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inference and clustering analysis, and CellChat analysis were used to identify the
functions of each cell cluster. Immunohistochemistry and multicolored immuno-
histochemistry analysis were applied to confirm the intratumoral cell types, and
the prognostic value of CXCL13+CD8+T cells in patients with gallbladder carci-
noma liver metastases with immunotherapy was evaluated. Four biliary tract
carcinoma and 3 immunotherapy bulk RNA-seq datasets were analyzed to
investigate the prognostic value of CXCL13+CD8+T cells and SPP1+TAMs.
Result: A total of 19,648 high-quality single-cell transcriptome data were obtained
from liver metastasis before and after aPD-1 therapy. We discovered improved
cytotoxic activity in CD8+T cells and enhanced proinflammatory phenotypes in
myeloid cells. The identified SPP1+TAMs were related to poor prognosis. The
increased effector/memory T cells represented characteristics similar to
exhausted T cells in transitory status after aPD-1therapy, which may play a crucial
role in the antitumor immune response. We further revealed that CXCL13+T cells
in a high subtype of biliary tract carcinoma were characterized as a ‘hot tumor’
profile with high immune scores, correlated to the immunostimulatory context with
favorable survival, and can predict effective responses to immunotherapy.
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INTRODUCTION

Gallbladder carcinoma (GBC) is the most common cancer
of the biliary tract and the sixth most common type of
gastrointestinal cancer globally, with substantial variation
by sex and geographical region.l Although surgery is
commonly used in GBC, the therapeutic effect is limited as
most patients are diagnosed at advanced stages, and only
10% of patients are eligible for surgery.?d The clinical
outcome of GBC is poor, with an overall 5-year survival
rate of less than 5%.5! Although gemcitabine combined
with cisplatin revealed significant antitumor activity as the
first-line therapy for metastatic biliary tract cancer (BTC),
no recommended therapy has been established yet after
the failure of first-line treatment.”!

Research efforts toward programmed cell death 1
protein (PD-1) blockade immunotherapy had been done
in BTC. A phase 2 study of Nivolumab for patients with
advanced refractory BTC, including 17 patients with
GBC, showed a modest efficacy with a durable
response.”®! The combination strategy of PD-1 inhibitors
and chemotherapy for advanced patients with BTC also
revealed signs of clinical activity, indicating a promising
efficacy of immunotherapy in GBC.[%!

Tumor-infiltrating lymphocytes are crucial to the prog-
nosis of patients and closely correlated with the curative
effect of immune checkpoint inhibitorst”8 Single-cell RNA
sequencing (scRNA-seq) provides a powerful means to
identify the expression profiling of specific cellular compo-
sition and transcriptional landscape, offering deeper
insights into cellular diversity./®! Revealing the characteristic
of TME in GBC is of great importance to guide
immunotherapy. This study aimed to reveal the change of
TME in metastatic GBC from an immunotherapy responder
by scRNA-seq and improve the understanding of the
mechanisms of aPD-1 therapy in GBC, aiming to find a
potential prognostic biomarker for immunotherapy in BTC.

METHODS
Human tumor samples

The samples were collected from the gallbladder liver
metastasis lesion in an aPD-1 responder before and after
therapy by biopsy, including fresh samples for scRNA-
seq and formalin-fixed and paraffin-embedded for

Conclusions: Our study provided an overview of immune cell dynamics in
gallbladder carcinoma liver metastases after aPD-1 treatment and highlighted
the importance of CXCL13+T cells in biliary tract carcinoma and effective
responses to immunotherapy, which would advance the understanding and
treatment of the disease.

immunohistochemistry (IHC) examination (Figure 1A).
Formalin-fixed and paraffin-embedded samples from
7 patients who received gallbladder carcinoma liver
metastases (GLM) resection were collected for
validation. All of them received aPD-1 therapy following
surgery. The immunotherapy response information
(including 3 responders and 4 nonresponders) was
obtained from the electronic medical record. Written
informed consent was obtained from the patient, and
ethical approval was obtained from the Institutional
Review Board of Fudan University Shanghai
Cancer Center, following the Declaration of Helsinki
(Shanghai, China, IRB approved protocol number
GDREC2016175H).

