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Abstract: Recurrence of hepatocellular carcinoma (HCC) after liver transplantation (LT) is a marker of poor prog-
nosis. However, the reliable biomarkers of post-LT HCC recurrence remain to be identified. In this study, serial
peripheral blood samples from the LT recipients with and without HCC recurrence were collected at five time points.
Single-cell mass cytomertry (CyTOF) was utilized for the in-depth analysis of peripheral blood monocellular cells
(PBMCs). CyTOF analysis showed that at 3 weeks post-LT, the activated immune cell population was increased,
while the fraction of immune cells with suppressive functions (myeloid-derived suppressive cells) was reduced. The
post-LT immune composition in patients with LT for HCC was enormously different from that in patients with LT for
causes other than HCC. Furthermore, at 3 weeks after LT, compared with patients without recurrence, the patients
with HCC recurrences were high in two subsets of T cells: CD57* HLA-DR* CD8* and CD28*yd. The CD57* HLA-DR*
CD8" T cells presented high levels of perforin, granzyme B, and Ki-67 and displayed a highly cytotoxic and prolifera-
tive phenotype, while the CD28*yd T cells had reduced levels of IFN-y and, hence, were less activated compared to
CD28 cells. Based on these findings, we concluded that analyzing the PBMCs of LT recipients by CyTOF can predict
the post-LT HCC recurrence. The distinct immune features can stratify patients with the risk of HCC recurrence at 3
weeks after LT, which will help clinician in further management plan and improve the prognosis of patients.
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Introduction cases. A liver transplant (LT) is the most effec-

tive treatment option in selected candidates as

Primary liver cancer is the sixth most common
cancer and the third leading cause of cancer-
related deaths worldwide. Hepatocellular carci-
noma (HCC), the most common type of primary
liver cancer, accounts for 75-85% of these

it removes the tumor together with the diseased
organ [1, 2]. Despite the strict selection criteria,
a significant fraction of patients (around 20%)
experience tumor recurrence [3, 4]. Recurrence
has a severe negative impact on the OS, with
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the median survival time of 8.7 months [5].
Therefore, it is crucial to accurately predict the
risk of recurrence so that an effective manage-
ment approach can be applied to improve the
OS of HCC patients with LT. Currently, the path-
ological parameters, such as tumor burden
(number, diameter), tumor differentiation, vas-
cular invasion, alpha-fetoprotein level, are
widely used for the risk predictors of recurrence
[6-10]. As these parameters exclusively focus
on the pre-transplant state of the HCC patients,
the effect from LT surgery and post-LT manage-
ment is not considered, which leads to the low
predicting power [8]. An effective approach that
combines the impact of LT and post-LT man-
agement, the tumor stage, and the clinical
state of the patients will be more reliable to pre-
dict the recurrence.

Immune system actively shapes not only the
post-transplant outcomes (acceptance and
rejection of the allograft), but also the deve-
lopment of recurrence. However, the influence
of immune system is complex. When a strong
immune system functions in surveillance
against tumor recurrence, it increases the
chance of allograft rejection [11]. Therefore,
monitoring the changes in the immune system
can be an efficient approach for the prognostic
evaluation of post-LT patients. A few immuno-
logical biomarkers have been developed to
evaluate the risk of recurrence. For example,
the high level of preoperative C-reactive protein
(CRP) and the higher neutrophil-to-lymphocyte
ratio (NLR) (specifically, NLR >5) are associated
with the worse prognosis and the increased
risk of recurrence among HCC patients who
underwent resection or LT [12-14].

CD4* T cell and T regulatory cell (Treg) also
affect HCC recurrence after resection or LT [15-
17]; however, they have not been widely adopt-
ed clinically due to low accuracy. When CRP
level and Treg fraction fail to predict the post-LT
HCC recurrence, higher NLR is also not accu-
rate enough with very low specificity [13, 18,
19]. Therefore, it is an urgent need to identify
explicit biomarker to predict HCC recurrence in
LT patients.

The newly developed platform, Cytometry by
Time-Of-Flightor (CyTOF), also known as Mass
cytometry, has made the high dimensional
analysis of the immune system at a single cell
level possible. It also enables the real-time
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measurement of >40 markers on a single cell
[20], a systematic profiling of the human periph-
eral immune atlas.

In this study, we utilized CyTOF to perform the
in-depth analyses of the peripheral blood
monocellular cells (PBMCs) of the LT recipients.
Characterization of the dynamic immune com-
position of the peripheral immune system in
these patients before and after LT revealed the
immune features that were specific to post-LT
recipients with HCC recurrence. Our study pro-
vides new insights into the post-LT immune
response and assists in the construction of
immune signature for the early prediction of
recurrence.

Patients and methods
Clinical samples

Perioperative peripheral blood samples were
collected from patients who underwent LT at
SHULAN Hospital, Hangzhou, China between
January 2018 and May 2019. The inclusion cri-
teria of LT patients were: 1) over the age of 18;
2) didn’t receive transcatheter arterial chemo-
embolization (TACE) before surgery; 3) no con-
current autoimmune disease; 4) used a stan-
dard immunosuppressive regimen in SHULAN
hospital; 5) received liver transplantation for
the first time; 6) received modified piggyback
liver transplantation. The written informed con-
sent was obtained from all patients before
enrollment. Blood samples were collected from
participants at 5 timepoints: before LT, 3 days,
1, 2, and 3 weeks after LT. All participants
received followed-up examination. The diagno-
sis of tumor recurrence was based on comput-
erized tomography (CT) scan and serum alpha-
fetoprotein (AFP) level (Figure S3B). The study
protocol was approved by the ethics committee
of SHULAN hospital.

