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ABSTRACT ARTICLE HISTORY
Background: Intrahepatic cholangiocarcinoma (ICC) is a disease with poor prognosis and limited ther- Received 28 November 2023
apeutic options. We investigated the tumor immune microenvironment (TIME) to identify predictors of Revised 6 August 2024
disease outcome and to explore targets for therapeutic modulation. Accepted 14 September 2024
Methods: Liver tissue samples were collected during 2008-2019 from patients (n = 139) diagnosed with KEYWORDS

ICC who underwent curative intent surgery without neoadjuvant chemotherapy. Samples from the Immune cell prognosticators;
discovery cohort (n=86) were immunohistochemically analyzed on tissue microarrays (TMAs) for the immunomodulation;
expression of CD68, CD3, CD4, CD8, Foxp3, PD-L1, STAT1, and p-STAT1 in tumor core and stroma areas. intrahepatic

Results were digitally analyzed using QuPath software and correlated with clinicopathological character- cholangiocarcinoma; tumor
istics. For validation of TIME-related biomarkers, we performed multiplex imaging mass cytometry (IMC) in immune microenvironment

a validation cohort (n = 53).

Results: CD68+ cells were the predominant immune cell type in the TIME of ICC. CD4+™°" T cell density
correlated with better overall survival (OS). Prediction modeling together with validation cohort con-
firmed relevance of CD4+ cells, PD-L1 expression by immune cells in the stroma and N-stage on overall
disease outcome. In turn, IMC analyses revealed that silent CD3+CD4+ clusters inversely impacted
survival. Among annotated immune cell clusters, PD-L1 was most relevantly expressed by CD4+FoxP3+
cells. A subset of tumors with high density of immune cells (“hot” cluster) correlated with PD-L1 expression
and could identify a group of candidates for immune checkpoint inhibition (ICl). Ultimately, higher levels
of STAT1 expression were associated with higher lymphocyte infiltration and PD-L1 expression.
Conclusions: These results highlight the importance of CD4+ T cells in immune response against ICC.
Secondly, a subset of tumors with “hot” TIME represents potential candidates for ICI, while stimulation of
STAT1 pathway could be a potential target to turn “cold” into “hot” TIME in ICC.

high

TRANSLATIONAL RELEVANCE

The tumor immune microenvironment (TIME) plays a critical role in the immune response In many
cancers, including intrahepatic cholangiocarcinoma (ICC). Molecular subtyping of the ICC microenviron-
ment already revealed inter-tumoral heterogeneity with variant profiles of immune cell infiltrates. A recent
study created an in-depth immune cell atlas of the TIME in biliary tract cancers and could demonstrate the
relevance of specific immune cell subpopulations on patient outcome. We are able to provide a distinctive
characterization of TIME, separating tumor epithelial- and stroma areas, in a large and representative ICC
cohort using digitalized image analysis on tissue microarrays (TMA) as well as multiplex imaging mass
cytometry (IMC). The study was designed for identification of immune cell prognosticators allocating
institutional ICC patients into a discovery (2008-15) and a validation (2010-19) cohort. Immune cell
subpopulations were correlated with clinicopathological characteristics and patient outcome. Our results
highlight: i. The important role of CD4+ T cell infiltration in ICC patients; ii. ICC tumors with high density of
immune cells associated with PD-L1 expression identifies a subset of patients with variant tumor biology;
iii. Stimulation of STAT1 pathway may be a relevant target to turn “cold” into “hot” tumors.
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Background

Cholangiocarcinoma (CCA) is a tumor that arises from the
biliary tree, anatomically subcategorized into intrahepatic
(ICC), perihilar, and distal CCA. Besides the anatomic loca-
tion, respective subtypes differ in their molecular alterations,
risk factors, clinical behavior and management, as well as
prognosis, and are therefore regarded as clinically distinct
diseases." The diagnosis often entails poor prognosis and few
therapeutic options. The best chance of favorable long-term
outcome is surgical resection, when possible, although more
than half of the patients eventually relapse. Therefore, patients
regularly receive adjuvant chemotherapy with capecitabine to
improve survival.” Still, the majority of patients (60%-70%) are
diagnosed with advanced disease (inoperable or metastatic)
and rely on standard of care systemic therapy with cisplatin
and gemcitabine.” The addition of durvalumab improved the
efficacy of gemcitabine/cisplatin and has been established for
the palliative treatment as well (TOPAZ-1).* The development
of more effective therapies as well as identification of biomar-
kers that predict treatment response is critically needed.

The tumor microenvironment (TME) of ICC is characterized
by a desmoplastic stroma, in which macrophages are the most
prevalent immune cells.” Elements of adaptive immune response,
such as lymphocytes, are also present in the TME.’
Immunologically “hof” tumors are known to have a better
response to ICI. Such tumors display features with pronounced
lymphocyte infiltration and anti-programmed death-ligand 1
(PD-L1) expression.” New data on transcriptional profiling of
ICC samples have enabled clinical subclassification and was
expanded to better understand the inter-tumoral heterogeneity
of the TME.*® Multiplex analysis allowed for in-depth correlations
of immune cell subtypes and clinical outcome in non-metastatic
ICC, showing that proficient effector T-cells improve survival,
when located in the tumor area.'’ Our study uniquely investigates
TIME in ICC patients across all tumor stages as previous studies
have shown that the TIME composition depends on staging.'"

We performed immunohistochemical as well as molecula spa-
tial analyses of the TIME in a single-center cohort of patients
diagnosed with ICC. Herein, we characterize the distribution of
immune cells and expression of relevant immune-related markers
in both, the tumor epithelium and stromal areas, using digitalized
image analyses on tissue microarrays (TMA) as well as in-depth,
multiplex imaging mass cytometry (IMC). The data was used to
identify molecular predictors of disease outcome, to identify
potential candidates for immunotherapy, and explore new targets
for therapeutic modulation.

Methods
Study population and tissues

We retrospectively analyzed cases of patients diagnosed with ICC,
who were resected between 2008 and 2019 at the Department of
Surgery, CCM|CVK, Charité — Universititsmedizin Berlin. The
study was designed for identification of immune-related biomar-
kers, allocating patients into discovery (2008-2015) and validation
cohort (2010-2019) (Figure 1a). Specimen of tumors with peri-

hilar, distal, and combined hepato-cholangiocarcinoma was
excluded. In addition, we excluded patients who received neoad-
juvant chemotherapy or who survived less than 30 days after
surgery (in-hospital mortality due to postoperative complications).
All patients gave informed consent for scientific use of archived
samples. The study was approved by the institutional ethics com-
mittee (EA1/229/18). Paraffin blocks were retrieved from the
Central Biobank of Charité - Universititsmedizin Berlin.
Histological classification was made according to the AJCC (7™
Edition) and the WHO classification systems. Patients’ character-
istics included clinicopathological data, administration of adjuvant
chemotherapy with gemcitabine (with or without cisplatin), recur-
rence, and survival.

