuppressive therapy”' and persistent antigen stimulation.”” A contin-
uous increase in the CD8" T cell proportion after phase 1 was also observed in
the CyTOF analysis (Figure S3A). The proportions of Tregs and anergic CD8"
T cells peaked in phase 2 and gradually decreased to a level similar to that of
the baseline after that. This pattern may result from immunosuppressive therapy
because tacrolimus has been reported to be associated with a decrease in the
frequency of the circulating Tregs. In contrast, the frequency of effector T cells
is not reported to be affected.”®**

Although we expected significantly different T cell dynamics in the ACR group
during the corresponding phases (phases 1-3), this was not observed for most
T cell subsets (Figures 4D and 4E). Surprisingly, more anergic CD8" T cells and
naive CD4" T cells were observed in the ACR group. In line with this, T cells in
the ACR group displayed higher levels of co-inhibitory molecules and lower levels
of co-stimulatory molecules compared to those in the non-ACR group
(Figures 4F and 4G), a condition of T cell dysfunction initiation.”>*® Taken
together, these results indicated that T cells did not generate an intensive im-
mune response to liver alloantigen stimulation during the LT recovery process
in the ACR group.

To understand why increased CTLs do not lead to graft rejection in non-ACR
patients, we analyzed the cytotoxicity of CTLs (Figures 4H and 4l), one of the ma-
jor functions causing graft rejection.?”?® As expected, during the LT recovery, the
overall cytotoxicity function of CTLs in the non-ACR group remained lower than
HCs and gradually decreased. In addition, the cytotoxicity of CTLs (e.g., PRFT,
GNLY, GZMB) was significantly lower in the ACR group than in the non-ACR
group. This confirmed the impaired T cell functionality in the ACR group.

Taken together, these findings indicated that immune cell types other than
T cells mediate rejection under tacrolimus-based immunosuppressive treatment
after LT.

NK cells from ACR patients exhibit a distinct activation of “inflamed”
transcriptional programs

Unlike T cells, NK cells can recognize and lyse target cells without the need for
prior antigen-specific sensitization but via integrating signals from both killer cell
inhibitory receptors (KIRs) and killer cell activatory receptors (KARs).2? Surgical
stress®”*? and tacrolimus®** have been reported to cause phenotypic and func-
tional defects in human NK cells. To date, the function of NK cells in LT has been
less studied, or even with controversial results.®® Here, we identified 2 NK cell
clusters, including CD56°"9"CD16~ NK cells, which may support adaptive immu-
nity through the secretion of cytokines, and CD56%™CD16* NK cells, serving as a
cytotoxic population with elevated expression of the effector molecules CX3CRT,
GNLY, GZMH, and PRF1 (Figures 5A and 5B).%%%7
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In non-ACR patients, the proportion of NK subsets decreased post-LT but re-
bounded following surgical stress recovery and tacrolimus adaptation from
phase 2 (Figure 5C). Similar results were observed in the CyTOF data (Fig-
ure S4A). Given that CD56%™CD16* NK cells were the major effector NK subset
following LT, we next focused on their functional dynamics throughout the LT re-
covery process (Figures 5D and 5E). Phase 1 was characterized by an increase in
KIRs and a decrease in KARs, indicative of suppressed NK cell functions. From
phases 2 to 4, KARs exhibited a gradual increase, whereas KIRs decreased in
phase 2, followed by a subsequent increase. Correspondingly, the cytotoxicity
(e.g. GNLY, GZMA) and proliferation of CD569™CD16" NK cells increased in
phase 2 but gradually stabilized thereafter. Moreover, CyTOF analysis revealed
that the proportion, proliferation (Ki67), cytotoxicity (NKp46), and activation
(CD38) of CD16" NK cells were significantly suppressed on day 1 and restored
after day 7, but the killing effect downregulator (TIGIT) of NK cells®® gradually
increased after day 7 (Figure S4B). These observations indicated the
CD569MCD16" NK cell activation in the non-ACR group started predominantly
in phase 2 and was well controlled.

The changes in the NK cell proportion were parallel between the ACR and non-
ACR groups (Figure 5C), but the functional dynamics varied (Figures 5D and 5E).
Specifically, a significant upregulation of KARs in phases 2 and 3 were observed
inthe ACR group, indicating that CD56%™CD16* NK cells were continuously over-
activated starting from phase 2. Despite comparable levels of cytotoxicity and
proliferation between the ACR and non-ACR groups, the IFN-y response signaling
pathway of CD569™CD16* NK cells was highly upregulated and longer lasting in
the ACR group, indicating a robust and prolonged inflammatory response of NK
cells in ACR patients.

In addition, we found different distributions of CD56%™CD16* NK cells among
the non-ACR, ACR, and HCs groups (Figure 5F). CD569™CD16" NK cells from
ACR patients upregulated the transcription of ISGs (e.g, STATT1, XAF1) and
ETST (Figure 5G), an important regulator for human NK cell development and ter-
minal differentiation.>® Subsequent reclustering of CD56%™CD16* NK cells iden-
tified six distinct subclusters (Figures 5H and 5l). Pseudotime trajectory analysis
of these cells revealed that the main path along the pseudotime trajectory started
from HCs sets, followed by the ACR sets, and ultimately ended with the non-ACR
sets (Figures 5H and S4C), indicating different states of CD569™CD16" NK cells
in the ACR group and the non-ACR group.

By comparing our NK subsets to the published ones (Figure 5J; Table S4),
we identified cluster O as adaptive NK cells characterized by the expression of
CD52, CD3E, and IL-32. Cluster 1 was similar to inflamed NK cells, expressing
IFN-responding markers such as STAT1 and XAF1. Clusters 2 and 5 shared
similar expression patterns, but cluster 2 downregulated metabolic pathways
and had a decreased inflammatory response compared to cluster 5 (Figure S4D),
indicating that cluster 2 was similar to terminal NK cells,">*? whereas cluster 5
was close to mature NK cells. Pseudotime trajectory analysis revealed that clus-
ter 3 was predominantly located at the trajectory's root and had a higher G1 score
(Figure S4E), identifying it as resting NK cells. Cluster 4, highly expressed eryth-
rocyte-related genes (e.g., HBB, HBA1), was defined as erythrocyte-like NK cells,
which may be generated by the adhesion of erythrocyte fragments.