Immunosuppression regimen

For HCC-LT recipients, basiliximab was admin-
istered on the day of surgery and the fourth day
after surgery for induction therapy. Tacrolimus
and mycophenolate mofetil were used regular-
ly, while methylprednisolone was only used
when needed. During surgery, a high-dose ste-
roid (MP1000 mg) was administrated (Figure
S3A). Tacrolimus was administered within 4
days after LT at a concentration of 8-12 ng/ml
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and was used at 7-10 ng/ml in the first month
after LT. Mycophenolate mofetil was adminis-
tered 2 days after LT at a dosage of 1.5 g/d.
Non-HCC-LT recipients received the same
tacrolimus and mycophenolate mofetil adminis-
tration, but additional methylprednisolone was
given from the first day after LT at a starting
dose of 120 mg/12 h, which was gradually
reduced to 16 mg/d in a week.

Blood sample processing

Blood samples were collected in EDTA tubes
(BD) and stored at 4°C. Ficoll density gradient
centrifugation (GE Healthcare) was used to sep-
arate PBMCs from EDTA-treated whole blood,
and the PBMCs were kept in frozen medium
(10% DMSO plus 90% FBS) until further use.

Single-cell suspension preparation

The frozen PBMCs were thawed in RPMI 1640
medium (BasalMedia) containing 1 mM gluta-
mine (Gibco), 2 mM nonessential amino acids
(Gibco), 5% heat-inactivated fetal calf serum,
10 mM HEPES (Invitrogen), penicillin/strepto-
mycin (Gibco), and 25 units/mL benzonase
nuclease (Sigma-Aldrich), and the PBMCs pellet
was obtained by centrifugation. Cold Cell
Staining Buffer (CSB, PBS with 0.5% bovine
serum albumin) was used to wash and resus-
pend the pellet before staining.

Antibodies and antibody labeling

The information of the antibody used in this
study was summarized in Tables S1 and S2.
The MaxPAR antibody Labelling kit (Fluidigm)
was used to label antibodies with metal tags.
The concentration of metal labeled antibodies
was assessed by Nano-100 (Thermo Scientific).
An antibody stabilizer buffer was used to adjust
the concentration of the labeled antibodies to
0.2 mg/ml.

Cell staining

The single cell suspension was stained for via-
bility with 194Pt (Fluidigm) in PBS for 5 min on
ice, washed, and incubated with Fc blocking
mix for 20 min to reduce the non-specific stain-
ing. The samples were then stained with cell-
surface antibodies for 30 min on ice, washed,
and incubated in DNA Intercalator-Ir (Fluidigm)
overnight to discriminate single nucleated cells
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from doublets. Next, the samples were stained
with intracellular antibodies for 30 min on ice.
Each sample was barcoded with a unique com-
bination of isotopes for 30 min before pooling.
Samples were stored at 4°C until analysis.

Cell collection by CyTOF

Barcoded samples were pooled and then resus-
pended with 20% EQ Four Element Calibration
Beads (Fluidigm) to a final concentration of 1
million cells/ml in deionized water. Before data
acquisition, the CyTOF instrument (Helios,
Fluidigm) was calibrated by running tuning and
QC procedures. The pooled samples were ana-
lyzed on the CyTOF instrument at an event rate
of below 300 events/second.

CyTOF data analysis

CyTOF raw data (FCS files) were collected and
normalized with the automated bead normal-
ization method [21]. Samples were de-barcod-
ed using a double-filtering scheme [22] with
mass-tag barcoding and manually gated in
FlowJo (version10.0) to retain single, living, and
intact immune cells (Figure 1). To obtain accu-
rate immune subset information, we applied
X-shift algorithm [23] to sub-sampled cells from
all samples. Specifically, a total of 20,000 cell
events was randomly selected from each sam-
ple and pooled together for X-shift analysis
using Java script (1.8.1). 2D heatmaps were
plotted based on the normalized mean expres-
sion of all or selected markers for identified
clusters (Figure 1B). For data visualization,
t-Distributed Stochastic Neighbor Embedding
(tSNE) algorithm [24] (MATLAB R2018a) was
implemented with all markers. A total of 5000
cell events from each sample were randomly
selected and pooled together for the final visu-
alization (Figure 1C).

Statistics and bioinformatics analysis

PCA analysis was carried out in R (version
3.6.1) to visualize the overall alteration in
immune profile between different groups of
samples. Both paired and unpaired Students’
T-test (R script, version 3.6.1) were performed
to assess the frequency changes in different
immune subsets. Correlation between immune
subsets was examined by Pearson correlation
coefficient calculated using R script (version
3.6.1).
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Figure 1. Immune profiles of peripheral blood monocellular cells (PBMCs) from liver transplantation recipients. A.
Pseudocolor contour plot showing the gating strategy used to obtaining CD45* CD15 immune populations. B. Heat-
map showing normalized mean expression of the markers of 56 X-shift-defined clusters. Clusters are grouped by
expression profiles and cell types are indicated by the color (pDC: plasmacytoid dendritic cells). C. All CD45* CD15
cells are plotted on a t-SNE map colored by 56 X-shift-defined clusters.

Results

Immunophenotyping of liver transplant recipi-
ents

CyTOF was utilized to reveal the dynamic chang-
es in the peripheral immune system of the LT
recipients. A total of 49 blood samples was col-
lected from 12 LT recipients at 5 timepoints:
before surgery (BS), 3 days post-LT (D-3), 1
week post-LT (W-1), 2 weeks post-LT (W-2), and
3 weeks post-LT (W-3). All samples were sub-
jected to CyTOF for immune profiling at a single
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cell level (Figure 2A). The demographic charac-
teristics of these LT recipients were listed in
Tables S3 and S4. Of these 12 LT recipients, 9
received LT for HCC, whereas the rest were for
non-HCC.