Antibodies

The following antibodies and concentrations were used: mouse
anti-human CD68 (clone PG-M1, Dako M0876), 1:100; rabbit
anti-human CD3 (polyclonal, Dako A0452), 1:200; rabbit anti-
human CD4 (clone SP35, Zytomed 503-3354), 1:50; mouse
anti-human CDS8 (clone C8/144B, Dako M7103), 1:25; rabbit
anti-human Foxp3 (polyclonal, Zytomed 506-1849), 1:200;
rabbit anti-human PD-LI (clone E1L3N XP, Cell Signaling
Tech 13,684), 1:200; rabbit anti-STAT1 (clone D1K9Y, Cell
Signaling Tech 14,994), 1:250; rabbit anti-Phospho-Statl
Tyr701 (clone 58D6, Cell Signaling Tech, 9167).

Tissue microarray construction and
immunohistochemistry

Representative tumor areas were stained with H&E, labeled,
and examined by two experienced pathologists (B.S. and A.A.).
Areas of necrosis were excluded. Two core punches of areas
with high tumor cellularity of FFPE tumor blocks, each with
1.5 mm diameter, were used to generate tissue microarrays
(TMA) as previously described.'” In the discovery cohort,
TMA included 86 patients with duplicate samples allocated
on a total of 3 slides. In the validation cohort, TMAs included
53 patients allocated on 3 slides (Supplementary Figure S1).
Tonsil tissue was used as an on-slide control. 4 um tissue
sections from the TMA were stained for CD3, CD4, CDS,
CD68, Foxp3, PD-L1 markers using automated system (Leica
BOND-MAX) following manufacturers’ instructions
(Supplementary Figure S2). For STAT1 and p-STAT]I, stan-
dard protocols for IHC staining were conducted
(Supplementary methods).

Evaluation of tissue microarrays

H&E and immunohistochemical images were taken using
a Panoramic SCAN 150 scanner (3DHISTECH, Budapest,
Hungary) and digitally analyzed by QuPath software.'”> The
evaluation was supervised by experienced pathologists (A.A
and B.S.). All scoring was done blinded to patient charac-
teristics. For the evaluation of immune cells (CD3, CD4,
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Figure 1. Tumor immune cell infiltration (TIME) in ICC. (a). Flow diagram characterizes the patient selection of surgically treated patients from 2008-2019 at Charité
Universitatsmedizin Berlin with histopathological confirmed diagnosis of intrahepatic cholangiocellular carcinoma (ICC). In a two-step trial design patients were
randomly allocated into discovery and validation cohort. (b). Representative delimitation of whole TMA section (WTS) into tumor core (TE) and stromal area (ST)
following the histological evaluation of HE stainings by two independent pathologists. (c). Kruskal-Wallis multiple comparison between groups showing higher densities
of lymphocytes in stromal area in comparison to tumor core. ***, p < 0.001. (d). Correlation matrix among immune cell densities, PD-L1 expression, and STAT1
(Spearman’s rho). Most immune cell populations correlated with each other (heat map represents correlation coefficient r). (e). CD68+ TE densities with standard errors
of the mean (SEM) for each UICC stage. (f). Lymphocyte densities for each UICC stage. Two way ANOVA analysis with Tukey’s multiple comparison among stages with

significant differences on patients with distant metastases. **, p < 0.01.

CD8, CD68, Foxp3), the densities of the cells (number of
cellsymm?) were obtained for the whole TMA section
(WTS), tumor epithelium (TE), and stroma (ST) areas
performing digital analysis with automated cell counting
(more detailed information in Suppl. methods).

PD-L1 expression was analyzed for the TE membranous
staining and for immune cells in the ST areas. PD-L1 was
defined as positive when detected in > 1% of the tumor cells
or immune cells on ST, respectively. Combining results from
both punches of each patient, the average number of tumor
cells available for staining analysis was 11,896 cells (SD 6490.5)
per patient. For the count of TE associated immune cells, ST
areas were manually demarcated, and the software generated
the percentage of positive stained cells.

STAT1 and p-STAT]1 were evaluated according to the inten-
sity of the staining of the tumor cells cytoplasm for each
patient. TE areas were manually defined on the stained TMA.
Percentages of positive cells were generated by the software
considering three different intensity thresholds of tumor cells
cytoplasm on pixel-based scoring (low, moderate, high) in the
scanned specimens. Histoscore (H-score) was generated
according to the formula: 3x percentage of strongly staining
cells + 2x percentage of moderately staining cells + percentage
of weakly staining cells, giving a range of 0 to 300: STAT1""
(<100), STAT1™¢ (>100, <200) and STATIM&" (>200)
expression.

Imaging mass cytometry

A list of the antibody (Ab) panel and a detailed description of
the workflow can be found in the supplementary (Suppl.
methods). In short: Ab that were not commercially available
were conjugated according to the MaxPar X8 Fluidigm proto-
col. 1.5 mm punched tissue sections of 53 patients were
assembled into three TMA. Regions of interest (ROIs) spanned
1500 x 1500px and were measured on Hyperion imaging sys-
tem at 1 um/px resolution. Raw data was processed with the
Steinbock framework using the Mesmer segmentation algo-
rithm to generate cellular masks.'* Furthermore, to spatially
separate the analysis of tumor and stroma areas, ROI-wide
masks were generated with ImageJ based on CK18 raw image
signals. Pre-processed images of the marker channels and
segmentation masks generated by Steinbock were both loaded
and integrated in R to yield single-cell resolution data which
was then spillover corrected and cells were Boolean gated into
B cells, T cells, remaining immune cells, and stromal cells
according to user-defined marker combinations.