Single-cell dissociation

The fresh biopsy samples were digested with Solo
Tumor Dissociation Kit (Sinotech Genomics, JZ-SC-
58201) for 45 minutes at 37°C with sustained agitation.
Next, samples were filtered through 40 um sterile
strainers and centrifuged at 300 g for 5 minutes. After
supernatants were discarded, the pelleted cells were
suspended in Red Blood Cell Lysis Buffer (Miltenyi
Biotec) to lyse red blood cells, and cells were incubated
at 25°C for 10minutes. After washing with PBS
containing 0.04% BSA, cell pellets were resuspended
in PBS containing 0.04% BSA and passed through a
35 pm cell strainer. Dissociated single cells were
stained using Calcein-AM (Thermo Fisher Scientific)
and Draq7 (BD Biosciences) to assess the viability
using BD Rhapsody Scanner (BD Biosciences) for
quality assessment.

Single-Cell RNA library and Sequencing

Cells were loaded in BD Rhapsody micro-well car-
tridges with cell capture beads.['”! Next, cell capture
beads were retrieved, and reverse transcription was
performed. The cDNA library was constructed by
microbeads-captured single-cell transcriptome contain-
ing cell labels and unique molecular identifiers informa-
tion. All procedures were performed with BD Rhapsody
cDNA Kit (BD Biosciences, Cat. No. 633773) and BD
Rhapsody Targeted mRNA & AbSeq Amplification Kit
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(A) Scheme of experimental design. (B) UMAP plot of 19,648 cells from pre-aPD-1 and post-aPD-1 therapy biopsy samples.

(C) Heatmap of the characteristic gene in each cell cluster. (D) UMAP plot of the distribution of cells from pre-aPD-1 and post-aPD-1 therapy samples.
(E) Proportion of each cell type in pre-aPD-1 and post-aPD-1 therapy samples. Abbreviations: aPD-1, anti-programmed cell death 1 protein.

(BD Biosciences, Cat No. 633801). The libraries were
sequenced on the NovaSeq platform (lllumina).
scRNA-seq was performed using the Whole Tran-
scriptome Assay Analysis Pipeline (v1.8). The output
matrix of unique molecular identifiers counts for each
gene per cell was used for downstream analysis.
Genome Reference Consortium Human Build 38
(GRCh38) was used as a reference for the BD
pipeline. The scRNA-seq data generated in this paper
were deposited in Genome Sequence Archive with
access number HRA002862 (https://ngdc.cncb.ac.cn/
gsa-human/browse/HRA002862).

Single-Cell RNA processing
The raw output data were processed with the R package

Seurat (v4.0.5). Cells that had fewer than 300 detected
genes or had>20% mitochondrial gene counts were

filtered out. Further, we removed the potential doublets
using the DoubletFinder package (v2.0.3).'" The batch
effects were removed by the Harmony package (v0.1.0).
['2l We applied SCTransform to the Seurat object and
principal components analysis for dimensionality reduc-
tion. The top 15 principal components were used in
subsequent cell cluster analysis. The main cell clusters
were identified with the FindNeighbors and FindClusters
functions. The nonlinear dimensional reduction was
performed using UMAP. The cell types were annotated
based on the DEGs and the well-known cellular markers
from the literature.

Trajectory analysis
Single-Cell pseudotime trajectory analysis was

performed with Monocle 2 R package(v2.22.0).113]
Branch expression analysis modeling was applied
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for branch fate-determining gene analysis. The
enrichment GO terms of the genes in each cluster
were calculated with the clusterProfiler (v4.2.2)
package.l'4

SCENIC analysis

SCENIC analysis was performed with R package
SCENIC (v1.2.4) to measure the difference between
cell clusters based on transcription factors or their target
genes. !9

Interactome analysis

We analyzed our scRNA-seq data for potential ligand-
receptor interaction using the CellChat R package
(v1.1.3).18]

DEGs identification and GO enrichment
analysis

Differentially upregulated genes were identified with
the FindMarkers function, and the cluster-specific
overrepresented GO biological process was calcu-
lated with the clusterProfiler package (version 4.2.2).
[14 We applied the gene set variation analysis
(GSVA) to assess the relative pathway activities in
the myeloid cells. The gene set lists were derived
from the 50 hallmark gene sets in MSigDB
databases.!'”]

Analysis of Inmune Cell Characteristics

To verify differences in the immunity of CXCL13 T high
and low groups, we used the “Single sample gene set
enrichment analysis ” algorithm through GSVA for tumor
infiltration lymphocytes analysis and the “Estimate”
package to calculate the immune score based on the
expression level of RNA-seq.["8]

Definition of cell signature and cell function
score

The signature of CXCL13 T cells, SPP1+TAMs,
CXCL9 TAMs, and cDCs was based on the top
differentially expressed genes in each cluster. We
calculated the exhaustion score and effector memory
score through “AddModuleScore” based on a set of
T-cell exhaustion-related genes and effector/memory-
related genes.!'®! The gene used for angiogenesis and
phagocytosis scores were based on MsigDB. The M1/
M2 signatures were acquired from Azizi and Zhang

et al's researchl??! (Supplementary Table 1, http:/
links.lww.com/HC9/A241).