Significant differences in these NK cell subsets were observed between the
ACR and the non-ACR groups (Figure 5K). Adaptive NK cells were more enriched
in LT patients, as confirmed by flow cytometry in cohort 3 (Figures S4F and S4G).
Most important, the ACR group had more inflamed NK cells than did the non-
ACR groups, especially in phase 3 (Figure S4H). Flow cytometry confirmed
that inflamed NK cells produced more IFN-y (Figures S4l and S4J) and were
more enriched in the ACR group of cohort 3, both at baseline and in phase 3
(Figures 5L, 5M, and S4K). However, among ACR patients, the abundance of in-
flamed NK cells tended to decrease after rejection following a high dose of meth-
ylprednisolone (MePDN) treatment (Figure 5K). Evidence of the suppressive
impact of MePDN on NK cell activity has been reported.** Accordingly, we
analyzed the influence of MePDN therapy on the inflamed NK cells of LT patients
in vitro. We found a significant reduction in the proportion of inflamed NK cells
after MePDN treatment, both in the presence and absence of tacrolimus (Fig-
ure 5N), indicating that inflamed NK cells may be a potential indicator for early
steroid intervention. The aforementioned observations suggested a relatively
well-controlled activation of NK cell subsets in the non-ACR group but stronger
and longer lasting inflammatory responses of NK cells in the ACR group, which
may be attributed to the different distributions of inflamed NK cells.
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Figure 4. Dynamic changes in subpopulations of T cells after LT (A) UMAP plot showing T cell subpopulations of all of the samples, with the percentages of each cell type shown. (B)
Dot plot showing scaled expression levels of cell-type-specific genes in the non-ACR, ACR, and HCs. (C) UMAP plots showing all merged T cells colored by groups and phases. (D) Bar
plot showing the T cell subsets’ frequency change across the phases of LT in different groups. post, postrejection. (E) Line graphs showing longitudinal changes in the relative
frequency of the T cell subpopulations in the non-ACR, ACR, and HCs. (F) Dot plot showing scaled expression levels of function-specific genes of all T cells in the non-ACR, ACR, and
HCs. (G) Line graphs demonstrating temporal changes of the relative function-specific gene set scores in T cells. (H) Line graph demonstrating temporal changes of the cytotoxicity
score of CTLs in the non-ACR, the ACR, and HCs. (1) Dot plot showing scaled expression levels of cytotoxicity-related genes of CTLs in the non-ACR, the ACR, and HCs. In (E), (G), and
(H), data are shown as mean + SEM, and comparisons were made between ACR and non-ACR groups and between phase 4 and HCs. *p < 0.05, **p < 0.01, **p < 0.001,

**%p < 0.0001. ns, not significant in the Wilcoxon test.

Monocytic subsets play an important role in immune remodeling after LT
Circulating monocytes play a key role in acute rejection through diverse path-
ways, such as innate pattern recognition receptors (PRRs)** and antigen presen-
tation.*>* Although the fate of human monocyte subsets in a steady state and
systemic inflammation has been studied,*” their dynamics post-LT are poorly un-
derstood. Here, we identified seven monocyte clusters (Figures 6A and 6B),
including the classical monocyte subsets and novel subsets with distinct func-
tions. CD14*"RNASE2" monocytes were characterized by the elevated expression
of RNASE2 and antioxidant activity-related genes (e.g., ALOX5AP, MGST1) and
were involved in the toll-like receptor binding and the RAGE receptor binding path-

ways (Figure S5A). Both CD14*FOS* monocytes and CD14*AP-1* monocytes ex-
pressed FOS, which is believed to mediate acute inflammatory responses.*¢“?
In addition to the diverse cell composition, a high degree of interphase and
intergroup heterogeneity was observed in the monocytic subpopulations
(Figures 6C and 6D). First, we quantified the abundance of monocyte subsets
across each phase after LT (Figures 6D and 6E). Among non-ACR patients,
CD14" monocytes and CD14"RNASE2" monocytes were the top two most abun-
dant populations in phase 1 and subsequently decreased, along with which the
CD14*CD16" monocytes increased sharply in phase 2 and then decreased.
Meanwhile, CD16" monocytes and CD16"C1QAT" monocytes began to increase
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Figure 5. Heterogeneity of NK cells across the LT recovery process (A) UMAP plot showing NK cell subpopulations of all of the samples, with the percentages of each cell type
shown. (B) Dot plot showing scaled expression levels of NK cell-type-specific genes in non-ACR, ACR, and HCs. (C) Bar plot showing the frequency of NK cell subsets in different
groups across the phases of LT. (D) Dot plot showing scaled expression levels of function-specific genes of CD56%™CD16" NK cells in non-ACR, ACR, and HCs. Selected genes are
shown. (E) Line graphs demonstrating temporal changes of the relative function-specific gene set scores in CD56“™CD16" NK cells (mean + SEM). Comparisons were made between
ACR and non-ACR groups and between phase 4 and HCs. Wilcoxon test. (F) UMAP plots showing the group information of NK cells. (G) Dot plot showing average expression levels of
the top 10 DEGs across non-ACR, ACR, and HCs. (H) UMAP plots depicting 6 subsets of CD569™CD16* NK cells (left), with cell trajectory (Monocle3) and group distribution (right). (1)
Dot plot showing average expression levels of the top 10 cluster-specific genes in CD569™MCD16" NK cells. (J) Boxplots showing the cell-type-specific gene set scores for each

(legend continued on next page)
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and peaked in phase 3. In phase 4, we observed a general trend toward normal-
izing abundance in the monocyte subset population. Second, we analyzed the
functional transition of monocytic subsets during the LT recovery process
(Figures 6F and 6G). We found that PRRs rapidly peaked in phase 1, paralleling
the proportion change in CD14"RNASE2* and CD14" monocytes, both express-
ing high levels of PRRs (e.g., TLR8, STO0A8, CLEC7A). Meanwhile, the prolifera-
tion score peaked, whereas the differentiation score dropped to the bottom.
These observations indicated that in phase 1, the preexisting monocyte subsets
amplified in response to damage-associated molecular patterns (DAMPs) and
dominated innate immune activation. From phases 2 to 3, PRRs reduced,
accompanied by an increase in antigen presentation and differentiation score,
indicating an ongoing functional transition among monocytes. The enhanced an-
tigen presentation was confirmed by the elevated HLA-DR of monocytes from
day 7 in the CyTOF data (Figure S5D). Surprisingly, although the scores of
PRR, proliferation, and differentiation in phase 4 were almost comparable to
those in HCs, the antigen presentation function of the non-ACR group was still
higher than that of HCs (Figure 6G). This pattern may indicate that even with allo-
geneic antigens continuously recognized by recipients' innate immune systems,
novel homeostasis had been reestablished in non-ACR patients, and thus no
rejection was triggered.

For the proportion of monocyte subsets in the ACR group (Figures 6D and 6E),
the change of monocyte subsets in phase 1 was consistent with that in the non-
ACR group, but with a relatively lower elevation of CDT4"RNASE2" monocytes.
Intriguingly, FOS-expressing monocytes, including CD14*FOS" monocytes and
CD14*AP-1* monocytes, increased and became the major monocytic subtypes
apart from CD14" monocytes in the ACR group in phase 2. In phase 3,
CD14*FOS* monocytes continued this trend, emerging as the most abundant
subtype in the ACR group. This distinct enrichment of FOS-expressing mono-
cytes in the ACR group was supported by flow cytometry data in cohort 3
(Figures S5B and S5C), indicating their potential role in modulating acute
rejection.

A higher differentiation score of monocytes was observed in the ACR group
(Figures 6F and 6G), aligning with the increased diversity of monocyte subsets
in this group. In addition, we found that the ACR group had a lower PRR score
in phase 1 than did the non-ACR group, indicating a weaker innate immune
response in this group. This corresponded with the lower proportion of
CD14*RNASE2" monocytes of the ACR group in phase 1. These findings strongly
suggest that differences in CD14"RNASE2" monocytes may underlie the atten-
uated innate immune response in phase 1 of the ACR group.

Our data revealed that RNASE2 was highly expressed by monocytes (Fig-
ure 6B). In addition, the increased RNASE2 expression during phase 1 was vali-
dated in cohort 3 (Figure S5E). Given that RNASE2 is usually secreted by eosin-
ophils,*® we posited that it could also be secreted by monocytes, a hypothesis
that we validated through experiments in cohort 3 (Figures 6H and S5F).
ELISA analysis of patients in cohort 3 revealed an increase in plasma RNASE2
levels in phase 1 post-LT, followed by a gradual decrease (Figure 6l). Moreover,
the non-ACR group exhibited higher plasma RNASE? levels than the ACR group
on days 1 and 3 (Figure 6J). Receiver operating characteristic (ROC) analysis re-
vealed that plasma RNASE2 levels on days 1 and 3 may be effective early bio-
markers for ACR incidence, with an area under the ROC curve values of 0.889
and 0.800 (Figures 6K and 6L), respectively.