Statistical analyses

Data was analyzed using the statistical software GraphPad
Prism 9.3 (GraphPad Software, La Jolla, USA) and IBM SPSS
Statistics for Windows, version 25 (IBM Corp., Armonk, N.Y.,
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USA)."® Data was expressed as mean, standard deviation (SD),
median, minimum, maximum, and 95% confidence interval.
Normality distribution was performed using D’Agostino test.
Kaplan-Meier curve was employed to visualize the overall
survival (OS) and disease-free survival (DFS). Survival data
was present by the median survival time in month and
Hazard Ratio (HR) with 95%CI. A Log-rank test was per-
formed to assess the difference in survival curves between
factors. Patients who were confirmed to be alive by the end of
the follow-up time (August/2020) were censored. To explore
the association between risk factors and survival, a Cox pro-
portional-hazards model with backward stepwise selection
method was used. Immune markers were analyzed both as
continuous variables (densities=cells/mm?) as well as binary
data (“high”/“low” densities of immune cells, stratified by
median split). Spearman’s rank correlation coefficient was
performed to explore the correlation of two continuous vari-
ables (e.g., the correlation between the number of tumor-
infiltrating immune cells, PD-L1 expression, and H-score
STAT1). No correction for the multiple comparison was per-
formed due to an exploratory framework. Mann-Whitney
U test and Kruskal-Wallis test were performed to compare
immune cells infiltration between groups of PD-L1 (<1%
or 2 1%), p-STATI (positive or negative) and STAT1 expres-
sion groups (low, moderate, and high). Two-Step Cluster ana-
lysis was employed for generation of patient clusters using Log-
likelihood distance measurement and Schwarz’s Bayesian clus-
tering criterion. A p-value <0.05 was considered statistically

Table 1. Patient demographics and tumor characteristics.

significant. The Harrell C statistic was calculated to assess
model discrimination. Calibration by using Cox regression on
the PI in the validation cohort was examined at the follow-up
time of 3 years and 5 years by using the build-in Stata com-

mand stcoxcal.'®

Results
Cohort characterization

A total of 139 patients who underwent surgical resection for
ICC at our institution from 2008 to 2019 met inclusion criteria
(discovery and validation cohort, see methods). Starting from
the date of the surgery, patients underwent a follow-up period
of at least five years or until death, whatever came first. The
median OS survival was 30 months (95%CI 23.4-37.9). One-,
3-, and 5-year survival rates were 76.4%, 52.3%, and 30.2%,
while we documented a median DFS of 18.8 months (95%CI
12.2-25.4). By the end of the study, 114 (82%) patients were
deceased. Three patients, that were found to have non-
resectable distant metastasis at the time of the surgery, were
not included in the recurrence group; eight patients died from
other clinical reasons without tumor recurrence.
Clinicopathologic characteristics of validation cohort was com-
parable to the discovery cohort and were summarized in
Table 1. After histopathologic examination 74 (53.2%) patients
were found to have non-metastatic disease (stages I, II, or III),
while 65 (46.7%) patients were stage IV (lymph node or distant

Discovery Cohort (n = 86)
2008-2015

Validation Cohort (n = 53)
2010-2019

All patients (n =139)
2008-2019

Median age (min — max) 64.5 years (23-83)

Gender
Female 43 (50%)
Male 43 (50%)

AJCC Staging (7*" edition)
I (T1 NO MO0) 28 (32.6%)
Il (T2 NO MO) 15 (17.4%)
Il (T3 NO MO) 3 (3.5%)
IVa (T4 NO MO/any T, N1, M0) 29 (33.7%)
IVb (any T, any N, M1) 11 (12.8%)

TNM
Tx 2 (2.3%)
T 32 (37.2%)
T2 32 (37.2%)
T3 13 (15.1%)
T4 7 (8.1%)
Nx 4 (4.7%)
NO 47 (54.7%)
N1 35 (40.7%)
M1 11 (12. 8%)

Median Tumor size (min — max)
Grade of differentiation
Well differentiated 2 (2.4%)
Moderately differentiated 62 (72.9%)
Poorly differentiated 21 (24.7%)
Margin of resection

Positive 24 (28.2%)

Negative 61 (71.8%)
Microvascular Invasion

Positive 5(17.4%)

Negative 61 (71.8%)
Lymphangiosis Carcinomatosa

Positive 33 (38.4%)

Negative 53 (61.6%)

70 years (45-83) 67 years (23-83)

27 (51%) 70 (50.4%)
26 (49%) 69 (49.6%)
14 (26.4%) 42 (30.2%)
8 (15.1%) 23 (16.5%)
6 (11.3%) 9 (6.5%)
22 (41.5%) 51 (36.7%)
3 (5.7%) 14 (10.1%)
50 (36.5%)
18 (34%) 49 (35.8%)

17 (32.1%) 25 (18.2%)

12 (22.6%) 13 (9.5%)
6 (11.3%) 8 (5.8%)
4 (7.5%) 3 (52.5%)
26 (49%) 8 (41.7%)
23 (43.3%) 4 (10.1%)
3 (5.6%)
69 mm (20 - 155) 70mm (13 - 210)
1 (1.0%) 3 (2.2%)
39 (75%) 101 (73.7%)

12 (23.1%) 33 (24.1%)

5 (28.3%)
38 (71.7%)

39 (28.3%)
99 (71.7%)

0 (19.6%)
41 (80.4%)

21 (15.3%)
116 (83.5%)

14 (26.9%)
38 (73.1%)

47 (34.1%)
91 (65.9%)




metastasis). Some patients presented with pre-conditions in
the liver, such as history of chronic hepatitis (hepatitis C: 2,
hepatitis B: 1, hepatitis E: 1 patients); primary sclerosing cho-
langitis (3 patients); Caroli disease (1 patient), cirrhosis (5
patients) or previous diagnosis of other malignancies (16
patients).

Correlation of survival analysis with clinicopathological
variables demonstrated that T>1, N1, and M1 staging, as
well as tumors positive for lymphangiosis carcinomatosa (L1)
were associated with worse OS (Supplementary Table SI).
A reduced DFS was observed for T'> 1 and N1 staging, tumors
positive for microvascular invasion (V1), and lymphangiosis
carcinomatosa (L1). The characterization of our cohort con-
firms the relevance of histopathological staging on clinical
outcome of ICC patients.