Correlation analysis

We calculated the average expression of signature
genes of corresponding immune cell clusters in bulk
RNA-seq data. Pearson correlation analysis was
applied to further confirm the correlation between
distinct immune cell types.

Survival analysis

We acquired the SKCM, BRCA, CHOL, and HNSC
datasets from The Cancer Genome Atlas (TCGA) data-
sets. The Cox proportional hazards model implemented
in the R package ‘survival’ was used to perform survival
analysis. Kaplan-Meier analysis was used to compare
survival, and the Log-rank test p value was calculated.

IHC and multicolored IHC analysis

The 5 um non-stained formalin-fixed and paraffin-
embedded slides were applied for immune staining.
Paraffin sections were then placed in a 70°C paraffin
oven for 1 hour, followed by deparaffinized in xylene
and then rehydration. Ag was recovered with citric
acid buffer (pH 6.0) in the oven for 60 minutes.
Inactivate endogenous peroxidase by incubation in
3% H,0, for 15 minutes. After preincubation with 10%
normal goat serum to block nonspecific sites for
10 minutes, sections are incubated overnight with
primary antibodies including anti-CD8 antibody (Abcam,
cat.189926), anti-CD4 antibody (Abcam, cat.133616),
anti-Anti-Osteopontin antibody (Abcam, cat.269411),
anti-CD68 antibody (Abcam,cat.213363), anti-BCA1
(Abcam, cat.246518), and antibody CD19 (Abcam,
cat.134114) in a humidified chamber at 4°C. Secondary
HRP-conjugated antibodies were added and incubated
at room temperature for 10 minutes. For multicolored
IHC analysis, fluorophore-conjugated TSA were used
after incubation with secondary antibodies. After wash-
ing with PBS twice, the images were visualized using
the TissueFAXS platform (TissueGnostics).

Statistical analysis

All statistical analysis was performed in SPSS version
24.0 software (SPSS, Inc., Chicago, IL, USA). Wilcoxon
test and Kruskal-Wallis test were used for group
comparison. All reported p value were 2-tailed, and
the statistical significance was defined as p value less
than 0.05.
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RESULTS
Initial analysis of scRNA-seq data

We generated scRNA-seq data from liver metastasis
lesions before and after aPD-1 therapy and 19648 high-
quality single-cell transcriptome data were obtained
(Figure 1A). After unsupervised clustering, 6 main cell
subsets were identified, including myeloid cells, NK/T
cells, epithelial cells, neutrophil cells, hepatocytes, and
B cells (Figure 1B, C). We noted that after aPD-1
therapy, NK/T cells took the majority part in cell
populations, while the epithelial cells almost cannot be
identified (Figure 1D, E), indicating the efficacy of aPD-1
therapy in this patient.

aPD-1 therapy increases overall T-cell
infiltrations in the GCLM microenvironment

NK/T cells included 3 main clusters CD8, CD4 T cells,
and NK cells (Figure 2A). The results showed an
increase in the proportion of CD8+ T cells and NK cells
but not CD4+T cells (Figure 2B), consistent with
previous opinions that CD8+T-cell infiltration into
tumors could predict survival and response to
immunotherapy.[21.22]

The subclustering of CD8+T cells identified 7 subclus-
ters: the NKT cluster (CD8_C1_TYROBP) was charac-
terized by the high expression of TYROBP, TRDC, and
CD3D; the mucosal-associated invariant T cluster
(CD8_C2_SLC4A10) was characterized by specific
expression of SLC4A10; the exhausted T-cell cluster
(CD8_C3_CXCL13) was with high expression of exhaus-
tion gene PDCD1, CTLA4, HAVCR2, and LAGS3; the
cytotoxic T cluster (CD8_C7_GNLY) was characterized by
the expression of cytotoxic genes GNLY and NKG7; and
the 3 effector/memory T clusters (Tem) (CD8_C4 COTL1,
CD8_C5_CCL3, and CD8_C6_KLRD1) were character-
ized by low levels of naive markers SELL, TGF7, CCR7,
LEF1, and high expression of cytokines and effector
genes IL-2, CCL5, XCL1, and GZMK (Figure 2C, D).