Differences in the cell-to-cell communication network between the non-
ACR and ACR groups

Following the identification of 22 distinct cell clusters (Figure S6A), we as-
sessed the potential intercellular communications after LT. Although the total
number of communications in the non-ACR group was comparable to that in
the ACR group across all of the phases, the non-ACR group demonstrated
notably stronger interaction strength, especially during phase 1 (Figures S6B
and S6C).

Next, we analyzed changes in communication patterns after LT in these two
groups (Figure 7A). The communications in the non-ACR group were generally

regular and stable, with CD14" monocytes serving as the primary signal source
across most phases. CD14"RNASE2" monocytes in phase 1 and CD14"CD16"
monocytes in phase 2 served as an additional signal source, suggesting a tran-
sition in innate immune responses from activation by DAMP signals to antigen
presentation. Consistently, starting from phase 2, central memory CD4* T cells
and B cells were maintained as additional signal sources, suggesting the activa-
tion of adaptive immune responses after innate immune activation. Notably, the
strength of the above-mentioned signal sources was extremely high in phase 1
but declined from phases 2 to 4 and gradually approached that of HCs, suggest-
ing a well-regulated immune activation in the non-ACR group. Conversely, the
cellular communications in the ACR group were maintained at a low level, but
with irregularity. CD14" monocytes remained the major signal source across
most phases, but with lower strength. Notably, the communication strength of
CD14"RNASE2" monocytes in phase 1 was much lower than that in the non-
ACR group, in line with their proportions and RNASE2 levels. In addition, FOS-ex-
pressing monocyte subsets persisted as additional signal sources from phase 2
to the time of rejection, underscoring their potential role in mediating inflamma-
tory responses and graft rejection.

A comparative analysis of information flow further specified the shared and
unique signaling pathways in the intercellular communication network between
the non-ACR and the ACR groups (Figure S6D). Pathways with shared flow
include LCK, MIF, MHC class I, SELPLG, CD22, and GALECTIN, which would
be involved in general immune responses. Specifically, the GALECTIN pathway,
predominantly driven by monocytes (Figures S6E and S6F), was more respon-
sive in CD569™CD16" NK cells in the ACR group in both baseline and phase 3
(Figure 7B). As mentioned, inflamed NK cells characterized by enhanced IFN
signaling were enriched both at baseline and in phase 3 of the ACR group.
Given that galectin-9, a member of the galectin family, is known to diminish
NK cell cytotoxicity while augmenting IFN-y production,”’ it is plausible to
speculate that monocyte-derived GALECTIN signaling triggers the ‘“inflamed”
transcriptional programs in NK cells. Further studies are needed to verify these
hypotheses.

DISCUSSION

Although multiple studies have elucidated pathophysiological elements
involved in the modulation of immune tolerance or graft rejection after LT, the lon-
gitudinal dynamics of immune cells under immunosuppression conditions re-
mains unknown. This knowledge is key to improving the clinical management
of LT patients, such as precision immunosuppression strategies, early identifica-
tion, and intervention for rejection. To date, immunosuppressant dose adjust-
ment after LT relies merely on the TDM strategy, lacking prognostic biomarkers
and assessments, which is far from precision management, often leading to mul-
tiple side effects and rejection. Furthermore, achieving target blood concentra-
tions does not always guarantee efficacy or diminish adverse events. Therefore,
individualized decisions are required considering the postoperative recovery pro-
cess and immune status. Our analyses for the first time delineate a four-phase
reestablishment process of immune homeostasis under immunosuppressive
treatment after LT and provide a longitudinal atlas of peripheral immune cells
and their transcriptomic profiles during this process. In addition, our analyses
suggest the critical role of the inflamed NK cell subsets, CD14"RNASE2" mono-
cytes, and FOS-expressing monocytes in the development of ACR. These find-
ings have significant implications for understanding the mechanisms underlying
the immune remodeling after LT and provide potential targets for the manage-
ment of post-LT ACR.

As the transplanted liver progressively adapts to the host, with immunogenicity
and rejection risk diminishing®* the necessary dose of immunosuppressive
drugs gradually decreases.”® " The phases of liver function restoration post-
LT have been demarcated into the convalescence period, followed by a stabiliz-
ing period.®® Similarly, Huang et al. identified an acute and stable phase during
perioperative graft recovery using a syngeneic mouse LT model.® These findings
together suggest that a staged immune state exists in LT patients but remains
undefined. Immune cells are pivotal in the emergence of postoperative

CD569MCD16" NK cell subset (mean + SEM). (K) Bar plot showing the relative abundance of CD56%™CD16" NK cell subclusters in different groups across phases of LT. (L)
Representative flow cytometry analysis of inflamed NK cells from non-ACR and ACR patients. (M) Bar graphs showing the proportion of inflamed NK cells from non-ACR (n = 7) and
ACR (n = 7) patients in baseline (left) and from non-ACR (n = 11) and ACR (n = 9) patients in phase 3 (right) (mean + SD). Student's t test. (N) Boxplots showing the percentage of
inflamed NK cells treated with different concentrations of MePDN in the presence or absence of tacrolimus (n = 6, per group). In vitro experiment. Paired t test. *p < 0.05; *p < 0.07;

***p < 0.001; ***p < 0.0001.
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Figure 6. Dynamics of monocytic subpopulations across LT (A) UMAP plot showing monocyte subpopulations of all of the samples, with the percentages of each cell type shown. (B)
Dot plot showing scaled expression levels of monocyte-type-specific genes in non-ACR, ACR, and HCs. (C) UMAP plots showing all merged monocytes colored by groups and phases.
(D) Bar plot showing the frequency of monocyte subsets in the different groups across the phases of LT. (E) Line graphs showing longitudinal changes in the relative frequency of the
monocyte subpopulations in the non-ACR, ACR, and HCs. (F) Dot plot showing scaled expression levels of function-specific genes in non-ACR, ACR, and HCs. (G) Line graphs
demonstrating temporal changes of the corresponding function-specific scores in all of the monocytes. (H) Flow cytometry analysis of delta median fluorescence intensity (AMFI) of
RNASE2 in CD14"CD16~ monocytes from patient samples treated with or without Golgi Stop for 4 h. Representative images (left) and quantification data from paired groups (right, n =
40 per group) are shown. AMF| was determined by the subtraction of isotype control from antibody staining. Paired t test. (I and J) Boxplots showing the plasma concentration of
RNASE? at different time points after LT. Paired t tests along the time (1) and unpaired Wilcoxon tests between ACR (n = 9) and non-ACR (n = 10) groups (J) were performed. (K and L)
ROC curves for RNASE2 plasma concentration and ACR on day 1 (K) and day 3 (L) after LT. In (E) and (G), data are shown as mean + SEM, and comparisons were completed between
the ACR and non-ACR groups and between phase 4 and HCs. Wilcoxon test. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.
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Figure 7. Multicellular interaction analysis after LT (A) Scatterplots comparing the outgoing and incoming interaction strength in the 2-dimensional space across phases in the non-
ACR and ACR groups. (B) Heatmaps showing the relative importance of each cell type as the sender, receiver, mediator, and influencer, based on the computed 4 network centrality
measures of galectin signaling of ACR and non-ACR based on the baseline and phase 3 datasets.