Macrophages are the predominant tumor infiltrating
immune cells in the ICC microenvironment

In a two-step trial design (Figure 1a), we started to character-
ize the TIME in our ICC discovery (n = 86) cohort as well as
identify relevant prognostic markers for ICC. We investigated
the frequency and the distribution of major immune cell
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populations on TMAs via IHC analyses and separately mea-
sured the densities of immune cells on whole TMA sections
(WTS), tumor epithelium (TE) and stromal (ST) areas
(Figure 1b). From the markers analyzed, the most frequent
infiltrating immune cell type observed were CD68+, followed
by CD3+, CD8+, CD4+, and Foxp3+ (Figure 1c). Densities of
Foxp3+ cells were overall low, consequently their analyses
was focused on WTS. Apart from CD68+ cells, immune
cells were significantly observed at higher densities in the ST
compartment in comparison to the TE. The predominant
lymphocyte population in the TE were CD8+ T-cells, while
CD4+ and CD8+ showed similar densities in the ST area. To
determine if individual immune cell types and their location in
the TIME were related to each other, we performed Spearman’s
correlation among immune cells (Figure 1d). Most immune cell
types and locations correlated positively with each other while
this was particularly strong among CD8+ T cells. Patient with
M1 disease at surgery (UICC stage IVB) showed higher CD68+
TE densities (Figure le) and lower densities of lymphocyte
markers, with lower CD4+ ST densities (p < 0.05), lower CD4+
WTS density (p=0.04), and a trend toward lower CD8+ ST
density (p=0.06, Figure 1f, Supplementary Figure S3, and
Figure S$4).
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To evaluate if individual immune cell populations have
influence on OS and DFS in our discovery ICC cohort,
“high” and “low” densities of immune cells were stratified
following a median split (Figure 2a, Supplementary Table S2).
A better OS was observed in patients with CD4+"¢" WTS
density (45.4 vs. 20.2 months, HR 0.5, [95%CI 0.3-0.8], p =
0.008) (Figure 2b) and CD4+"€" ST density (44.4 vs. 22.2
months, HR 0.6, (95%CI 0.3-0.9), p =0.04). Accordingly,
a better DFS was observed for tumors with CD4+"¢" WTS
density compared to CD4+"°" (Figure 2c).

In summary, we observed predominant infiltration of CD68+
cells, whose densities were two to four times higher than CD3+
T cells. Immune cells were found in higher densities in the ST
compartment in comparison to the TE. Further, CD4+"¢" den-
sities were associated with better OS and DFS.

PD-L1 expression on tumor cells and tumor-associated
immune cells is associated with overall higher densities of
immune cells

Expression of PD-L1 is an important mechanism implicated in
tumor immune escape and has been characterized as a critical
marker of clinical course and therapeutic response in many
cancer types.'” Consequently, we sought to investigate PD-L1
expression in our discovery ICC cohort. Overall, 20.9% (n =18
of 86) of the patients were considered positive for PD-L1
expression (21% PD-L1 positive cells in TE) on tumor cells.
Among them, 33.3% (6 patients) were positive at the threshold
value (between 1-2%). Regarding the expression of PD-L1 on
immune cells in ST, 52.3% (n =45 of 86) of the patients were
positive for expression on immune cells (1% PD-L1 positive
cells in ST). On average, 1.7% (0-38.8%, SD 5.3) of tumor cells
and 4.6% (0-58.3%, SD 9.1) of immune cells in ST were PD-L1
positive across all samples (Figure 3a, Figure S3,
Supplementary Table S3). To evaluate the influence of PD-L1

expression on the TIME, we correlated PD-L1 expression with
individual immune cell populations (Suppl. table S4). The
expression of PD-L1 was in general associated with higher
densities of immune cells in both TE and ST compartments.

Testing the impact of PD-L1 expression on OS and DFS,
a trend toward a reduced OS for PD-L1 expression on tumor
cells (28.9 vs. 42.4 months, HR 1.6, [95%CI 0.8-2.8], p=0.11)
was observed, as well as for PD-L1 expression on tumor-
associated immune cells (24.4 vs. 45.1 months, HR 1.5, [95%CI
0.97-2.5], p=0.06) (Figure 3b). Higher PD-L1 expression on
tumor-associated immune cells correlated with N1 (p =0.01),
stage IV (p = 0.02), and lymphangiosis carcinomatosa (p = 0.01).
Patients with positive PD-L1 expression on tumor cells that
received chemotherapy had a markedly improved OS compared
to PD-L1 positive patients that did not received chemotherapy
(36 vs. 2.2 months, HR 0.1, [0.02-0.49], p = 0.004) (Figure 3c).
This was also observed in N1 patients (36 vs. 5.3 months, HR 0.3,
[0.2-0.9], p = 0.04).

To summarize, the expression of PD-L1 in ICC was rela-
tively low. A higher expression of PD-L1 was observed on
tumor-associated immune cells in comparison to tumor cells
and was strongly associated with immune cell infiltration. PD-
L1 expression on tumor-associated immune cells was asso-
ciated with more aggressive disease, while patients with PD-
L1 expression by tumor cells showed better survival with adju-
vant chemotherapy.

Clustering of tumors based on the influx of immune cells

Due to heterogenic influx of immune cells in our discovery cohort
(inter-tumoral heterogeneity), we clustered immune cell popula-
tions using density assessments. We employed continuous vari-
ables for immune cell densities in TE and ST areas (in addition to
Foxp3+ WTS) in a two-step cluster analysis, which generated
a stratification into two immunologically distinct groups
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Figure 3. The role of PD-L1 on tumor and tumor-associated immune cells. (a). PD-L1 expression on tumor cells (membranous staining) and PD-L1 staining on tumor
associated immune cells (scale bars represent 100 pm). (b). Overall survival Kaplan-Meier curves for PD-L1 tumor expression and PD-L1 expression on immune cells
(negative vs. positive). (c). Kaplan-Meier curves representing overall survival for patients with PD-L1 positive expression on tumor cells and adjuvant chemotherapy
response.
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Figure 4. Immune cell clusters in ICC. (a). Immune cell densities (cells/mm?) for each cluster. Color intensity represents input predictor importance. (b). PD-L1 expression
on tumor cells and immune cells for each TME cluster (Mann-Whitney U test,**, p < 0.01, and ***, p < 0.001, respectively). (c). Immune “cold” subset survival depending

on PD-L1 expression on tumor associated-inflammatory cells.

(Figure 4a). The majority of the patients, 61.7% (n=50), pre-
sented with tumors of an immune “cold” TIME, with lower
densities of all immune cells. A smaller cohort of 38.3% (n=31)
of the patients presented with higher densities of all immune cells
and were classified as immune “hot” TIME. We observed that PD-
L1 expression correlated with higher densities of immune cells.
Accordingly, the “hot” cluster showed higher PD-L1 expression
on tumor cells (p = 0.003) and PD-L1 expression on immune cells
(p <0.001, Figure 4b). Further, the immune “cold” group was
associated with reduced OS when PD-L1 was expressed by
immune cells (17.4 vs. 43.1 months, HR 1.9, [95%CI 1.0-3.7], p
=0.03) (Figure 4c).

In summary, while most of the patients in our cohort pre-
sented an immune “cold” TIME, a representative subset
showed a “hot” TIME, with higher densities of immune cells
and correlation with PD-L1 expression. In addition, “cold”
TIME in association with PD-L1 expression was a marker of
reduced OS.