There was an increased proportion of effector and
memory T cells, cytotoxic T cells, and a decrease of
exhausted T cells (Tex) after therapy (Figure 2F). The
high level of CXCL13+CD8 T cells at baseline
was reported to predict better responses to the
immunotherapy.?®l The phenomenon of decrease of
exhausted T cells after aPD-1 therapy was also
consistent with the report in Zhang et al's study that
responsive tumors were with high terminal Tex
infiltration in baseline.l2?l We further confirmed the
presence of CD8-CXCL13 T cells by multicolor IHC
staining, formatting a tertiary lymphoid structures, which
was reported to correlate to better response to
immunotherapy (Figure 2E, Figure. S1A, http:/links.
lww.com/HC9/A240).124]

Enhanced cytotoxicity of CD8+T cells
following aPD-1 therapy

We examined treatment-induced transcriptional dynam-
ics following aPD-1 therapy in Tem and Tex clusters
(Figure 3A). Although pre-CD8 Tex still had high
expression of GZMB and PRF, it is reported that
transcriptional features are not always directly
transformed into functional capabilities in dysfunctional
T cells.?l Compared with others, post-Tem showed
enhanced cytotoxicity.  Transcriptomic  analysis
indicated that effector and memory-related genes of
IL-2, TNF, IFNG, GZMK, and CDA44; transcription
factors of TBX21 and BCL6; TCR signaling-related
genes of NR4A1, NR4A3; co-stimulatory molecules of
CD28 and TNFRSF4, TNFRSF14; as well as HLA
genes and integrins were upregulated, while
exhaustion-related genes were downregulated after
aPD-1therapy. This performance is confirmed by the
decreased exhaustion score and increased effector
memory score (Figure 3B).

Compared with pre-aPD-1 tumors, CD8+T cells in
post-aPD-1 tumors upregulated genes associated with
T-cell activation: CD69 and HLA-DRA; T cell chemo-
kines such as CCL3, CCL4, ad CCL5; oxidative
phosphorylation pathway such as FOS, JUN, and
NFKB1[8l: innate-like and memory T cell phenotype
KLRB1 and IL7R,2"1 while genes associated with
immunosuppressive functions such as HAVCR2, TIGIT,
and LAG3 were downregulated, suggesting low inhib-
itory signals (Figure 3C). In addition, genes upregulated
after the treatment were enriched in pathways of
T-cell activation, positive regulation of cytokine
production, leukocyte-mediated cytotoxicity, immune
effector process, and leukocyte differentiation, further
suggesting its augmented effector property after aPD-1
blockade treatment (Figure 3D).

Expanded Tem cluster in transitory status
with progenitor Tex characteristics

Our result revealed that Tem largely expanded after aPD-
1 therapy. As aPD-1 was reported to enhance antitumor
immunity by targeting precursor exhausted T cells, 2829
we further investigate whether they have similar proper-
ties with precursor Tex. SCENIC analysis in 3 Tem and
Tex clusters identified that EOMES and TBX21 were
highly expressed in Tem clusters, which were the key
transcriptional factors in the developmental biology of
exhausted T cells (Figure 3E). The GSEA analysis with
reported signature genes of precursor Tex cells
(progenitor and transitory) revealed that CD8_C3_CCL3
Tem and CD8_C4_COTL1 Tem shared the highest
similarities with Tex prog1, while CD8_C6_KLRD1 Tem
was similar to intermediate Tex cells (Figure 3F).2% The
transcriptional expression also showed that Tem clusters
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were with a low expression of coinhibitory molecules and
a high expression of effector molecules (Figure 3A).

The pseudotime trajectory analysis identified 2 fates
in CD8+T cells (Figure 3G). Fate1 cells differentiate
towards GNLY+T cells, characterized by the high
expression of FGFBP2, GNLY, CX3CR,1, and
KLRGH1, correlated with T-cell activation, immune
effector process, and leukocyte-mediated cytotoxicity
signals. Fate2 cells differentiate towards CXCL13 T
cells, characterized by the high expression of HAVCR2,
CTLA4, LAG,3, and CXCL13, enriched in T-cell
activation, cytokine production, as well as negative

regulation of immune system process pathways
(Figure 3H). The results indicated that 3 Tem clusters
were in transitory status with the capacity to differentiate
into either cytotoxic cells or exhausted cells.

aPD-1 therapy changes the composition
and transcriptional profile of myeloid cells

The subclustering of the myeloid cells revealed 8 clusters
(Figure 4A). The macrophage clusters were enriched in the
baseline sample, while monocyte clusters took the majority