complications such as infections® and graft rejections.®>°' Here, meticulously
selected homogeneous study subjects without other postoperative complica-
tions minimize various confounding factors and allow us to compare the main
immunological processes that mediate LT recovery. Our findings suggest and
validate a four-phase LT recovery process characterized by the sequential activa-
tion of innate and adaptive immune compartments. The chronological changes
in cellular constituents and associated immune characteristics elucidate periph-
eral immune responses in each phase, providing valuable insights into proposing
a reasonable immunosuppressive utilization or withdrawal scheme (Figure 8).
In phase 1 (the first 7 days), in the scenario of the most potent immunosup-
pressant prescription, together with surgical trauma, stress responses, allorecog-
nition, and immune responses after LT, we observed significant enrichment and
activation of innate immune cells (e.g, CD14* monocytes, CD14"RNASE2"
monocytes) and inhibition of the activity and proportion of T cells and NK cells.
In addition, we identified and validated a higher activation of CD14"RNASE2*
monocytes in the non-ACR group in this phase, manifested by the secretion of
RNASE2. The strength of innate immune activation together with the restricted
adaptive immune responses in phase T may guide precise immunosuppressant

administration. Indeed, surgical stress and initial treatment of immunosuppres-
sants post-LT can induce excessive immunosuppression, leading to severe
adverse effects, such as infection and tumor recurrence.®>®* Minimizing expo-
sure to calcineurin inhibitors (<10 ng/mL for tacrolimus) early after LT prevents
tumor recurrence without increasing ACR incidence.®? Furthermore, a separate
study examining 493 LT recipients under tacrolimus treatment demonstrated
that a higher dosage of tacrolimus (10—15 ng/mL) correlated with increased
mortality rates compared to a more moderate dosage (7—10 ng/mL), and yet
the rates of rejection remained comparably consistent.® These findings and
our data together indicate that the recommended high-dose immunosuppres-
sant treatment (>10 ng/mL for tacrolimus) may not be necessary during the first
week after LT, and monitoring the level of CD14"RNASE2* monocytes/RNASE2
during this period could facilitate the early identification and intervention for pa-
tients at risk of ACR.

With the relief of injuries and stresses, the graft function is restored. The main
immune features switched to alloresponse and posttraumatic stress reparative
responses, including an enhancement of monocyte antigen-presenting capacity
and the activation of both NK cells and T cells, which peaked at phase 2 (from
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days 7 to 19) and lasted until phase 3 (from days 19 to 90). Moreover, a longer
lasting inflammatory response of NK cells was observed in the ACR group in
phase 3, as indicated by the increased number of inflamed NK cells, which
can be decreased by high-dose glucocorticoid treatment. Interestingly, the mono-
cytes from ACR patients also showed an enhanced differentiation capacity in
phase 2, as indicated by the increased diversity of monocytes, such as the
increased proportions of CD14"FOS* monocytes and CD14*AP-1" monocytes.
The relatively strong immune responses within 90 days after LT may explain
at least in part why the tacrolimus medication guideline recommends potent
target tacrolimus trough concentration®®®” and why acute rejections usually
occur within the first 3 months after LT.°*®” All of these findings in phases 2
and 3 indicate that LT patients are more susceptible to acute rejection in these
phases, and the FOS-expressing monocytes in phase 2 and inflamed NK cells
spanning from phases 2 to 3 may be predictive biomarkers and potential thera-
peutic targets for clinical management and graft rejection.

Liver function is normalized and the rejection risk is reduced after 90 days of
LT.%” Importantly, we observed that the immune status of LT patients from phase
4 (from days 90 to 365) shared many similarities to that of HCs, but disparities
still persisted, indicating that LT and immunosuppressive therapy result in dura-
ble immune status alterations. Nevertheless, our data suggest that 90 days after
LT would represent a time point of immune steady state for non-ACR patients
and a critical juncture for minimizing tacrolimus exposure to decrease the com-
plications of long-term immunosuppression.®>®®

Following the identification of the four-phase immune remodeling process
after LT, we further revealed critical immune cells for immune tolerance or
rejection dynamically modulated across different phases. Notably, we observed
that T cells in the ACR group displayed an unexpectedly weak response during
LT recovery, characterized by an increased presence of anergic CD8" T cells
and reduced CTLs activity compared to the non-ACR group, suggesting more
potent T cell suppression in the ACR group. Although the T cell composition
in peripheral blood may not mirror that in the liver,%® this finding somehow chal-
lenged the conventional view of inhibiting T cell function for graft tolerance in
LT. Blocking T cell activity does not universally prevent graft rejection,”® "2 indi-
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Figure 8. A schematic illustration of a four-phase
framework that aids in the clinical management of
LT patients

cating that existing immunosuppressive strate-
gies do not entirely specifically suppress the al-
loimmune responses that lead to rejection. In
the context of tacrolimus-based immunosup-
pressive treatment, we identified rejection-
related cellular features in NK cells and
e monocytes through extensive analysis of our
5;33 longitudinal data. First, we newly identified and
M validated that inflamed NK cells with enhanced
IFN signaling were more enriched in the ACR
group in phase 3 after LT. As reported, NK cells
in the circulation would swiftly infiltrate the liver
graft after revascularization to replace the graft
NK cells”®"* and serve as a major source of
IFN-y in grafts.? In addition, IFN-y is a well-
characterized factor for ACR after transplanta-
tion and is considered a predictive biomarker
of acute rejection in both liver and kidney trans-
plants.”>’® We thus reasoned that heightened
recruitment inflamed NK cells to the liver in
the ACR group triggers or mediates rejection
through an IFN-y-mediated response. The cur-
rent immunosuppressants for LT do not specif-
ically inhibit monocyte-macrophage lineage
cells.*® Second, we discovered an upregulation
in the proportion and communication of FOS-ex-
pressing monocytes in the ACR group. Consis-
tently, Cui et al. reported that inflammatory
monocytes overexpressing FOS in the liver exhibit the most significant similar-
ity to PBMCs, which are increased during liver inflammation and decreased af-
ter inflammation subsided.”” FOS and JUN co-regulate interleukins to modulate
adaptive immunity. We thus propose that FOS-expressing monocytes mediate
graft rejection by activating the adaptive immune response, which requires
further exploration. Together, these findings suggest the significant roles of
both NK cells and monocytes in immune remodeling after LT, and targeting
these cells could refine tacrolimus-based immunosuppression strategies for
LT patients.

The present study has certain limitations, notably the small sample size of
cohort 1, particularly within the ACR group. This prompted us to validate the
critical results in two independent validation cohorts. In addition, future studies
with larger and more diverse cohorts are needed to comprehensively delineate
the complexity of immune responses post-LT and to broaden our findings.
Also, our study only illustrated the immune state of PBMCs after LT, providing
dynamic insights into the systemic immune landscape but still insufficient to
clarify the local immune environment in the liver graft itself. Integrating our
data with that from the liver graft would undoubtedly be more systematic
and informative, leading to more comprehensive conclusions. Such work is
ongoing in our group.

Collectively, our study has revealed a temporal landscape of immune cells
throughout the LT recovery process and provided key insights into the dynamic
immune responses associated with ACR. These results represent the molecular
and cellular signatures of the immune cell populations during the LT recovery
process and generate a four-phase framework that aids in the clinical manage-
ment of patients.

FOS-expressing monocytes
in the ACR group

1000,

MATERIALS AND METHODS
See the supplemental information.