Spatial immune cell characterization in ICC

To validate our findings of IHC immune cell characterization
in our ICC samples, we collected an additional cohort with
FFPE tissue blocks from 53 ICC patients (2013-2019) that
were assembled in 3 TMAs. In total 126 mm” of material was
stained with a 36-plex panel and subjected for IMC measure-
ments. To allow detailed investigations of major immune cell
subsets, we excluded the B cells and gated on the T cells
(CD45+CD3+CD19-) and remaining immune cell subsets
(CD45+CD3-CD19-). We could identify major immune cell
subtypes with similar density and distribution pattern show-
ing predominant influx of CD68+ cells and lesser extend with
CD3+CD4+, CD3+CD8+ and CD4+FoxP3+ T-cells
(Figure 5a). Again, we sought to stratify into WTS, TE and
ST areas, to better elaborate on the TIME distribution pat-
terns. For this, we generated tumor masks based on CK18 raw
signal to assign each cell to either TE or ST region (Figure 5b).
In accordance with the discovery cohort, a tendency with
higher proportion of immune cells was observed in ST when
compared to TE. Each gated subset of the IMC validation
cohort was then annotated following the unsupervised clus-
tering using relevant immune markers in the panel (Figure 5c,
Supplementary Figure S5).

We found tendencies of T cell clusters that allocated in ST
areas (e.g. CD4+CD69+, silent CD4+, silent CD8+) while most
other clusters were equally distributed in both compartments
(Suppl. Figure S6). Again, relevant inter-tumoral heterogeneity
was observed across validation cohort. When performing the
two-step cluster analysis based on absolute numbers of counted
cells (see methods), we could identify tumors with particularly
high immune cell influx (“hot” tumors) and tumors with
reduction of all immune cell classes (“cold” tumors)
(Figure 5d). As observed in the discovery cohort, a smaller
proportion of ICC patients were clustered with a “hot” tumor
environment.

For validation of a relevant survival function observed in the
CD4+"¢" cohort (discovery cohort), tumors were defined as
CD4"¢" versus CD4"" based on median density of pooled
CD45+CD3+CD4+ clusters. Again, a better survival CD4""
could be discriminated in Kaplan Meier analysis (Figure 5e,
34.1 vs. 25.6 months, HR 0.9, [95%CI 0.9-1.0], p=0.04).
Subsequent clustering into the defined CD4+ and CD8+
T cells could not discriminate significant changes in the com-
position relative to CD4"8" versus CD4"° tumors
(Supplementary Figure S7). Still, results on neighborhood ana-
lyses revealed longer distances of CD45+CD3+CD4+ clusters
to CD4+FoxP3+ and CD45+CD68+ cells in CD4"" tumors
that may imply regulatory mechanisms impacting survival in
this cohort (Figure 5f).

In order to identify which CD4+ T helper cell population
(CD45+CD3+CD4+ cluster) most relevantly contributed to
post-operative survival of ICC patients, we noticed that
especially the silent CD4+ clusters negatively correlated
with survival and therefore hypothesized that the presence
of inactivated bystander may adversely affect survival in
ICC. To further elaborate on this, CD4+ and CD4+CD8+
double positive clusters were scored for activity assessed by
six markers that were included in our panel (CD107a, CD38,
CD69, Ki67, HLA-DR, CD25). Two clusters (CD4+ CD107a
+ HLA-DR+ CDllc+ (activated CD4+) and CD4+CDS8
+PD1+ CD38"8" (differentiated DP) ranked above the
mean of all activity scores and were pooled into the acti-
vated group, while the CD4+ (“silent CD4+”), CD4+CD69+
(tissue-resident-like CD4+), CD4+Foxp3+ (Tregs) and CD4
+ T-bet+ KLRG1+ (Thl-like effector CD4+) were pooled
into the silent group. We then calculated cumulative
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Figure 5. Spatial IMC analysis of TIME in the validation cohort. (a). Kruskal-Wallis multiple comparison between groups showing predominant CD45+CD68+ macrophages
and major lymphocyte populations in WTS, TE and ST. (b). Spatial segmentation of WTS sections for identification of tumoral (TE) and stromal (ST) areas (red=te,
blue=st). (c). Unbiased T cell clustering performed by Phenograph using specified panel (on the right) after sorting of 38,673 CD45+CD3+CD19- cells across validation
cohort identified 14 major immune cell sub-classes. (d). Left: Representative IMC micrographs (P124, P122) representing the major immune cell subtypes (CD45+CD68+,
CD3+CD4+, CD3+CD8+, CD3+CD4+FoxP3+) in a immunologically “cold” versus “hot” TIME. Right: pie charts with fraction of clustered “hot” versus “cold” patients. (e).
Kaplan-Meier analysis for overall survival in the validation cohort: CD4-+high vs. CD4+low WTS. (f). Neighborhood analyses of pooled clusters displayed longer distances
of CD4+ clusters to CD4+FoxP3+ and CD68+ clusters in CD4+™9" tumors. *, p < 0.05. (g). Correlation analyses with cumulative densities (cell counts per mm2) of silent
D4+ clusters plotted against the post-operative survival in days in WTS, ST and TE. (h). Expression analyses of PD-L1 in pooled clusters identified CD4+FoxP3+ cells with
significantly higher expression compared to other T cell or macrophage clusters.**, p < 0.01; 2 way ANOVA analysis with Bonferroni correction.



densities of each group (cell counts per mm?®) in each ROIs
(WTS, TE, ST) and plotted against the post-operative survi-
val in days. Indeed, the group of silent clusters, especially
when located in the TE, negatively correlated with survival
(Figure 5g).

We ultimately explored PD-L1 expression in the tumor
microenvironment. When using similar threshold measures
(21% PD-L1 positive cells) in our validation cohort, 35.8% (n
=19) patients were positive for PD-L1 expression on immune
cells (CD45+PD-L1+), and 20.7% (n=11) were positive for
PD-L1 expression on tumor cells (CK18+PD-L1+). Among
major immune cell clusters, we could detect most prominent
PD-L1 expression in the Treg cluster (CD4+FoxP3+) com-
pared to other pooled clusters (Figure 5h).