SINGLE-CELL TRANSCRIPTOME ANALYSIS 7

@

*hk

13
o
]
I os
13
' 2
§ a
3 BHLHE40 g 3 00
H : ]
B 5
& Pre Post
=
‘ Fedkdk
CTLA4 TNFRSF18 8
3 os
2 TIGIT il >
LAY LGALSY 5
TNFRSF9 E -
g taga icos £
2 HAVCR2 crer 5
= PDCDT TNFASF4 E 08
= B co2u TNFRSF14 P e—
cp160 I co22 Pre  Post

(c) (D) 5. § ©) o |

s 0

CD8+ T cell s B BATF (140)
X » RUNX2 (599) 0s
- CCL4 [ B e IRF4 (91
g o0 4 b$.F|D1 RLEK Tgece ©10) 0
% sHz0tA, JUND. EGR2 (219) s
U (1
£ } 1GKC vew
£ " ® RUNX3 (219)
g positive regulation of leukocyte. mediated cylotoxicity
g2 . lation of cell kilingy | VAP MAX (67)
c e N Tegulalibh STIMFINg effactor procass EOMES (2550)
.g [positive regulation of cel jpiationof.cell a}“ygunn
4 HoL S i i1 (1929)
4 coig TBX21 (2389)
g 02"
4 g . d bvaet i immursteEFRe D 9 %
2 R o 2o, 2o g
g = \ nimmiine.response Vo, Yoy ey U
o \ o o, O, e,
c \ i EOMES s g
s ol \ %y LCPte (F)
= 2ZFP: J ILGAL
Fes ""‘3A‘posmv§ 357 piaKine:prociicliop ¢ o
- [t L Txint 1 @ @ @ | @
3 zrPafiz PTGER4
IFI1Ge ) goas @
) DDXgX EGRY
Mean gene expression pre-treatment ¥ 5 @
gers gz 1 @ @ @
nes

RGCE  ary

prog1 | @ @ @ G

&
&
&

(@) (H) —

i T
CDB C3 CXCL13 Texhausted Enriched GO BP terms —
€DB_C4_COTL1 Tem pe negative regulation of immune system process
€oe_cs ceLaTem regulation of leukocyte cell-cell adhesion D CoWR O Coll Type
€D8_C6_KLRD1 Tem T el proliferation = 3
3 g ; s = AGS2 TM2C HAVCR2
positive regulation of cytokine production
negative regulation of cell activation SRR AR CTLY 2
negative regulation of Iymphocyte activation PTMA COLS LAG3
negative regulation of leukocyte activation s
e negative regulation of cell-cell adhesion
5
2 e
3 regulation of leukocyte differentiation = S Fosi oo con 0
3 positive regulation of | Ifuk@"‘\ te differentiation = CXCRY HADRACOTLY
regulation of T cell activation 3 = — —— ) 1
peptide antigen assembly with MHC protein complex -
Ce it 1 . e D
emponen regulation of leukocyte mediated cytotoxicity - .
regulation of immune effector process o FerBR GHY LR
Pseudotime _ positive regulation of T cell activation CXICR! KLF2 S100A4 -
leukocyte migration EFHD2 SORL1 RIPORZ
positive regulation of leukocyte cell-cell adhesion ANKAY PLACS LD
: s i Cluster
Fate 1 leukocyte mediated cytotoxicity o2 P
interleukin-12 production = o T| ’
— 3
immune response-regulating ggna::ng 'z(hu_a_\ _ PLEK KLAGI ADRB2 4
immune response-activating signal transduction e
o leukocyte activation involved in immune response B 15C FoR Al
] s
] leukocyte mediated immunity K1pGTGEBHS, S1ERS
é cell activation involved in immune response [— RORA CD300A FCALS
8 Fate2 T cell activation — . JUNB KLABT MYBLT
positive regulation of leukocyte activation 3E TYROBP TROC TBX21
posilve regultion of ymphoey e activation = = B
Component 1 positive regulation of cytokine production - = =
positive regulation of leukocyte mediated cytotoxicity -

o

FIGURE 3 (A) Heatmap of transcriptomic expression of genes in pre-aPD-1 and post-aPD-1 therapy effector/memory T cells and exhausted T
cells. (B) Violin plot of the effector memory score and exhaustion score of CD8+T cells (Wilcoxon test). (C) Scatterplots of differentially expressed
genes of CD8+T cells between pre-aPD-1 and post-aPD-1 therapy tumors. The red dot represents upregulated genes in the pre-aPD-1 tumor,
while the blue dot represents upregulated genes in the post-aPD-1 tumor (adjust p value < 0.05 and average log2FC > 1.2). (D) The enriched
pathway with genes upregulated in CD8+T cells in the post-aPD-1 tumor. (E) Heatmap of the AUC scores of TF motifs estimated per cell by
SCENIC in Tex and Tem clusters. (F) GSEA enrichment of Tem and Tex subsets with signatures previously reported by literature. p values were
calculated by a 1-tailed permutation test by GSEA. (G) Pseudotime analysis of 5 major CD8+T cell clusters showed 2 differentiation trajectory
fates. (H) The branched heatmap showed changes in both lineages. The hierarchically clustered genes were shown on the right side. GO-enriched
pathways of each cluster were shown on the left side. Abbreviations; aPD-1, anti-programmed cell death 1 protein; GSEA, gene set enrichment
analysis; NES, normalized enrichment score; SCENIC: Single-cell regulatory network inference and clustering.