REFERENCES
1. Post, D.J., Douglas, D.D., and Mulligan, D.C. (2005). Immunosuppression in liver transplan-
tation. Liver Transpl. 11(11): 1307—1314. https://doi.org/10.1002/1t.20614.

uoljbAoOuU| BY |

@ CelPress Partner Journal

The Innovation 5(3): 100599, May 6, 2024 11



https://doi.org/10.1002/lt.20614

www.the-innovation.org

ARTICLE

2.

w

Bl

o1

o

~

[es]

20.

2

=

22.

23.

24.

2

o

2

o

27.

28.

29.

Wei, X., Xie, W., Yin, W, et al. (2022). Prediction of tumor recurrence by distinct immunopro-
files in liver transplant patients based on mass cytometry. Am. J. Cancer Res. 12(9):
4160—4176.

. Huang, H,, Chen, R., Lin, Y., et al. (2023). Decoding Single-cell Landscape and Intercellular

Crosstalk in the Transplanted Liver. Transplantation 107(4): 890—902. https://doi.org/10.
1097/TP.0000000000004365.

Li, X, Li, S, Wu, B, et al. (2022). Landscape of Immune Cells Heterogeneity in Liver
Transplantation by Single-Cell RNA Sequencing Analysis. Front. Immunol. 13: 890019.
https://doi.org/10.3389/fimmu.2022.890019.

. Huang, H., Zhang, X., Zhang, C., et al. (2020). The time-dependent shift in the hepatic graft

and recipient macrophage pool following liver transplantation. Cell. Mol. Immunol. 17(4):
412-414. https://doi.org/10.1038/s41423-019-0253x.

Wang, L., Li, J., He, S,, et al. (2021). Resolving the graft ischemia-reperfusion injury during
liver transplantation at the single cell resolution. Cell Death Dis. 12(6): 589. https://doi.
0rg/10.1038/s41419-021-03878-3.

. Shan, Y., Qi,D., Zhang, L., et al. (2023). Single-cell RNA-seq revealing the immune features of

donor liver during liver transplantation. Front. Immunol. 14: 1096733. https://doi.org/10.
3389/fimmu.2023.1096733.

. Mederacke, Y -S., Nienen, M., Jarek, M., et al. (2021). T cell receptor repertoires within liver

allografts are different from those in the peripheral blood. J. Hepatol. 74(5): 1167-1175.
https://doi.org/10.1016/j.jhep.2020.12.014.

Wu, T, Hu, E, Xu, S, et al. (2021). clusterProfiler 4.0: A universal enrichment tool for
interpreting omics data. Innovation 2(3): 100141. https://doi.org/10.1016/j.xinn.2021.
100141.

Kumar, L., and E Futschik, M. (2007). Mfuzz: a software package for soft clustering of micro-
array data. Bioinformation 2(1): 5—7. https://doi.org/10.6026/97320630002005.

. Ivashkiv, L.B., and Donlin, L.T. (2014). Regulation of type I interferon responses. Nat. Rev.

Immunol. 14(1): 36—49. https://doi.org/10.1038/nri3581.

Obara, H., Nagasaki, K., Hsieh, C.L., et al. (2005). IFN-gamma, produced by NK cells that infil-
trate liver allografts early after transplantation, links the innate and adaptive immune re-
sponses. Am. J. Transplant. 5(9): 2094-2103. https://doi.org/10.1111/j.1600-6143.2005.
00995.x.

. Wang, E., Worschech, A, and Marincola, F.M. (2008). The immunologic constant of rejec-

tion. Trends Immunol. 29(6): 2566—262. https://doi.org/10.1016/j.it.2008.03.002.

Gwon, Y., Maxwell, B.A., Kolaitis, R.-M., et al. (2021). Ubiquitination of G3BP1 mediates stress
granule disassembly in a context-specific manner. Science 372(6549): eabf6548. https://
doi.org/10.1126/science.abf6548.

. Fang, N.N,, Chan, G.T., Zhu, M,, et al. (2014). Rsp5/Nedd4 is the main ubiquitin ligase that

targets cytosolic misfolded proteins following heat stress. Nat. Cell Biol. 16(12): 1227—
1237. https://doi.org/10.1038/ncb3054.

Turakhiya, A, Meyer, S.R., Marincola, G., et al. (2018). ZFAND1 Recruits p97 and the 26S
Proteasome to Promote the Clearance of Arsenite-Induced Stress Granules. Mol. Cell
70(5): 906-919.e7. https://doi.org/10.1016/j.molcel.2018.04.021.

Balagopal, V., and Parker, R. (2009). Polysomes, P bodies and stress granules: states and
fates of eukaryotic mRNAs. Curr. Opin. Cell Biol. 21(3): 403-408. https://doi.org/10.1016/
j.ceb.2009.03.005.

Shalgi, R., Hurt, J.A,, Lindquist, S,, et al. (2014). Widespread inhibition of posttranscriptional
splicing shapes the cellular transcriptome following heat shock. Cell Rep. 7(5): 1362—1370.
https://doi.org/10.1016/j.celrep.2014.04.044.

. Thomson, AW., Vionnet, J., and Sanchez-Fueyo, A. (2020). Understanding, predicting and

achieving liver transplant tolerance: from bench to bedside. Nat. Rev. Gastroenterol.
Hepatol. 17(12): 719-739. https://doi.org/10.1038/s41575-020-0334-4.

Ogawa, K., Hirai, M., Katsube, T., et al. (2000). Suppression of cellular immunity by surgical
stress. Surgery 127(3): 329-336. https://doi.org/10.1067/msy.2000.103498.

. Goldrath, A W., Bogatzki, L.Y., and Bevan, M.J. (2000). Naive T cells transiently acquire a

memory-like phenotype during homeostasis-driven proliferation. J. Exp. Med. 192(4):
557-564. https://doi.org/10.1084/jem.192.4.557.

Lanzavecchia, A, and Sallusto, F. (2005). Understanding the generation and function of
memory T cell subsets. Curr. Opin. Immunol. 17(3): 326—332. https://doi.org/10.1016/j.
0i.2005.04.010.

Li, Y., An, H., Shen, C,, et al. (2021). Deep phenotyping of T cell populations under long-term
treatment of tacrolimus and rapamycin in patients receiving renal transplantations by mass
cytometry. Clin. Transl. Med. 11(11): €629. https://doi.org/10.1002/ctm?2.629.

Presser, D., Sester, U.,, Mohrbach, J., et al. (2009). Differential kinetics of effector and regu-
latory T cells in patients on calcineurin inhibitor-based drug regimens. Kidney Int. 76(5):
557-566. https://doi.org/10.1038/ki.2009.198.

Schwartz, R.H. (2003). T cell anergy. Annu. Rev. Immunol. 21: 305-334. https://doi.org/10.
1146/annurev.immunol.21.120601.141110.

ElTanbouly, M.A., and Noelle, R.J. (2021). Rethinking peripheral T cell tolerance: checkpoints
across a T cell's journey. Nat. Rev. Immunol. 21(4): 257-267. https://doi.org/10.1038/
s41577-020-00454-2.

Strom, T.B., Tilney, N.L., Carpenter, C.B,, et al. (1975). Identity and cytotoxic capacity of cells
infiltrating renal allografts. N. Engl. J. Med. 292(24): 1257-1263. https://doi.org/10.1056/
NEJM197506122922402.