In summary, we could validate a survival benefit in CD4
cohort and showed that CD3+CD4+ silent clusters can adversely
impact survival in ICC. Of relevance for subsequent therapeutic
intervention, high heterogeneity along ICCs was observed in the
validation cohort as well, identifying tumors with particularly
high influx of all immune cell classes. Our data identifies
CD4+FoxP3+CD25+ immune cell sub-cluster (Treg) that
most prominently expressed PD-L1 across immune cell
sub-classes.

high

STAT1 and p-STAT1 are associated with immune cells and
PD-L1 expression

STAT1 has been shown to be involved in chemokine activation
and PD-L1 expression. We evaluated its impact on immune

STAT1

[oX

pSTAT1 (cytoplasm)

PD-L1 expression
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pSTAT1 (nucleus)
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cell composition and PD-L1 expression in ICC samples.
STAT1 and p-STATI staining were observed on cells in the
stroma and on the cytoplasm of tumor cells. p-STAT1 staining
was additionally observed in the nucleus (Figure 6a). In sub-
sequent analyses, we focused on their expression in the cyto-
plasm of tumor epithelial cells. Using the H-score, we
categorized STATI1 expression into low, moderate, and high
scores (STAT1Y, STAT1™°, STAT1Meh Figure 6b). For
STATI1, the median H-score was 129.8 (IQR 62.5-188.1);
34.9% (n=30) had low score; 45.3% (n=39), moderate;
19.8% (n=17), high. On bivariate analysis (Spearman’s rho),
there were positive correlations of STAT1 expression with CD3+,
CD4+, and CD8+, and PD-L1 expression on tumor cells (p < 0.01,
Suppl. table S5). No correlations were observed with CD68+ cells.
Kruskal-Wallis-test showed a statistically significant difference
across H-score categories with respect to the distribution of
lymphocytes (p < 0.05) and PD-L1 expression on tumor cells (p
=0.008). For lymphocyte markers (CD4+ WTS, TE, ST; CD3+
and CD8+ TE; and Foxp3+ WTS), STAT1™d presented higher
degree of immune cell influx, followed by STAT1"®" and, lastly,
STAT1™" (Figure 6c). STAT1™" and STAT1™ had higher
degree of PD-L1 tumor expression (Figure 6d); consequently, PD-
L1 positive cases showed higher scores of STAT1 (p <0.001,
Figure 6Ge).

p-STAT1 generally showed lower expression than STATI.
Due to the low intensity of the staining, patients were categor-
ized into “absent” and “present” expression of p-STAT1. 46.5%
(40 patients) were negative for p-STAT1 while 53.5% (n = 46)
were positive. p-STAT1 correlated with CD3+ and CD8+ in TE
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Figure 6. STAT1 axis relevant for immune cell modulation. (a). Representative micrographs after STAT1 and p-STAT1 staining. (b). STAT1 staining with distinct intensities
defined with by QuPath software (yellow= low, orange= moderate, red=high). (c). H-score STAT1 intensity groups (low, moderate, high) in correlation with lymphocytes
densities. “Moderate” STAT1 levels showed more infiltration of lymphocytes compared to “low” and “high” groups (2 way ANOVA with Tukey’s multiple comparison).
(d). H-score STAT1 intensity vs. PD-L1 expression on tumor cells ranks (columns with standard error of mean). Kruskal-Wallis test with Dunn’s multiple comparisons
showed significant higher expression of PD-L1 in tumors with “moderate” and “high” STAT1 scores in comparison with “low” score (p < 0.05). (e). H-score for PD-L1
expression on tumor cells (negative: 110.8 vs. positive: 193.7). Mann-Whitney U test, p < 0.001. (f). OS for STATThigh with PD-L1 positive expression on tumor cell
population vs. STATThigh with PD-L1 negative expression on tumor cell population.
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(p < 0.05), with PD-L1 on tumor cells (p = 0.01), and with PD-
L1 immune cells expression (p = 0.02, Suppl. table S5). We did
not observe a clear association between STATI and OS
(STAT1™Y: 36.9 months, STAT1™8" 32 months, STAT1°":
18.3 months, HR 0.1, [95%CI 0.3-1.1], p=0.1). Positive cases
for p-STAT1, however, showed a trend toward a worse OS
compared to the negative ones (26.4 vs. 45.1 months, HR 1.5,
[95%CI 0.9-2.4], p=0.09). Interestingly, the combination of
STAT1"8" expression and positive PD-L1 tumor cells expres-
sion correlated with poor OS (26.4 vs 45.5 months, HR 3.4,
[1.0-11.6], p =0.04, Figure 6f). Positive p-STAT1 expression
was associated with disease aggressiveness, correlating with
tumor staging T>1 (p=0.01), N1 (p=0.02), stage IV (p=
0.03), and lymphangiosis carcinomatosa (p = 0.007).

In conclusion, STAT1 and p-STAT1 correlated with PD-L1
expression and lymphocyte infiltration, but no correlations
with CD68+ were observed. Specifically, STAT-1™°¢ showed
higher densities of CD3+, CD4+, CD8+, and Foxp3+, while
STAT1™ and STAT1"®" had higher PD-L1 expression on
tumor cells, being the combination of STAT1"8" and PD-L1
expression associated with worse OS. p-STAT1 correlated with
PD-L1 expression on tumor cells and on tumor-associated
immune cells. Our results indicate the impact of STAT1
expression on the TIME of ICC.

Multivariable analysis for OS

To ultimately assess if and which of the immunological mar-
kers have clinical implications on the individual outcome of
ICC patients, we performed multivariable analysis. All vari-
ables that negatively impacted the OS in Kaplan-Meier analysis
(T>1, N1, lymphangiosis carcinomatosa, M1, CD4+ WTS
density) and other markers associated with disease aggressive-
ness (p-STAT1 on tumor cells, PD-L1 expression on immune
cells > 1%) were included. The results show that CD4+°" WTS
density (HR = 2.6, 95%CI 1.5-4.6, p = 0.001), PD-L1 expression
on immune cells (HR = 2.0, 95%CI 1.1-3.7, p=0.01), and N1
status (HR=1.9, 95%CI 1.1-3.2, p=0.01) are independent
predictors of poor OS (Table 2). The prediction model for OS
derived from the discovery cohort that included CD4+ WTS
density, N1, and PD-L1 expression on immune cells performed
well in the validation cohort with a Harrell’s c-statistic 0.58
(Suppl. table S6). The mean of the prognostic index (PI) in the
discovery cohort was 1.40 (95%CI: 1.27-1.53) and in the vali-
dation cohort 1.34 (95%CI: 1.17-1.51). The R2 value on the
validation cohort was 0.136, lower than the value of 0.190 in

Table 2. Cox regression (final model) using the discovery cohort.

the discovery cohort, with a 95%CI for the difference in R2 is
(—0.181, 0.289). Since the confidence interval includes zero, the
difference in R2 was compatible with no real difference.

In the validation cohort, the predicted OS was 78.6% at 3
years, whereas the observed OS was slightly higher at 80.6%. At
3 years and 5 years of follow-up, the calibration at large was
acceptable (p=0.686 and p=0.462, respectively) (Suppl.
Figure S8).