To identify the immune signatures associated
with tumor recurrence in LT recipient and to
precisely profile the dynamic immune composi-
tion, the PBMCs containing more than 3 million
CD45* cells were extracted from the collected
samples, and a CyTOF analysis was performed
using a custom-designed antibody panel with
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Figure 2. Imnmunophenotyping of peripheral blood monocellular cells (PBMCs) from liver transplantation recipients.
A. Sample collection and analysis pipeline, PBMCs were collected before surgery (BS) and at 3 days (3D), 1 week
(1W), 2 weeks (2W), 3 weeks (3W) after surgery from patients who received liver transplantation for hepatocellular
carcinoma (HCC-LT, n=9), or other non-HCC reasons (NHCC-LT, n=3). HCC-LT recipients are classified into tumor
recurrence (TR, n=4) group and non-recurrence (NR, n=5) group. Time of flight masscytometry (CyTOF) was used to
analyze collected PBMCs. CyTOF results and clinical data were co-analyzed using multiple bioinformatics methods
to search for immune features unique to TR HCC-LT recipients. B. Visualization of all CD45* CD15 CyTOF events
from 12 enrolled liver transplantation recipients, colored by normalized expression of indicated markers. C. t-SNE
map colored by main cell populations based on manual annotation of X-shift clustering. D. Box plots showing the
percentage of main immune cell populations at 5 peri-transplant time points (BS, n=12; 3D, n=10; 1W, n=9; 2W,
n=6; and 3W, n=12). P-values were calculated using unpaired two-sided Student’s T-test and indicated by numbers.
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42 markers (Tables S1 and S6). X-shift, an
unsupervised clustering algorithm [21], was
applied to manually gated CD45" CD15
immune cells (Figure 1A, Method), which gen-
erated 56 distinct immune subsets (Figure 1B
and 1C).

Based on the lineage marker expression pro-
files in tSNE plots [22], we identified 15 T cell
subsets, 5 B cell subsets, 7 NK cell subsets, 5
plasmacytoid dendritic cell (pDCs) subsets, and
14 myeloid cell subsets (Figures 1B, 1C, 2B, 2C
and 3A). By comparing the population of these
subsets, we observed a substantial increase in
myeloid cells and B cells, while a substantial
decrease in T cells and NK cells in the periph-
eral immune system 3 days post-LT (Figures 2D
and 3B). These alterations were transient as
the population of these cells (T cells, B cells,
and myeloid cells) were gradually back to their
preoperative levels by 3 weeks post-LT.
However, the proportion of pDCs increased
after LT and reached the peak 2 weeks post-LT
(Figure 2D). These findings were also confirmed
by plotting a series of tSNE maps on PBMCs
that were extracted at different timepoints
post-LT (Figure 3C). All these CyTOF analyses
indicated the transient changes in the major
immune subsets of the peripheral blood, which
were returned to pre-LT levels 3 weeks after LT.

Liver transplant induced changes in peritrans-
plant immune compositions

To depict the dynamic changes in the peripher-
al immune system induced by LT, we examined
the alteration in the population of each immune
subset by the X-shift algorithm. The PBMCs
samples from 9 patients were collected at four
timepoints: before surgery, 3 days post-LT
(D-3), 1 week post-LT (W-1), and 3 weeks post-
LT (W-3) for the paired analysis. Two subsets of
plasmacytoid dendritic cells, pDC4 and pDC5
representing 37% and 23% of total pDCs,
respectively (Figure 3D), showed a continuous-
ly significant increase at 3 weeks post-LT
(Figures 4A and S1A). These two clusters
expressed high levels of CD11c, CD123, and
CD38 (Figure 4B). In contrast, the other three
subsets of pDCs initially showed a transient
decrease and then later increased during post-
LT (Figures 4A and S1A). pDCs play a critical
role in the development of immune tolerance
after transplantation [25]. We previously found
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that pDC4 and pDC5 that were HLA-DR-CD86-
and were linked with low levels of antigen pre-
sentation, were responsible for the effector T
cell exhaustion and Treg induction [25].
Furthermore, we also identified four other sub-
types for myeloid cells: M9, M12, M13, and
M14, accounted for 15%, 45%, 13%, and 18%
of total myeloid cells, respectively (Figure 3D).
Myeloid-derived suppressor cells (MDSCs) M13
and M14 expressed low levels of CD14 and
HLA-DR, though the expression levels of CD33,
CD11b, CD11c, and HLA-ABC were high (Figure
4B). The population of M13 and M14 cells was
significantly decreased at 3 weeks post-LT
(Figures 4A and S1B), suggesting that immune
activation occurred after this period. This might
also be the reason of allograft rejection since
MDSCs immune suppression ability dropped at
this time [26, 27].

T cells, another important component of adap-
tive immunity, showed great heterogeneity in
response to allograft. We identified 25 diverse
T cell clusters, including 9 CD4*, 11 CD8*, and
30 T cell subsets (Figures 4C and S2A). Among
these, the composition of CD8" T cells was
more affected by the LT than in other subsets.
The percentage of naive CD8" T cells (TN)
decreased (P-Value =0.049), while the num-
ber of effective memory CD8" T cells (TEM)
increased (P-Value =0.052) at 3 weeks post-LT,
suggesting that the cell-mediated immune sys-
tem was activated after LT (Figure 4D, top
panel). Whereas these variations were not seen
in the CD4"* T cells (Figure 4D, bottom panel).