Kubota, N., Sugitani, M., Takano, S., et al. (2006). Correlation between acute rejection
severity and CD8-positive T cells in living related liver transplantation. Transpl. Immunol.
16(1): 60—64. https://doi.org/10.1016/}.trim.2006.03.002.

Orr, M.T,, and Lanier, L.L. (2010). Natural killer cell education and tolerance. Cell 142(6):
847-856. https://doi.org/10.1016/j.cell.2010.08.031.

30.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Tai, L-H., de Souza, C.T., Bélanger, S, et al. (2013). Preventing postoperative metastatic dis-
ease by inhibiting surgery-induced dysfunction in natural killer cells. Cancer Res. 73(1):
97-107. https://doi.org/10.1158/0008-5472.CAN-12-1993.

. Angka, L, Tanese de Souza, C., Baxter, K.E., et al. (2022). Perioperative arginine prevents me-

tastases by accelerating natural killer cell recovery after surgery. Mol. Ther. 30(10): 3270—
3283. https://doi.org/10.1016/j.ymthe.2022.05.024.

Wang, Y-Y.,Chang, E.-Q., Zhu, R-L, et al. (2022). An atlas of dynamic peripheral blood mono-
nuclear cell landscapes in human perioperative anaesthesia/surgery. Clin. Transl. Med.
12(1): e663. https://doi.org/10.1002/ctm?2.663.

Kim, T-J., Kim, N., Kang, H.J., et al. (2010). FK506 causes cellular and functional defects in
human natural killer cells. J. Leukoc. Biol. 88(6): 1083—-1097. https://doi.org/10.1189/jlb.
0310148.

Wang, H., Grzywacz, B., Sukovich, D., et al. (2007). The unexpected effect of cyclosporin A on
CD56+CD16- and CD56+CD16+ natural killer cell subpopulations. Blood 110(5): 1530—
1539, https://doi.org/10.1182/blood-2006-10-048173.

. Kitchens, W.H., Uehara, S., Chase, C.M,, et al. (2006). The changing role of natural killer cells

in solid organ rejection and tolerance. Transplantation 81(6): 811-817. https://doi.org/10.
1097/01.tp.0000202844.33794.0e.

Knorr, D.A., Bachanova, V., Verneris, M.R., et al. (2014). Clinical utility of natural killer cells in
cancer therapy and transplantation. Semin. Immunol. 26(2): 161—172. https://doi.org/10.
1016/j.smim.2014.02.002.

Cooper, M.A,, Fehniger, T.A,, and Caligiuri, M.A. (2001). The biology of human natural killer-
cell subsets. Trends Immunol. 22(11): 633-640. https://doi.org/10.1016/s1471-4906(01)
02060-9.

Zhang, Q. Bi, J., Zheng, X., et al. (2018). Blockade of the checkpoint receptor TIGIT prevents
NK cell exhaustion and elicits potent anti-tumor immunity. Nat. Immunol. 19(7): 723-732.
https://doi.org/10.1038/s41590-018-0132-0.

Taveirne, S, Wahlen, S., Van Loocke, W., et al. (2020). The transcription factor ETST1 is an
important regulator of human NK cell development and terminal differentiation. Blood
136(3): 288—298. https://doi.org/10.1182/blood.2020005204.

Yang, C., Siebert, J.R., Burns, R, et al. (2019). Heterogeneity of human bone marrow and
blood natural killer cells defined by single-cell transcriptome. Nat. Commun. 10(1): 3931.
https://doi.org/10.1038/s41467-019-11947-7.

Smith, S.L,, Kennedy, P.R., Stacey, K.B,, et al. (2020). Diversity of peripheral blood human NK
cells identified by single-cell RNA sequencing. Blood Adv. 4(7): 1388-1406. https://doi.org/
10.1182/bloodadvances.2019000699.

Margais, A., Cherfils-Vicini, J., Viant, C., et al. (2014). The metabolic checkpoint kinase mTOR
is essential for IL-15 signaling during the development and activation of NK cells. Nat.
Immunol. 15(8): 749—757. https://doi.org/10.1038/ni.2936.

Chiossone, L., Vitale, C., Cottalasso, F., et al. (2007). Molecular analysis of the methylpred-
nisolone-mediated inhibition of NK-cell function: evidence for different susceptibility of IL-
2- versus IL-15-activated NK cells. Blood 109(9): 3767—3775. https://doi.org/10.1182/
blood-2006-07-037846.

Takeuchi, 0., and Akira, S. (2010). Pattern recognition receptors and inflammation. Cell
140(6): 805-820. https://doi.org/10.1016/j.cell.2010.01.022.

van den Bosch, T.P.P., Kannegieter, N.M., Hesselink, D.A,, et al. (2017). Targeting the
Monocyte-Macrophage Lineage in Solid Organ Transplantation. Front. Immunol. 8: 153.
https://doi.org/10.3389/fimmu.2017.00153.

Ginhoux, F., and Jung, S. (2014). Monocytes and macrophages: developmental pathways
and tissue homeostasis. Nat. Rev. Immunol. 14(6): 392-404. https://doi.org/10.1038/
nri3671.

Patel, AA, Zhang, Y., Fullerton, J.N,, et al. (2017). The fate and lifespan of human monocyte
subsets in steady state and systemic inflammation. J. Exp. Med. 214(7): 1913-1923.
https://doi.org/10.1084/jem.20170355.

Hop, H.T., Arayan, L.T., Huy, TXNN, et al. (2018). The Key Role of c-Fos for Immune
Regulation and Bacterial Dissemination in Brucella Infected Macrophage. Front. Cell.
Infect. Microbiol. 8: 287. https://doi.org/10.3389/fcimb.2018.00287.

Larsen, S.B., Cowley, C.J., Sajjath, S.M,, et al. (2021). Establishment, maintenance, and recall
of inflammatory memory. Cell Stem Cell 28(10): 1758—1774.€8. https://doi.org/10.1016/].
stem.2021.07.001.

Rosenberg, H.F., Tenen, D.G., and Ackerman, S.J. (1989). Molecular cloning of the human
eosinophil-derived neurotoxin: a member of the ribonuclease gene family. Proc. Natl.
Acad. Sci. USA 86(12): 4460-4464. https://doi.org/10.1073/pnas.86.12.4460.

Okoye, I, Xu, L., Motamedi, M., et al. (2020). Galectin-9 expression defines exhausted T cells
and impaired cytotoxic NK cells in patients with virus-associated solid tumors.
J. Immunother. Cancer 8(2): e001849. https://doi.org/10.1136/jitc-2020-001849.
Motamedi, M., Shahbaz, S, Fu, L, et al. (2019). Galectin-9 Expression Defines a
Subpopulation of NK Cells with Impaired Cytotoxic Effector Molecules but Enhanced IFN-
v Production, Dichotomous to TIGIT, in HIV-1 Infection. Immunohorizons 3(11): 531-546.
https://doi.org/10.4049/immunohorizons.1900087.

Golden-Mason, L., McMahan, R.H., Strong, M., et al. (2013). Galectin-9 functionally impairs
natural killer cells in humans and mice. J. Virol. 87(9): 4835-4845. https://doi.org/10.
1128/JVv1.01085-12.

Sanchez-Fueyo, A, and Strom, T.B. (2011). Immunologic basis of graft rejection and toler-
ance following transplantation of liver or other solid organs. Gastroenterology 140(1):
51-64. https://doi.org/10.1053/j.gastro.2010.10.059.

Wiesner, R.H., and Fung, J.J. (2011). Present state of immunosuppressive therapy in
liver transplant recipients. Liver Transpl. 17(Supp/ 3): S1-S9. https://doi.org/10.1002/
[t.22470.