Discussion

To better understand the role of the immune microenviron-
ment (TIME) in ICC and to identify suitable predictors of
prognosis and therapy response, we carried out
a comprehensive, in-depth and compartmentalized analysis
of the tumor immune microenvironment in total of 139
resected, ICC samples, from discovery to validation. The
patient cohort has been derived from a well-characterized
group of patients that underwent curative intent surgery with-
out prior neoadjuvant chemotherapy.

CD68+ cells were the largest population observed among
the immune cells studied in the TIME of our cohort. The liver
generally presents two populations of macrophages: resident
Kupffer cells and recruited macrophages from circulating
monocytes.'®'” In the tumor microenvironment of ICC, it
has shown that TAMs (tumor-associated macrophages)
derived from monocytes are the predominant population.*’
The density of CD68+ cells progressively increased up to
stage IVB (metastatic), consistent with previous reports."'
Metastatic tumors presented a markedly immunosuppressed
TIME, with the highest TE CD68+ densities, and significant
lower lymphocyte infiltration, especially in the stromal area.
Previous studies already described the association of macro-
phages “M2” immunosuppressive phenotype with metastatic
stages.”** Furthermore, the high intra-tumoral CD68+ den-
sity observed in metastatic tumors prompts speculations about
the hypothesis of cellular fusion between epithelial cancer cells
with TAMs as a source of metastasis.”>**

When focusing on the adaptive immune response, CD8+
T-cells were the predominant population, followed by CD4+
T-cells. This could be observed in the discovery cohort, but was
not confirmed in the validation cohort. Another study using
CyTOF observed predominance of CD4+ cells among the
lymphocyte population.”® A higher CD4+ T-cell density corre-
lated with longer OS and DFS, both in univariate and multi-
variate analyses. By contrast, silent CD4+ clusters correlated

Number of subjects =79
Number of failures = 62
Time at risk = 3301

Log likelihood= —217.44

Number of observations =79

LR chi2(3) =19.97
Prob > chi2 = 0.0002

Haz. Ratio Std. Error z P> || [95% Cl]
N1 1.94 0.50 2.57 0.010 117 -3.23
CD4+ WTS 261 0.76 3.29 0.001 147 - 4,62
PD-L1* immune cells 2.09 0.60 2.54 0.011 1.18 - 3.70




with poor survival after surgery in our validation cohort.
A higher CD8+ infiltration, unlike in some other types of
cancer, did not show a significant impact on OS in ICC.
There is evidence of a positive impact of CD8+ T cell infiltra-
tion in extrahepatic cholangiocarcinoma (ECC),'*® but not in
ICC.% still, proficient effector T-cells, when located in the
tumor area, were associated with better OS in ICC.'"° CD4+
T cells are quite important for their ability to enhance the
antitumor efficacy of cytotoxic T lymphocytes.”® CD4+
T cells initiate the priming of CD8+ T cells through dendritic
cell signaling, triggering the clonal expansion and differentia-
tion of CD8+ T cells.””*° Therefore, with the data at hand, we
hypothesize that activated CD4+ T cells are the element behind
a better anti-tumor response in ICC.

PD-L1 expression has been observed in ICC, but its value as
a biomarker to predict the clinical course or therapy response is
currently debated. A meta-analysis including 11 studies in
CCA observed worse OS for positive PD-L1 expression on
tumor cells, however, their results were not always statistically
significant, which is in line with our findings.”" An association
of PD-L1 expression and other markers could potentially yield
better prognostic value. Low PD-L1 expression associated with
positive HLA class I expression was associated with favorable
outcome in ICC.*? In ECC, PD-L1 expression combined with
low lymphocyte infiltration correlated with worse OS.*> In
accordance, we observed that “cold” TIME features (CD3+"°",
CD8+"" or CD4+"°" T-cell infiltrations, as well as the “cold”
TIME cluster), combined with positive PD-L1 expression, were
associated with worse OS. Such “exhausted” TIME, with low
lymphocyte infiltration, possibly benefit from TIME modulat-
ing therapies.

Most studies overall showed low PD-L1 expression in ICC,
with large variance in the literature. Inter- and intratumoral
heterogeneity as well as different methodologies might be some
of the reasons for these discrepancies. In Carapeto et al.,>* the
expression of PD-L1 on tumor cells was 0% using an antibody
with the identical clone as used in Sabbatino et al.** (clone
22C3), who observed a PD-L1 expression in 30% of the
patients. Kriegsmann et al>> compared three different clones
of PD-L1 antibodies and observed expressions from 1% up to
11% in the same cohort of CCA. Employing transcriptomic
data analysis, Martin-Serrano et al. found a frequency of 6%.”
In our study, 20.9% of the patients in the discovery cohort
showed positive PD-L1 tumor expression. Across positive
patients in the discovery cohort, 7% of the patients were posi-
tive at the threshold value, with expression below than 2%. The
high sensitivity of our methods might be responsible for these
findings. In the KEYNOTE-028 (NCT02054806; phase 1b) and
KEYNOTE-158 (NCT02628067; phase 2) trials, that enrolled
patients with advanced biliary tract cancers for treatment with
Pembrolizumab, the expression of PD-L1 (>1%) was not rele-
vant for clinical response.’® In the KEYNOTE-028 trial, the
group with a high T-cell inflamed gene-expression profile pre-
sented better response to Pembrolizumab.?” Lymphocyte infil-
tration and its functional characteristics may be a relevant
factor to be analyzed on ICI response in CCA. We observed
that a subset of patients characterized by immune “hot”
tumors, with higher densities of all immune cells, also corre-
lated with PD-L1 expression. We believe that this subset of ICC
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patients, with high tumor infiltrating lymphocytes and high
PD-L1 expression, are potential candidates for ICI therapy.’®
ICC “inflamed” (35%) and “non-inflamed” (65%) subgroups
were identified by in-depth transcriptomic analysis.” A similar
immune “hot” subgroup was characterized in a detailed TME
study that suggested a classification of ICC in 4 subgroups:
immune desert (47%), inflamed/lymphoid (11%), myeloid
(16%), and mesenchymal (25%). The “inflamed” group over-
expressed immune checkpoints and, therefore, is potentially
treatable with ICL®