Furthermore, we observed two patterns of vari-
ation while comparing the changes in the com-
position of CD8* T cell clusters. One dynamic
pattern was associated with T10, T11, and T15
clusters. The fraction of these CD8* T cell clus-
ters was initially decreased at D-3 post-LT, but
then recuperated at W-3 post-LT to preopera-
tive levels (Figures 4E and S2A). These clusters
(T10, T11, and T15) exhibited high levels of
HLA-ABC, CD40, and CD127 and low levels of
CD57 and HLA-DR (Figure 4C). The other
dynamic pattern was associated with T21 and
T25 clusters. Different from the previous pat-
tern, these CD8" T cell clusters were initially
expanded and reached the peak at W-3 post-
LT, which was also different from the dynamics
of total CD8* T cells (Figure S2B). These clus-
ters (T21 and T25) exhibited high levels of
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Figure 3. Immune profiles of peripheral blood monocellular cells (PBMCs) from liver transplantation recipients. A.
Cells colored by normalized expression of indicated markers on the t-SNE map. B. Box plots showing the percent-
age of main immune cell populations at 4 peri-transplant time points (BS, 3D, 1W, and 3W), 9 patients with their
PBMCs collected at all 4 time points were included. P-values were calculated by two-sided paired Student’s T-test
(*: P<0.05, **: P<0.01 and ***: P<0.001). The horizontal line of the box plot indicates the median, the boxes rep-
resent the interquartile range (IQR), and the whiskers reach the farthest data within 1.5%IQR from the median. C.
Plotting PBMCs collected at 5 different time points (BS, 3D, 1W, 2W, and 3W) from liver transplantation recipients
on a tSNE map reveals the peripheral immune composition changes after liver transplantation. D. Pie plot showing
the composition of plasmacytoid dendritic cells (pDCs) and myeloid cells.
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Figure 4. Peripheral immune composition change induced by liver transplantation. A. Box plots showing the per-
centage of indicated B cell and Myeloid cell clusters at 4 peri-transplant time points (BS, 3D, 1W, and 3W), 9
patientswith their PBMCs collected at all 4 time pointswere included. P-values were calculated by two-sided paired
Student’s T-test andindicated by numbers. B. Heatmap showing normalized marker expression of X-shift-defined B
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Clusters were grouped by expression profiles and cell types were indicated by the color. D. Boxplots showing the
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T cells (TEM) inCD4 and CD8 T cells. P-values were calculated by two-sided paired Student’s T-testand indicated by
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using two-sided unpaired Student’s T-testandindicated by numbers.
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CD38, HLA-ABC, and HLA-DR, but had different
levels of PD-1, CD57, and CD161 (Figure 4C). In
addition, the dynamic pattern of HLA-DR* CD8*
T cells was different from HLA-DR CD8"* T cells
(Figure 4F). HLA-DR  CD8* T cells exhibited a
similar pattern as the T10, T11, and T15 clus-
ters, while the HLA-DR* CD8* T cells showed the
similar changing pattern as the T21 and T25
clusters post-LT. Previous studies have report-
ed that the expression level of CD8*HLA-DR* T
cells is associated with chronic immune activa-
tion [28-30]. In this study, we found the exis-
tence of the sustained activation of peripheral
immune cells, which might be the main cause
of allograft rejection.

CD57* HLA-DR* CD8* T cells and CD28*yd T
cells were specific to tumor recurrent HCC-LT
recipients

To differentiate further the tumor specific
immune types and identify possible biomarker
of tumor recurrence, we divided the LT recipi-
ents into three clinical sets: non-HCC LT (NHCC-
LT) recipients (3 patients, 12 samples), HCC-LT
recipients with tumor recurrence (TR) (4 pa-
tients, 17 samples), and HCC-LT recipients
without recurrence (NR) (5 patients, 20 sam-
ples). The clinical features of all HCC-LT recipi-
ents were described in Table S5.

To explore the distribution of immune subsets
among these three clinical groups, tSNE was
applied. We found that NHCC-LT and HCC-LT
recipients had very different immune cell com-
position, while there was small but evident dif-
ference between TR HCC-LT and NR HCC-LT
patients (Figure 5A). TR HCC-LT and NR HCC-LT
recipients shared a larger overlapped area
(95%) of confidential ellipse when compared to
NHCC-LT recipients by principal component
analysis (PCA), which was in consistent with the
above results (Figure 5B). Furthermore, PCA
also showed that HCC-LT recipients had larger
confidential ellipse (95%) compared to NHCC-
LT, which signified the heterogeneity in the im-
mune composition of HCC-LT recipients (Figure
5B).

Furthermore, comparison of the fractions of
the immune cells revealed that a total of 26
immune subsets were markedly different
between HCC-LT and NHCC-LT groups (Figure
5C top panel). Of these, 15 clusters were differ-
ent before LT; however, after LT, the number of
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different immune clusters was significantly
reduced to six at 1 and 3 weeks post-LT.

Although there were no noticeable variations
between TR and NR HCC-LT groups before LT
and during D-3 to W-1 post-LT (Figure 5C, bot-
tom panel), two immune subsets were different
at W-3 post-LT between these groups (Figure
5C, bottom panel). Those immune cells were
T14,avyd T cell subset, and T21, a CD8* T cells.
T14 cells express high levels of CD28, CD127,
CD161 and T-bet, while intermediate levels of
HLA-DR and CD38, and low level of CD45RA.
We observed that the T14 cells were signifi-
cantly expanded in HCC-LT recipient 3 weeks
post-LT, particularly in TR HCC-LT group (Figures
5C, 5D, S4A, and S4B). Whereas T21 cells, a
subset of CD8* T cells expressing high levels of
CD57, HLA-DR, and CD38, were expanded in TR
HCC-LT group compared to NRHCC-LT and
NHCC-LT group at 3 weeks post-LT (Figures 5C,
5D, and S4B). We also confirmed these findings
via manual gating of T14 and T21 and identify-
ing CD28* CD127* cells from yd T cells, and
CD57* HLA-DR* cells from CD8* T cells (Figure
5E).

Moreover, to depict the phenotype of the T21
cluster, we compared the expression levels of T
cell functional markers among manually gated
CD57+* HLA-DR* CD8* T cells (T21) and three
other manually gated CD8" T cell subsets with
different expression levels of CD57 and HLA-
DR. The T21 subset (CD57* HLA-DR*CD8* T
cells) demonstrated low expression levels of
costimulatory markers CD27 and CD28, but
relatively high expression levels of PD-1 and
CD38 (Figure 5F). These data suggested that
the T cells in T21 subset had the phenotype of
late-stage effectors (with CD45RA+ and CCR7-)
that had experienced T cell activation [31].