12

The Innovation 5(3): 100599, May 6, 2024

www.cell.com/the-innovation


http://refhub.elsevier.com/S2666-6758(24)00037-7/sref2
http://refhub.elsevier.com/S2666-6758(24)00037-7/sref2
http://refhub.elsevier.com/S2666-6758(24)00037-7/sref2
https://doi.org/10.1097/TP.0000000000004365
https://doi.org/10.1097/TP.0000000000004365
https://doi.org/10.3389/fimmu.2022.890019
https://doi.org/10.1038/s41423-019-0253-x
https://doi.org/10.1038/s41419-021-03878-3
https://doi.org/10.1038/s41419-021-03878-3
https://doi.org/10.3389/fimmu.2023.1096733
https://doi.org/10.3389/fimmu.2023.1096733
https://doi.org/10.1016/j.jhep.2020.12.014
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.6026/97320630002005
https://doi.org/10.1038/nri3581
https://doi.org/10.1111/j.1600-6143.2005.00995.x
https://doi.org/10.1111/j.1600-6143.2005.00995.x
https://doi.org/10.1016/j.it.2008.03.002
https://doi.org/10.1126/science.abf6548
https://doi.org/10.1126/science.abf6548
https://doi.org/10.1038/ncb3054
https://doi.org/10.1016/j.molcel.2018.04.021
https://doi.org/10.1016/j.ceb.2009.03.005
https://doi.org/10.1016/j.ceb.2009.03.005
https://doi.org/10.1016/j.celrep.2014.04.044
https://doi.org/10.1038/s41575-020-0334-4
https://doi.org/10.1067/msy.2000.103498
https://doi.org/10.1084/jem.192.4.557
https://doi.org/10.1016/j.coi.2005.04.010
https://doi.org/10.1016/j.coi.2005.04.010
https://doi.org/10.1002/ctm2.629
https://doi.org/10.1038/ki.2009.198
https://doi.org/10.1146/annurev.immunol.21.120601.141110
https://doi.org/10.1146/annurev.immunol.21.120601.141110
https://doi.org/10.1038/s41577-020-00454-2
https://doi.org/10.1038/s41577-020-00454-2
https://doi.org/10.1056/NEJM197506122922402
https://doi.org/10.1056/NEJM197506122922402
https://doi.org/10.1016/j.trim.2006.03.002
https://doi.org/10.1016/j.cell.2010.08.031
https://doi.org/10.1158/0008-5472.CAN-12-1993
https://doi.org/10.1016/j.ymthe.2022.05.024
https://doi.org/10.1002/ctm2.663
https://doi.org/10.1189/jlb.0310148
https://doi.org/10.1189/jlb.0310148
https://doi.org/10.1182/blood-2006-10-048173
https://doi.org/10.1097/01.tp.0000202844.33794.0e
https://doi.org/10.1097/01.tp.0000202844.33794.0e
https://doi.org/10.1016/j.smim.2014.02.002
https://doi.org/10.1016/j.smim.2014.02.002
https://doi.org/10.1016/s1471-4906(01)02060-9
https://doi.org/10.1016/s1471-4906(01)02060-9
https://doi.org/10.1038/s41590-018-0132-0
https://doi.org/10.1182/blood.2020005204
https://doi.org/10.1038/s41467-019-11947-7
https://doi.org/10.1182/bloodadvances.2019000699
https://doi.org/10.1182/bloodadvances.2019000699
https://doi.org/10.1038/ni.2936
https://doi.org/10.1182/blood-2006-07-037846
https://doi.org/10.1182/blood-2006-07-037846
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.3389/fimmu.2017.00153
https://doi.org/10.1038/nri3671
https://doi.org/10.1038/nri3671
https://doi.org/10.1084/jem.20170355
https://doi.org/10.3389/fcimb.2018.00287
https://doi.org/10.1016/j.stem.2021.07.001
https://doi.org/10.1016/j.stem.2021.07.001
https://doi.org/10.1073/pnas.86.12.4460
https://doi.org/10.1136/jitc-2020-001849
https://doi.org/10.4049/immunohorizons.1900087
https://doi.org/10.1128/JVI.01085-12
https://doi.org/10.1128/JVI.01085-12
https://doi.org/10.1053/j.gastro.2010.10.059
https://doi.org/10.1002/lt.22410
https://doi.org/10.1002/lt.22410
http://www.thennovation.org26662477
http://www.thennovation.org26662477

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

Wang, Z.-X,, Song, S-H., Teng, F., et al. (2010). A single-center retrospective analysis of liver
transplantation on 255 patients with hepatocellular carcinoma. Clin. Transplant. 24(6):
752-757. https://doi.org/10.1111/j.1399-0012.2009.01172 .X.

Li, C.-J., and Li, L. (2015). Tacrolimus in preventing transplant rejection in Chinese patients—
optimizing use. Drug Des. Devel. Ther. 9: 473-485. https://doi.org/10.2147/DDDT.S41349.
Liu, Y., Zhang, C, Li, L, et al. (2019). Genome-Wide Association Study of Tacrolimus
Pharmacokinetics Identifies Novel Single Nucleotide Polymorphisms in  the
Convalescence and Stabilization Periods of Post-transplant Liver Function. Front. Genet.
10: 528. https://doi.org/10.3389/fgene.2019.00528.

Yu, S, Su, C., and Luo, X. (2019). Impact of infection on transplantation tolerance. Immunol.
Rev. 292(1): 243-263. https://doi.org/10.1111/imr.12803.

Wood, K.J., and Goto, R. (2012). Mechanisms of rejection: current perspectives.
Transplantation 93(1): 1-10. https://doi.org/10.1097/TP.0b013e31823cab44.

Li, H., Yu, X, Shi, B,, et al. (2021). Reduced pannexin 1-IL-33 axis function in donor livers in-
creases risk of MRSA infection in liver transplant recipients. Sci. Transl. Med. 13(606):
eaaz6169. https://doi.org/10.1126/scitranslmed.aaz6169.

Rodriguez-Perélvarez, M., Tsochatzis, E., Naveas, M.C., et al. (2013). Reduced exposure to
calcineurin inhibitors early after liver transplantation prevents recurrence of hepatocellular
carcinoma. J. Hepatol. 59(6): 1193-1199. https://doi.org/10.1016/j.jhep.2013.07.012.
Marik, P.E., and Flemmer, M. (2012). The immune response to surgery and trauma:
Implications for treatment. J. Trauma Acute Care Surg. 73(4): 801-808. https://doi.org/
10.1097/TA.0b013e318265cf87.

Gao, J., Duan, Z,, Zhang, L., et al. (2016). Failure recovery of circulating NKG2D+CD56dimNK
cells in HBV-associated hepatocellular carcinoma after hepatectomy predicts early
recurrence. Oncolmmunology 5(1): e1048061. https://doi.org/10.1080/2162402X.2015.
1048061.

Rodriguez-Perélvarez, M., Germani, G., Papastergiou, V., et al. (2013). Early tacrolimus
exposure after liver transplantation: relationship with moderate/severe acute rejection
and long-term outcome. J. Hepatol. 58(2): 262—-270. https://doi.org/10.1016/j.jhep.2012.
09.019.

Montano-Loza, A.J., Rodriguez-Perdlvarez, M.L., Pageaux, G.-P., et al. (2023). Liver transplan-
tation immunology: Immunosuppression, rejection, and immunomodulation. J. Hepatol.
78(6): 1199—1215. https://doi.org/10.1016/j.jhep.2023.01.030.