HEPATOLOGY COMMUNICATIONS

in myeloid cells after aPD-1 therapy (Figure 4B). SPP1
+TAMs highly expressed SPP1 and TREM2, representing
antinflammatory macrophages, were reported to be
malignantly associated, and were exclusively enriched in
colorectal liver metastasis (Figure 4C).['920 Multicolored IHC
confirmed the existence of the SPP1+TAM subset in GLM
(Figure 4D, Figure S1, http:/links.lww.com/HC9/A240). Bulk
RNA-seq datasets from 2 intrahepatic cholangiocarcinoma
(ICC) cohorts (Fu-ICCA and E-MTAB-6389) showed that
patients with high filtrations of SPP1+TAMs were associated
with poor overall survival (Figure 4E).

CXCL9+TAMs expressed a high level of CXCL9
and CXCL10, chemokines known to mediate T-cell
recruitment, presenting proinflammatory properties,
were reported related to positive responses to immune
checkpoint blockade in patients with melanoma and
lung carcinoma.l".32 However, C3+TAMs also repre-
senting antiinflammatory macrophages were reported
enriched in nonresponders with BRC.["1 The GSVA
showed that SPP1+TAMs were enriched with the
hypoxia and glycolysis pathway; CXCL9+TAMs
showed heightened activities of IFN-a, IFN-y, and
inflammatory signaling pathways and C3 TAMs were
enriched with epithelial-mesenchymal transition IL6-
JAK-STAT3 signaling (Figure 4F). SPP1+TAMs had a
higher M2 score, while CXCL9 TAMs had a higher
M1 score (Figure 4G). The findings indicated that
the proportion between CXCL9+TAMs and SPP1+
TAMs/C3+TAMs may influence the efficacy of
immunotherapy. Based on the bulk RNA-seq data,
SPP1+TAMs, CXCL9+TAMs, and cDC1s were found
to be highly correlated with CXCL13 T cells
(Figure 4H), indicating that CXCL13 T cells may be
activated by specific myeloid cells as reported.33!

aPD-1 therapy improved antitumor
response in myeloid cells

Our results showed that the angiogenesis score was
significantly reduced while the phagocytosis score was
significantly enhanced, indicating an antitumor response
in myeloid cells after aPD-1 therapy (Figure 5A).
The immune checkpoint markers HAVCR2 and CD47,
immunosuppressive myeloid markers like MRC1,
TREM2, and GPNMB, and T-cell suppressive genes
such as VEGFA and ENTPD were downregulated after
aPD-1 therapy, while T-cell trafficking chemokine genes
IL-32 and CCL5 were upregulated (Figure 5B). By
comparing enriched GO pathways between pre-aPD-1
and post-aPD-1 therapy samples, we found that pre-
therapy tumors highly expressed genes involved in
pathways of Ag processing presentation, leukocyte-
mediated immunity, while the post-aPD-1 therapy
sample was involved in pathways of phagocytosis,
T-cell activation, cytokine production, and immune
response (Figure 5C).

We further performed SCENIC analysis to identify the
essential motifs change after aPD-1 therapy in myeloid
cells. JUND and JUNB, which induce proinflammatory
chemokines and cytokines and thus promote M1 macro-
phage activation were upregulated, as well as stemness-
inducing factors KLF4, core TF in macrophage lineage
commitment SPI1, indicating a proinflammatory pheno-
type in myeloid cells after immunotherapy.®4 While
differentiation factors MAFB and MAF, which led to the
differentiation of monocytes into TAMs and M2 macro-
phages, were downregulated.®5361 Thus, our observa-
tions elucidated that myeloid cells in GLM presented with
proinflammatory characteristics after aPD-1 therapy
(Figure 5D).

aPD-1 therapy potentially promotes T cell
activity and alleviates suppressive
microenvironment