In-depth functional assessment of CD57* HLA-
DR* CD8* T cells and CD28*yo T cells

Having identified the properties of different
immune subset cells, we sought to further
explore their immune mechanisms. T21 (CD57*
HLA-DR* CD8"* T cells), T14 (CD28*yo T cells),
and peripheral blood samples were collected
from 3 other HCC-LT recipients at 3 weeks post-
LT, and the in-depth CyTOF functional assess-
ment was performed (Figure 6A). This analysis
comprised 30 cytokines and functional bio-
markers (Tables S2 and S7). Data was pro-
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two-sided unpaired Student’s T-test. Each unit of the heatmap represents the significance of the immune composi-
tion difference for the indicated cluster at the indicated time point and was painted to red if P-value <0.05. D. Box
plots showing the frequency comparisonsof cluster T14 (up) and T21 (bottom) in NHCC recipients, TR recipients,
and NR recipients at 3 weeks after transplantation. P-values are calculated using two-sided unpaired Student’s T-
test andindicated by numbers. E. Biaxial plots showing manually gated T14 and T21 from representative samples.
T14 was manually gated by high expression of CD28 and CD127 (up), T21 was manually gated by high expression of
CD57 and HLA-DR (bottom). F. Box plots showing the positive percentages of PD-1/CD38/CD27/CD28 in 4 groups
divided according to the expression of CD57 and HLA-DR. P-values were calculated using two-sided paired Student’s
T-test andindicated by numbers.
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cessed, and CD8* T cells were segregated into
4 parts based on the expression levels of CD57
and HLA-DR (Figure S5A), while yd T cells were
segregated into 2 parts based on the expres-
sion levels of CD28 T cells, on manual gating
(Figure S6). We found that CD57* CD8* T cells
(T21 cluster) displayed low level of costimula-
tory receptor (CD28) but considerably high lev-
els of cytotoxic makers (perforin and granzyme
B) as compared to CD57 CD8* T cells (Figure
6B and 6C). Furthermore, CD57* HLA-DR* CD8*
T cells (T21) expressed higher level of Ki-67
than CD57* HLA-DR CD8* T cells, suggesting
the high proliferation rate of CD57* HLA-DR*
CD8* T cells. This subset also expressed the
highest level of PD-1 among all four CD8* T cells
groups (Figure 6C). Collectively, these findings
suggested CD57* HLA-DR* CD8* T cells were
highly proliferative and cytotoxic T cells. In con-
trast, CD28*yd T cells expressed lower level of
IFN-y than CD28Vd T cells, suggesting a less
cytotoxic phenotype (Figure 6D).

Systematic correlation analysis revealed im-
mune subsets relationships specific to HCC-LT
recipients with tumor recurrence

To determine the key immune regulators in-
volved in tumor recurrence and reveal the
immunological differences between TR HCC-LT
and NR HCC-LT recipients, a complete associa-
tion analysis of all identified immune clusters
was performed. A triangle correlation heat-map
was constructed, which revealed several differ-
ences between TRHCC-LT and NR HCC-LT recip-
ients (Figure 7A). For example, many noticeable
association patterns in the NR HCC-LT group
(as indicated in the red box in Figure 7A) were
not detectable in the TRHCC-LT group, while
many insignificant associations in the NRHCC-
LT group (as indicated in the green box in Figure
7A) were enhanced in the TR HCC-LT group.

Furthermore, the correlations of T14 and T21
immune subsets with other clusters were stud-
ied in the TR HCC-LT recipients. As shown in
Figure 7A and 7B, T22 (CD57* HLA-DR PD-1+
CD4* T cells) and T23 (CD57* HLA-DR* PD-1+
CD4* T cells) were closely correlated with T21
(CD57* HLA-DR* CD8* T cells) in TR HCC-LT
recipients. Similarly, there was a substantial
association between T14 (CD28*yd T cells) and
T12 (CD27* CD28* HLA-DR* CD4* T cells) in TR
HCC-LT recipients. In contrast, all these asso-
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ciations were not detected in the NR HCC-LT
recipients. Similarly, a substantial association
between pDC4 (CD11b* CD11c* CD38hipDCs)
and T14 in NRHCC-LT recipients was observed
which was not present in TR HCC-LT recipients
(Figure 7B).

Taken together, all these findings validated the
robust interactions among immune subsets,
explicitly those that were reinforced in the
TRHCC-LT recipients, suggesting their potential
role as a biomarker in the prediction of recur-
rences among HCC-LT recipients.

Discussion

Liver resection and LT are the most effective
curative treatment options for localized HCC.
However, the prognosis of HCC remains poor
due to the high recurrence rate of HCC. Early
prediction of recurrence will be critical to
improve the prognosis of HCC.

Immune environment after LT has long been
linked with the prognosis of recipients. Here,
we used CyTOF at single-cell level and per-
formed comprehensive phenotyping of PBMCs
among LT recipients.

Single-cell mass cytometry was performed to
identify differences between tolerant pediatric
liver transplant recipients and recipients who
are stable on single-agent immunosuppres-
sion. High-dimensional phenotypic analysis
revealed distinct immunoprofiles between
transplant populations as well as a CD4* T cell
subset of operational tolerance (CD4* CD5*
CD25* CD38/lo CD45RA) that correlated with
tolerance in pediatric recipients [32]. Study
also demonstrated an imaging mass cytometry
panel of 10 validated markers was developed
to explore the feasibility in characterizing the
immune landscape of chronic rejection ob-
tained from adult liver transplant recipients
[33]. Thus, mass cytometry has been deter-
mined to have the potential to detect new bio-
markers, identify therapeutic targets, and gen-
erate patient-specific predictive models of clini-
cal outcomes in solid organ transplantation
[34, 35].

Our analysis elucidated the transient as well as
sustained changes in the peripheral immune
system composition in patients 3 weeks post-
LT. Two immune subsets that might assist in
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Figure 7. Correlation Analysis of X-shift-defined immune clusters in tumor recurrence (TR) and non-recurrence (NR)
recipients. A. Heatmap showing pairwise Pearson correlation coefficients of immune cell phenotypes in TR and NR
groups. Green rectangles indicatedstrong correlations unique to TR recipients. The red rectangle indicatedstrong
correlations unique to NR recipients. B. Scatterplots showing strong correlations unique to TR or NR groups. Pearson

correlations and P Values were indicated.

the early prediction of HCC among post-LT
recipient were also identified, and theirimmune
features were demonstrated.