Charlton, M., Levitsky, J., Agel, B., et al. (2018). International Liver Transplantation Society
Consensus ~ Statement on Immunosuppression in  Liver Transplant Recipients.
Transplantation 102(5): 727-743. https://doi.org/10.1097/TP.0000000000002147.
(2016). EASL Clinical Practice Guidelines: Liver transplantation. J. Hepatol. 64(2): 433485
https://doi.org/10.1016/j.jhep.20156.10.006.

Taubert, R., Hardtke-Wolenski, M., Noyan, F., et al. (2014). Intrahepatic regulatory T cells in
autoimmune hepatitis are associated with treatment response and depleted with current
therapies. J. Hepatol. 61(5): 1106—1114. https://doi.org/10.1016/j jhep.2014.05.034.
Adams, D.H., Sanchez-Fueyo, A., and Samuel, D. (2015). From immunosuppression to toler-
ance. J. Hepatol. 62(1 Suppl): S170-S185. https://doi.org/10.1016/j.jhep.2015.02.042.
Knechtle, S.J., and Kwun, J. (2009). Unique aspects of rejection and tolerance in liver trans-
plantation. Semin. Liver Dis. 29(1): 91—-101. https://doi.org/10.1055/s-0029-1192058.
Ogura, Y., Martinez, 0.M.,, Villanueva, J.C., et al. (2001). Apoptosis and allograft rejection in
the absence of CD8+ T cells. Transplantation 71(12): 1827-1834. https://doi.org/10.
1097/00007890-200106270-00020.

ARTICLE

73. Navarro, F., Portales, P, Candon, S,, et al. (2000). Natural killer cell and alphabeta and gam-
madelta lymphocyte traffic into the liver graft immediately after liver transplantation.
Transplantation 69(4): 633—639. https://doi.org/10.1097/00007890-200002270-00027.

74. Moroso, V., Metselaar, H.J., Mancham, S,, et al. (2010). Liver grafts contain a unique subset
of natural killer cells that are transferred into the recipient after liver transplantation. Liver
Transpl. 16(7): 895-908. https://doi.org/10.1002/It.22080

75. Halloran, P.F., Afrouzian, M., Ramassar, V., et al. (2001). Interferon-gamma acts directly on
rejecting renal allografts to prevent graft necrosis. Am. J. Pathol. 158(1): 215—226. https://
doi.org/10.1016/s0002-9440(10)63960-0.

76. Millan, 0., Rafael-Valdivia, L., San Segundo, D., et al. (2014). Should IFN-y, IL-17 and IL-2 be
considered predictive biomarkers of acute rejection in liver and kidney transplant? Results of
a multicentric study. Clin. Immunol. 154(2): 141-154. https://doi.org/10.1016/j.clim.2014.
07.007.

77. Cui, A, Li, B, Wallace, M.S,, et al. (2024). Single-cell atlas of the liver myeloid compartment
before and after cure of chronic viral hepatitis. J. Hepatol. 80: 251-267. https://doi.org/10.
1016/j.jhep.2023.02.040.

ACKNOWLEDGMENTS

This work received financial support from the National Natural Science Foundation of
China (no. 82070677 and 82201964), the Natural Science and Technology Major Project
of the Xiamen (no. 3502Z20231034), the Natural Science Fund for Distinguished Young
Scholars of Fujian Province (no. 2023J01310519), and the Natural Science Foundation of
Xiamen (no. 3502220227283 and 3502220227122). We thank the patients, their families,
and the hospital staff for supporting this research. We thank Dr Wanging Liu for his review
of this manuscript (wliu@wayne.edu). We thank Jiahuai Han for his contributions to the
conceptualization of this work (jhan@xmu.edu.cn).

AUTHOR CONTRIBUTIONS

ZP,ZY,HL, and XL conceptualized this project and supervised the overall experi-
ments. RW,, X.P, Y.Y, BS, Y.L,HN,and QY. performed the experiments and bicinformat-
ics analysis. RW,, X.P, Y.Y, HN,W.G,QY, PL,JW,ZS,SY. DL, JZ, and JX. collected
the data. RW, XP, Y.Y,BS, Y.L, XL, ZY, HL, and Z.P. wrote, reviewed, and edited the
manuscript. All of the authors have read the manuscript and approved the final version of
the manuscript.

DECLARATION OF INTERESTS
The authors declare no competing interests.

SUPPLEMENTAL INFORMATION
It can be found online at https://doi.org/10.1016/).xinn.2024.100599.

LEAD CONTACT WEBSITE
https://xah.xmu.edu.cn/info/1506/1818 htm.

uolypAouu| dy |

@ CelPress Partner Journal

The Innovation 5(3): 100599, May 6, 2024 13



https://doi.org/10.1111/j.1399-0012.2009.01172.x
https://doi.org/10.2147/DDDT.S41349
https://doi.org/10.3389/fgene.2019.00528
https://doi.org/10.1111/imr.12803
https://doi.org/10.1097/TP.0b013e31823cab44
https://doi.org/10.1126/scitranslmed.aaz6169
https://doi.org/10.1016/j.jhep.2013.07.012
https://doi.org/10.1097/TA.0b013e318265cf87
https://doi.org/10.1097/TA.0b013e318265cf87
https://doi.org/10.1080/2162402X.2015.1048061
https://doi.org/10.1080/2162402X.2015.1048061
https://doi.org/10.1016/j.jhep.2012.09.019
https://doi.org/10.1016/j.jhep.2012.09.019
https://doi.org/10.1016/j.jhep.2023.01.030
https://doi.org/10.1097/TP.0000000000002147
https://doi.org/10.1016/j.jhep.2015.10.006
https://doi.org/10.1016/j.jhep.2014.05.034
https://doi.org/10.1016/j.jhep.2015.02.042
https://doi.org/10.1055/s-0029-1192058
https://doi.org/10.1097/00007890-200106270-00020
https://doi.org/10.1097/00007890-200106270-00020
https://doi.org/10.1097/00007890-200002270-00027
https://doi.org/10.1002/lt.22080
https://doi.org/10.1016/s0002-9440(10)63960-0
https://doi.org/10.1016/s0002-9440(10)63960-0
https://doi.org/10.1016/j.clim.2014.07.007
https://doi.org/10.1016/j.clim.2014.07.007
https://doi.org/10.1016/j.jhep.2023.02.040
https://doi.org/10.1016/j.jhep.2023.02.040
mailto:wliu@wayne.edu
mailto:jhan@xmu.edu.cn
https://doi.org/10.1016/j.xinn.2024.100599
https://xah.xmu.edu.cn/info/1506/1818.htm

	Dynamic immune recovery process after liver transplantation revealed by single-cell multi-omics analysis
	XINN100599_proof_v5i3.pdf
	Dynamic immune recovery process after liver transplantation revealed by single-cell multi-omics analysis
	Introduction
	Results
	Study design
	Comprehensive analysis of single-cell data, bulk transcriptomics, and clinical parameters reveals a four-phase recovery pro ...
	Global changes in immune cells across the four-phase recovery process
	T cells from LT patients display a weak immune response during LT recovery
	NK cells from ACR patients exhibit a distinct activation of “inflamed” transcriptional programs
	Monocytic subsets play an important role in immune remodeling after LT
	Differences in the cell-to-cell communication network between the non-ACR and ACR groups

	Discussion
	Materials and methods
	References
	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information