CellChat analysis was performed to identify the change of
receptor ligands in response to aPD-1 among all the
immune cells. We compared the significant overall
information flow of signaling pathways before and after
aPD-1 therapy and investigated the signal flow pattern of
each cluster (Figure 6A, B). The interactions enriched after
PD-1 therapy included CD40-CD40L, driving the activation
and priming of effector CD8+T cells; LIGHT-LTPR,
normalizing tumor vasculature to promote tumor immune
cells infiltration; CD48-CD244, regulation of effector/
memory T-cell generation; LCK-CD8A/CD8B, related to
TCR signaling and T-cell development; and XCR-XCL1/
XCL2, involved in Ag cross-presentation. However, we
also noted enhanced CSF1-CSFR1 interaction, which
gives the tumor access to the vessels, and thus promotes
tumor metastasis, indicating the potential therapeutic
target (Figure 6C). In addition, several interactions were
downregulated, including inhibitory receptor pathway
BTLA-TNFRSF14 and TIGIT-NECTIN2; SPP1-CD44,
mediating macrophage polarization and promoting
immune escape; and GAS6-AXL and TGFb-TGFBR1/
TGFBR2, related to immunosuppressive TME. The
CellChat analysis revealed the transformation of ligands
and receptors after aPD-1 therapy, suggesting an
immunostimulatory status and providing a potential target
for combined therapy.

High CXCL13+T infiltrations are associated
with inflammatory immune phenotype and
predict favorable survival in BTC

We note that tumor-infiltrating CXCL13+CD8+T cells
in GLM represented a highly exhausted subtype. We
further investigated the influence of CXCL13+T cells in
the TME of BTC. Immune infiltration of the TCGA
cholangiocarcinoma cohort exhibited that TME, with a
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high level of CXCL13+T cell infiltration, correlated with
more activated B cells, CD4 and CD8 T cells, DCs,
and macrophages (Figure 7A), as well as with a
significantly higher immune score calculated by
Estimate Scoring (Figure 7B), indicating an immune-
inflammatory phenotype. Similar results were found in
extrahepatic cholangiocarcinoma cohorts
(Supplementary Figure 2A, http://links.lww.com/HC9/
A239). Further analysis in mMRNA expression from the
Fu-ICC cohort revealed a positive correlation between
CXCL13 expression and antitumor immune response
by T-cell infiltrations (Figure 7C). These data
suggested that CXCL13 is associated with the
enhanced cytotoxic activity of T cells. The survival
analysis of the CHOL-TCGA and Fu-ICC cohort
showed that a high level of tumor-infiltrating CXCL13
+T cells represented significantly longer overall
survival and progression-free survival than the low
group (Figure 7D). This phenomenon suggested that
high CXCL13+T cell infiltration constructed a “hot”

immune TME and may be a favorable prognostic
factor of BTC. We further confirmed this result in
various cancers, including skin cutaneous melanoma,
breast invasive carcinoma, and head and neck
squamous cell carcinoma from TCGA
(Supplementary figure 1B, http://links.lww.com/HC9/
A239).

High CXCL13+CD8+T-cell infiltrations
correlated to favorable response to
immunotherapy

Tumor-infiltrating CXCL13+T cells were assumed to
interrelate with immunostimulatory contexture in BTC
TME and bring better clinical outcomes, potentially
benefiting from immunotherapy. The result of mIHC
showed that the number of intratumoral CXCL13+CD8
+T cells before immunotherapy was significantly
higher in aPD-1 responders than that in nonresponders
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(Figure 8A), suggesting that CXCL13+CD8+T cells at
baseline may be a prognostic factor of GLM to
immunotherapy. Three published immunotherapy
cohorts were applied to assess the predictive
immunotherapeutic value of CXCL13+CD8+T cells in
various tumor types. The result indicated that patients

with a higher number of CXCL13+CD8+T cells also had
significantly prolonged overall survival (Figure 8B). In
addition, patients with a higher number of CXCL13+CD8
+T cells had a significantly better response rate to
immunotherapy (Figure 8C). In IMvigor 210 cohorts,
patients with a higher number of CXCL13+CD8+T cells
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were associated with higher scores, including CD8 T
effector, Ag presentation, and immune checkpoint,
compared with the lower group (Figure 8D). These data

suggest that CXCL13+CD8+T cell infiltrations are
a predictive and prognostic biomarker for cancer
immunotherapy in various types of cancers.
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(A) Representative mIHC in responder and nonresponder treated with aPD-1 therapy. Scale bar,100 um. The comparison of

numbers of CXCL13+CD8+T cells in each group was shown in boxplots (Wilcoxon test). (B) Kaplan-Meier survival curves for the OS of patients
from the CCR cohort, PRJEB23709, and IMvigor210 BLCA cohort according to the level of intratumor CXCL13+CD8+T cells (Log-rank test). (C)
Rate of clinical response (CR/PR and SD/PD) with high or low CXCL13+CD8+T cells level in PRJEB23709 and IMvigor210 cohorts, respectively
(chi-square Test). (D) Violin plot of CD8 effector, Ag presentation, and checkpoint score in pre-aPD-1 and post-aPD-1 tumors in IMvigor210 BLCA
cohort (Wilcoxon test). Abbreviations; aPD-1, anti-programmed cell death 1 protein.