As previous studies have focused on the limited
number of immune subsets [36], we carried out
an in-depth profiling of the peripheral immune
system in LT recipients. We discovered a series
of dynamic changes in several immune sub-
sets. The fraction of activated T cells (i.e., CD8*
TEM, HLA-DR* CD8" T cells) was increased,
while the number of suppressive immune cells
(MDSCs) was decreased post-LT (Figures 4A,
4D, and S1).

Importantly, we identified two immune subsets
(CD57* HLA-DR* CD8* T cells and CD28*yd T
cells) that differed considerably between LT
recipient with and without recurrence at 3
weeks post-LT (Figure 5C-E), although there
was no difference in the total immune signa-
tures (Figure 5A-C). These two immune subsets
were found at higher level in the post-LT
patients with the recurrence than without recur-
rence. We speculated these two subsets were
the tumor-sensitive immune subsets induced
by anti-tumor response in a low tumor burden
environment. Indeed, single-cell mass CyTOF
analysis of the peripheral immune system
revealed that distinct responses in the LT recip-
ient with HCC recurrence could be detected as
early as 3 weeks after LT.

In addition, we discovered a tumor-specific
CD28*yd T cell subset with high expression lev-
els of CD27,CD127, CD161, T-bet, and HLA-DR,
and low expression level of CD45RA (Figure
4C). Previously, CD45RA-CD27*yd T cells were
defined as central memory (TCM) subsets [37].
CD21 is essential for the growth of IFN-y-
producing yo T cells in infection models [38].
CD27*y0 T cells secrete IFN-y and are different
from CD27vy0 T cells [39]. CD28 is crucial for
the survival, proliferation, and cytokine produc-
tion of yO T cells [40, 41]. Growing evidence has
proven that yd T cells have anti-tumor as well as
pro-tumor activities. Although yd T cells can
constrain tumor growth by secreting inflamma-
tory cytokines including IFN-y and TNF-a [42],
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yo T cells can promote tumor growth via the
production of IL-17 and the recruitment of
MDSCs in the tumor microenvironment [43].

CD28*yd T cells had high CD27 and T-bet lev-
els, suggesting the involvement of yd T cell sub-
set in preventing tumor recurrence in LT recipi-
ents. Our results also suggested that T14 sub-
set, a central memory yd T cell (TCM) subset,
had anti-tumor action in response to the low
tumor burden environment in peripheral blood
of TR HCC-LT recipients. Nevertheless, further
study is needed to determine the exact type of
antigen that CD28*yd T cells recognizes, and
whether CD28*yd T cells can be utilized as pos-
sible immunotherapy target against tumor
recurrence.

Furthermore, the number of activated CD8* T
cells expressing high levels of activation mark-
ers, such as CD57, CD38 and HLA-DR, was
explicitly high in TR HCC-LT recipients at 3
weeks post-LT (Figure 4C). These T cells also
expressed high levels of cytotoxic markers,
such as Granzyme B and perforin, exhibiting a
hyperactive and cytotoxic phenotype. These
findings are in consistent with previous reports
of high CD8" CD57+ T cells in patients with
AIDS and pulmonary tuberculosis [44, 45].

CD8* CD57* T cells are known to undergo oligo-
clonal expansion and exert immunosuppres-
sive activity in organ transplant patients [46].
Their clonal increase has also been reported in
autoimmune diseases, infectious diseases,
cancer, and allograft transplantation [47]. CD8*
CD57* T cells have also been reported to have
impaired proliferation [48]. Conversely, we
found that expression levels of Ki-67 and PD-1
were higher in HLA-DR* CD57* CD8"* T cells than
in HLA-DR™ counterparts (Figure 6C), suggest-
ing that their active role was possibly due to
their interaction with the tumor or allograft anti-
gens. This proliferation of cytotoxic HLA-DR*
CD57* CD8* T cells in TR recipients indicated
the primary immune response against tumor.
We also found that unlike CD28*yd T cells, the
population of HLA-DR* CD57* CD8* T cells was
only expanded in the LT recipient with HCC
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recurrence, while their population in the NHCC-
LT patients and LT recipient without tumor
recurrence was similar before and after sur-
gery. These data suggested that tumor antigen
was essential for the expansion of this subset
(Figure 5D), which was only present in TR HCC-
LT recipients but not in NR HCC-LT nor in LT
patients without recurrence. Although the role
of HLA-DR* CD57* CD8"* T cells in the evolution
of tumor recurrence is still not clear and needs
further study, our findings suggested that these
two immune subsets might serve as diagnostic
biomarkers of tumor recurrence in HCC-LT
recipients as early as 3 weeks post-LT.

There are several limitations in this study. First,
the number of HCC patient (n=12) enrolled in
this study was small, and only a few (n=4) devel-
oped tumor recurrence after LT. Hence, our
findings should be further validated on a large
cohort of HCC-LT recipients. Second, samples
collected from more timepoints will provide
more detailed information on the immune land-
scape of HCC-LT patients. Nevertheless, by
performing immunophenotyping using single-
cell CyTOF, we revealed the comprehensive
changes in the immune arena of patients with
LT. Single-cell CyTOF could be an effective
approach to identify immune diagnostic signa-
ture for the early prediction of post-LT tumor
recurrence.
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Table S1. CyTOF panels 42 makers panel used in the experiment

Biomarkers Biomarkers

CD3 T cell CD80 Costimulatar-L
CDh4 CD4"T cell CD86 Costimulatar-L
Ccb8 CD8*T cell Cb123 pDC
CD11b Myeloid cells Ccbh127 IL7-R
CD11c DC CcDhi61 Th17, NK
CD15 granulocytes CD163 M2
CD14 LPS-R CD273 PD-L2
CD16 NK, granulocytes CD274 PD-L1
CD19 B cells PD-1 Coinhibitory-R
CD24 Breg CTLA-4 Coinhibitory-R
CD25 Treg TIM-3 Coinhibitory-R
Cbh27 Costimulatar-R, Breg LAG-3 Coinhibitory-R
CD28 Costimulatar-R FOXP3 Treg
CD33 MDSC HLA-A/B/C HLA-I
CD38 cADP enzyme HLA-DR HLA-II
CD40 Costimulatar-R yOTCR yo T cells
CD45 leukocyte NKG2D NK cell
CD45RA Naive cell T-Bet Thl
CD56 NK cells CCR7 Tou
CD57 NK cells gD Naive B cells
CD68 Macrophage CcDhi117 c-kit