In our study, PD-L1 expression by tumor-associated immune
cells was a better predictor of disease aggressiveness in compar-
ison to PD-L1 expression on tumor cells. We observed higher PD-
L1 expression by tumor-associated immune cells than by tumor
cells, consistent with previous observations.”>* The meaning of
PD-L1 expression on tumor-associated immune cells has been
debated in the literature. Diskin et al. found that PD-L1 can be
expressed by T-cells after exposure to antigens derived from
apoptotic tumor cells.** PD-L1 positive T-cells promote TIME
immunosuppression by reduction of CD4+ T cells conversion to
Thl, suppression of CD8+ T cell cytotoxic function, and induc-
tion of M2 macrophage polarization. Other authors pointed out
that PD-L1 expression by myeloid-derived cells (MDSCs) is
involved in suppression of cytotoxic T-cell response.*’**
Loeuillard et al. found that TAM:s are the main source of PD-L1
in CCA, but a blockage of TAM led to a compensatory infiltration
of granulocytic MDSCs that reduced T-cell function and
p1roliferation.20 Singhal et al., on the other hand, demonstrated
that PD-L1 expression by TAM:s did not suppress T-cell function,
but only prevented their elimination by effector T-cells while
expressing MHC class L** In our study, PD-L1 expression by
immune cells correlated with high density of all immune cells.
Using multiplex staining, Xia et al. recently demonstrated that
TAMs presented the highest percentage of PD-L1 expression
among the evaluated immune cells.'” Using bioinformatical
IMC analyses we could not confirm higher PD-L1 expression by
CD68+ cells. Instead, in our validation cohort, CD4+FoxP3+ cells
showed significantly higher expression of PD-L1.

By the time the patients in our study underwent surgery,
adjuvant chemotherapy recommendation was mostly with
gemcitabine with/without cisplatin, and patient selection was
not clearly established at the time. In pancreatic cancer, CD68+
cells were associated with negative impact in gemcitabine
regimens,** whereas in breast cancer, high levels of tumor-
infiltrating lymphocytes are associated with a better neoadju-
vant chemotherapy response.*’ In our study, no influence of
immune cell infiltration on chemotherapy response was
observed. However, patients positive for PD-L1 expression on
tumor cells, as well as N1 patients, had a better OS when
receiving chemotherapy. Some studies suggest that the combi-
nation of gemcitabine with ICI can have a synergistic effect.
Gemcitabine reduces MDSC circulation and increases tumor
antigenicity, while ICI neutralize the immunosuppressive effect
of chemotherapy.*® Some evidences of the advantages of this
therapeutic combination were observed in the results of the
phase 2 TOPAZ-1 study.*

STAT1 is a cytoplasmic protein that is activated by
phosphorylation from Janus kinases or other tyrosine
kinases upon signaling from IFN-y and participates in
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many intracellular pathways, including chemokine activa-
tion for immune cell migration and infiltration in
tumors.?” For example, STAT1 recruits CD8+ T cells after
IFN-y stimulation by inducing the production of chemo-
kines CXCL9, CXCL10 and CXCL11.** We observed that
moderate and high STATI scores presented with higher
lymphocyte densities, especially in the TE compartment.
Additionally, p-STAT1 correlated with CD3+ and CD8+
T-cell infiltrations. Zemek et al. identified that STATI
activity promotes a “hot” TIME and is associated with ICI
response. The study showed that pre-treatment of mice
with STAT1-activating cytokine interferon-y, the TLR3
ligand poly (I:C), and an anti - IL-10 antibody sensitized
tumors to ICL* Tumor cells are also able to employ the
IFN-y/JAK/STAT1 pathway in order to increase PD-L1
expression and avoid T-cell activation.”® High H-scores of
STAT1 or tumors positive for p-STAT1 were associated
with positive PD-L1 expression on tumor cells. This was
also observed in ovarian cancer’’ and colorectal cancer.’
We believe that stimulation of STAT-1 pathway could be
a promising target to turn “cold” into “hot” tumors in ICC,
optimizing the effects of immunotherapies for patients with
“cold” TIME.

p-STAT1 staining was markedly less prominent than
STAT1 staining. This could be related to the fact that
p-STAT1 migrates to the nucleus only after phosphorylation
for transcriptional activity, which lasts normally for only a few
hours.”® JAK/STAT pathway is negatively regulated in multiple
levels.>* Inappropriate STAT activity (loss or uncontrolled
constitutive STAT activation) can be harmful to cell
metabolism.”” In hematologic malignancies, constitutive active
fusion tyrosine kinases leading to constitutive phosphorylation
of STAT1 has been observed.’® Therefore, tumors with positive
staining might be related to inappropriate constitutive activa-
tion of p-STAT1. In our study, p-STAT1 was a marker of bad
prognosis, correlating with markers of disease aggressiveness.

Our study provides significant insights on ICC microen-
vironment based on immune cell composition, PD-L1
expression and their mutual impact on patient outcome.
Limitations of our study, however, are its retrospective and
exploratory nature as well as the conduction of the study in
a single center. The focus of our study clearly lied on TIME
in ICC samples while other important participants of the
TME (stroma, fibroblasts, endothelial cells) were only mar-
ginally included the immunohistochemical-/IMC analyses
and clinical correlation studies. However, their role has
been well elaborated in previous studies, while the main
focus relied on exploring clinical implications of TIME in
ICC patients.

Our institutional study on the TIME in a robust ICC cohort
provides additional insights about the interplay between specific
immune cell populations on disease course and potential ther-
apeutic targets. Available ICI and other immunomodulatory
agents could be considered for selected patient cohorts based
on the individuals TME. We are convinced, that finding novel
immunomodulatory agents will posit deemed non-candidates
amenable to immunotherapies. In the era of precision medicine,
novel targets that can improve response rates and survival of
patients suffering from this aggressive disease need to be

explored. The expanding knowledge and understanding of the
TIME in biliary tract cancers elicits some optimism on the way
of finding more efficacious therapies for ICC patients.

Abbreviation

AJCC  American Joint Committee on Cancer

CCA  Cholangiocarcinoma

CTL Cytotoxic T-lymphocytes

DFS Disease-free survival

DN Double negative T-cell population (CD4-CD8-)
DP Double positive T-cell population (CD4+CD8+)
ECC Extrahepatic cholangiocarcinoma

H&E  Hematoxylin and eosin

HR Hazard ratio, Hazard ratio

ICC Intrahepatic cholangiocarcinoma

ICI Immune checkpoint inhibitor

[HC Immunohistochemistry

ILC Innate lymphoid cells

IMC Imaging mass cytometry

(O Overall survival

PD-L1  nti-programmed death-ligand 1

SD Standard deviation

ST Stroma area

TAM  Tumor associated macrophages

TE Tumor epithelium

TIME  Tumor immune microenvironment
TMA  Tissue microarray

TME Tumor microenvironment

WTS  Whole TMA section
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