DISCUSSION

aPD-1 therapy triggered an antitumor immune response
through the retrieval of cytotoxic T-cell function.*] In this
study, the large expansion of Tem after aPD-1 therapy
was unlikely from the reverse of terminal Tex due to its
epigenetic stability.*8 As aPD-1 therapy enhanced the
recruitment of numerous tumor-reactive T cells with new
clone phenotypes into the tumor, the potential resource of

Tem may be the circulating system or lymphoid
organ.[2339 PD-1 antibody takes priority to expand the
progenitor and intermediate Tex subset, supporting the
fact of a larger expansion of progenitor 1-like COTL1+Tem
and CCL3+Tem and intermediate-like KLRD1+Tem.[%!
Our result was consistent with Zhang et al’s findings that
precursor T cells accumulated after aPD-1 therapy in
NSCLC. However, research in triple-negative breast
cancer and basal cell carcinoma reported the expansion
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of terminal Tex after immunotherapy.“°! This phenomenon
may be explained by the intrinsic nature of cancer.

CXC Motif Chemokine Ligand 13 (CXCL13) plays an
important role in the modulation of the tumor
microenvironment.'! CXCL13 interacts with its ligand
CXCRS5 to modulate the activity of cytotoxic T cells.[4243]
The infiltration of CXCL13+T cells was positively
correlated to tertiary lymphoid structures, recruiting
activated immune effectors to play an antitumor
response. High CXCL13 expression was associated
with prolonged clinical outcomes in high-grade serous
ovarian cancer.3! |n this study, we identify CXCL13+T
cells as a potential prognostic marker in BTC, indicating
the roles of CXCL13-producing T cells to form an
immune-hot microenvironment for BTC. However,
CXCL13+CD8+T cells were reported to be associated
with poor survival in renal cell carcinoma.4l

Our results provided CXCL13+CD8+T cells as a
potential biomarker in the prognosis of immunother-
apy. The TCGA analysis showed that immunotherapy-
sensitive cancers such as melanoma and lung
adenocarcinoma were with relatively high levels of
CXCL13+CD8+T cells.['! High-level CXCL13+T cells
in baseline were associated with better response in
atezolizumab combined with paclitaxel in triple-neg-
ative breast cancer.['® IThommen et al also reported
that PD-1+CXCL13+CD8+T cell indicated a potential
response to immunotherapy in NSCLC.5! This phe-
nomenon may be related to the expansion and
activation of CXCR5+CD8 T cells.3!

SPP1+TAMs were highly enriched in colorectal liver
metastases and regarded as a potential factor of liver
metastases with angiogenesis characteristics related
to poor survival.*8! The immune fluorescence staining
of 264 patients with ICC revealed that high infiltration
of SPP1+TAMs was associated with inferior out-
comes, consistent with our result.#’l SPP+1 TAMs
were reported to interact with FAP+fibroblast cells,
remodeling the extracellular matrix and inhibiting the
infiltration of immune cells, leading to immunotherapy
resistance.*8] Another study in colorectal liver meta-
stasis revealed that patients who respond to neo-
adjuvant chemotherapy showed a decrease of SPP1
+macrophages, while the opposite results were
observed in the nonresponders.® CXCL9+TAMs,
similar to C1QC+TAMs, were related to proinflamma-
tory and antitumor activity. However, CXCL9 TAMs
expressed a high level of genes associated with
positive responses to immunotherapy.3242 |t is of
note that the survival analysis in ICC indicated that the
high-level infiltration of CXCL9+TAMs in baseline was
associated with poor survival. Further investigation
of these 2 macrophage subsets will contribute to
revealing the mechanism of immunotherapy in liver
metastases.

In conclusion, our study revealed the change of
immune profiles in GLM with PD-1 blockade and

identified CXCL13+T cells as a potential prognostic
biomarker as well as CXCL13+CD8 T cells as a
favorable predictor in response to immunotherapy in
BTC. A larger cohort of aPD-1-treated BTC patients is
needed to validate our findings in the future.
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