Table S2. CyTOF panels 30 makers panel used in the functional assessment

Biomarkers Biomarkers

CD3 T cell IL-1b Cytokine
Cb4 CD4 T cell IL-2 Cytokine
CD8 CD8 T cell IL-4 Cytokine
CD11b Myeloid cells IL-8 Cytokine
CD11c DC 19 Cytokine
CD20 B Cell IL-10 Cytokine
CD28 Costimulatar-R I-13 Cytokine
CD33 MDSC IL17a Cytokine
CD38 CADP enzyme IL-21 Cytokine
CD45 leukocyte PD-1 Coinhibitory-R
CD57 B3GAT1 Ki-67 Proliferation
CD68 Macrophage TNF-o Cytokine
CDh123 pDC Perforin Cytotoxicity
yOTCR yoT cell Granzyme B Cytotoxicity
HLA-DR HLA-II IFN-y Cytokine
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Table S3. Detailed patient information P1-P9, HCC-LT recipients; P10-P12, NHCC-LT recipients

Billirubin  Albumin WBC Creatinine Encephal- MELD

Age Male (umol/L) /L) INR (10%L)  (umol/L) opathy Ascites score ALT  AST
P1 43 0 50 305 134 19 48 0 0 6.76 43 92
P2 36 1 21 454 132 A7 67 0 0 2.19 41 57
P3 35 1 215 322 143 133 75 0 1 24.48 9 52
P4 61 1 30 331 126 25 56 0 0 3.18 44 77
P5 54 1 14 457 116 5.7 62 0 0 -3.31 45 31
P6 43 1 40 354 165 1.7 62 0 0 9.17 28 40
P7 62 1 64 43.7 179 159 111 0 0 19.65 669 1025
P8 28 1 23 393 116 8.1 73 0 0 2.63 83 111
P9 49 1 34 427 152 55 86 0 1 10.13 23 568
P10 42 1 145 337 274 91 51 1 1 23.29 239 601
P11 40 1 173 351 295 129 44 1 1 2411 907 183
P12 67 0 114 305 4.27 16 142 1 0 35.09 174 350

Table S4. Demographics of Patient Cohort, liver function, and other laboratory examination result

Demographic factor HCC—L(anfgl)plents NHCC_IEELZ(;IDIGNS
Age 45.67+11.14 49.67+12.28
Male 8 (89%) 2 (67%)
Billirubin (umol/L) 54.56+58.55 144.00+24.10
Albumin (g/L) 38.67+5.65 33.10+1.93
INR 1.40+0.20 3.32+0.68
WBC (10°/L) 6.59+4.74 12.67+2.82
Creatinine (umol/L) 71.11+17.57 79.00+44.64
Encephalopathy 0 3 (100%)
Ascites 2 (22%) 2 (67%)
MELD score 8.321+8.35 27.50+5.38
ALT (U/L) 109.44+198.76 440.00+331.28
AST (U/L) 228.11+323.21 378.00£171.79

INR: International Normalized Ratio, WBC: White Blood Cell (Count), MELD: Model for end-stage liver disease, calculated as:
MELD = 3.78x%In [serum bilirubin (mg/dL)] + 11.2xIn[INR] + 9.57%In [serum creatinine (mg/dL)] + 6.43, ALT: Alanine amino-
transferase, AST: Aspartate aminotransferase.
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Table S5. Oncological characteristic of patients received liver transplantation for hepatocellular carci-
noma

Oncology characteristics Tum.or. recurrence Norj—recurrence
recipients (n=4) recipients (n=5)

Age 39.00+8.28 51.20+10.19
Male 5% 100%
MELD Score 11.00+8.22 6.18+7.81
AFP 33203.25+26884.79 74.70+£120.04
Tumor number

1 1 (25%) 2 (40%)

2 0 0

>3 3 (75%) 3 (60%)
Maximum diameter(cm) 4.50+1.50 3.84+1.96
Differentiation

poor 3 (75%) 1 (20%)

intermediate 1 (25%) 3 (60%)

well 0 1 (20%)
MVI

MO 0 4 (80%)

M1 1 (25%) 0

M2 3(75%) 1 (20%)
Within Millan Criteria 0 1 (20%)
Within Hangzhou Criteria 0 3 (60%)

MELD: Model for end-stage liver disease, AFP: Alpha fetal protein, MVI: microvascular invasion. Millan Criteria: Single nodule no
larger than 5 cm, or up to 3 nodules no larger than 3 cm. Hangzhou Criteria: Tumor burden up to 8 cm, or AFP up to 400 ng/
ml, and well-moderate differentiation.
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Table S6. Antibody information Mass-tags, clone, brands of antibodies used in the CyTOF experiment

No. mass-tag antibody Clone Brand

1 89Y CD45 HI30 BioLegend
2 115In CD3 UCHT1 BioXcell

3 139La CD68 Y1/82A BioLegend
4 141Pr CD56 NCAM16.2 BD biosciences
5 142Nd yOTCR 5A6.E9 home-made
6 142Nd CD19 HIB19 BioLegend
7 143Nd CD27 0323 BioLegend
8 144Nd CD14 M5E2 BioLegend
9 145Nd IgD IAG-2 BioLegend
10 146Nd CD123 6H6 BioLegend
11 147Sm CD15 WeD3 BioLegend
12 148Nd CD33 WM53 BioLegend
13 149Sm CD25 24212 R&D Systems
14 150Nd CD274 (PD-L1) 29E.2A3 BioLegend
15 151Eu CD38 HIT2 BioLegend
16 152Sm LAG-3 (CD223) 874501 R&D Systems
17 153Eu Chi61 HP-3G10 BioLegend
18 154Sm Cbi1e3 GHI/61 BioLegend
19 155Gd CD45RA HI100 BioLegend
20 156Gd CD86 Fun-1 BD biosciences
21 158Gd CD197 (CCR7) GO43H7 BioLegend
22 159Tb CD11c BU15 BioLegend
23 160Gd CD28 CD28.2 BioLegend
24 161Dy CD152 (CTLA-4) 14D3 eBioscience
25 162Dy FOXP3 PCH101 eBioscience
26 163Dy CD24 ML5 BioLegend
27 164Dy CD57 HCD57 BioLegend
28 165Ho0 TIM-3 (CD366) F38-2E2 BioLegend
29 166Er NKG2D (CD314) 1D11 BioLegend
30 167Er HLA-A/B/C W6/32 BioLegend
31 168Er T-Bet 4B10 BioLegend
32 169Tm CD40 82111 R&D Systems
33 170Er CD127 (IL-7Ra) A019D5 BioLegend
34 171Yb CD273 24F.10C12 BioLegend
35 172Yb CD117 (c-kit) 104D2 BioLegend
36 173Yb CD80 2D10.4 eBioscience
37 174Yb CD279 (PD-1) EH12.2H7 BioLegend
38 175Lu CDh16 3G8 BioLegend
39 176Yb HLA-DR L243 BioLegend
40 197Au CDh4 RPA-T4 BioLegend
41 198Pt CD8 RPA-T8 BioLegend
42 209Bi CD11b M1/70 home-made
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Figure S1. The frequency change of X-shift-defined immune subsets. Box plots showed the percentage of indicated
immune cell subsets at 5 peri-transplant time points (BS, 3D, 1W, 2W, and 3W), P-values were calculated by two-
sided unpaired Student’s T-tes t(*: P<0.05, **: P<0.01 and ***: P<0.001) The horizontal line of the box plot in-
dicates the median, the boxes represent the interquartile range (IQR), and the whiskers reach to the farthest data
within 1.5xIQR from the median. A: The frequency change of 5 plasmacytoid dendritic cell subsets. B: The frequency
change of 14 myeloid cell subsets. C: The frequency change of 5 B cell subsets. D: The frequency change of 7 NK

cell subsets.
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Figure S2. The peri-transplant frequency change of X-shift-defined T cell subsets. Box plots showing the percent-
age of indicated immune cell subsets at 5 peri-transplant time points (BS, 3D, 1W, 2W, and 3W), P-values were
calculated by two-sided unpaired Student’s T-test (*: P<0.05, **: P<0.01 and ***: P<0.001) The horizontal line
of the box plot indicates the median, the boxes represent the interquartile range (IQR), and the whiskers reach to
the farthest data within 1.5xIQR from the median. A: The frequency change of 25 T cell subsets. B: The frequency
change of the total CD4* T cells (left), and CD8* T cells (right).
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Figure S3. Relevant clinical information. A. Use of glucocorticoid for patients who received liver transplantation for
hepatocellular carcinoma, cells are colored if the indicated glucocorticoid is applied. B. Computerized tomography
(CT) Imaging verifying the tumor recurrence in four patients who received liver transplantation for hepatocellular
carcinoma.
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Figure S4. Frequency change and marker expression of X-shift-defined cluster T14 and T21 after liver transplan-
tation (LT). A. Boxplots comparing the frequency of cluster T14 between patients receiving LT for hepatocellular
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quency of cluster T14 (up) and T21 (bottom) between HCC-LT recipients who developed tumor recurrence (TR) after
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CD8* T cells, CD57* HLA-DR CD8* T cells, and CD57* HLA-DR* CD8"* T cells. P-Values were calculated by two-sided
unpaired Student’s T-test (*: P<0.05, **: P<0.01 and ***: P<0.001) The horizontal line of the box plot indicates
the median, the boxes represent the interquartile range (IQR), and the whiskers reach to the farthest data within
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Table S7. Antibody information Mass-tag, clone, brands of antibodies used in the functional assess-
ment panel

No. mass-tag antibody Clone Brand

1 89Y CD45 HI30 BioLegend
2 115In CD3 UCHT1 Bio X cell
3 139La IFN-y B27 BioLegend
4 142Nd gdTCR 5A6.E9 Home-made
5 145Nd CD20 2H7 BioLegend
6 146Nd CDh123 6H6 BioLegend
7 148Nd IL-2 MQ1-17H12 BioLegend
8 149Sm IL-10 JES3-9D7 BioLegend
9 150Nd IL-4 MP4-25D2 BioLegend
10 151Eu IL-8 ESN1 BioLegend
11 152Sm TNF-a Mab11 BioLegend
12 153Eu CD57 HCD57 BioLegend
13 156Gd IL-13 JES10-5A2 BioLegend
14 159Tb CD33 WM53 BioLegend
15 160Gd CD28 CD28.2 BioLegend
16 161Dy IL-17a BL168 BioLegend
17 163Dy CD68 Y1/82A BioLegend
18 164Dy CD38 HIT2 BioLegend
19 165H0 IL-1b 8516 RD systems
20 166Er Perforin B-D48 Abcam
21 168Er CD11c BU15 BioLegend
22 169Tm Ki-67 SolA15 eBioscience
23 171Yb IL9 MHO9A4 BioLegend
24 172Yb IL-21 3A3-N2 BioLegend
25 173Yb Granzyme B QA16A02 BioLegend
26 174Yb PD-1 EH12.2H7 BioLegend
27 176Yb HLA-DR L243 BioLegend
28 197Au CDh4 RPA-T4 BioLegend
29 198Pt CD8 RPA-T8 BioLegend
30 209Bi CD11b M1/70 Home-made
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Figure S5. Gating strategy of CD57* HLA-DR* CD8* T cells (cluster T21). A. Pseudocolor contour plot depicting the
gating strategy to obtain CD57* HLA-DR* CD8* T cells. B and C. Pseudocolor contour plot explaining how positive

subsets of indicated biomarkers were defined.
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Figure S6. Gating strategy of CD28* yo T cells (cluster T14). Pseudocolor contour plot explaining how positive sub-
sets of indicated biomarkers were defined.
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