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Abstract

Background: Immunotherapy has demonstrated a limited clinical efficacy in approximately 5% of cholangiocarci-
noma. The main challenges for an effective immunotherapy response in cholangiocarcinoma arise from the tumor
microenvironment, which is poorly understood.

Methods: For a comprehensive analysis of the tumor microenvironment in cholangiocarcinoma, we performed
multiplex immunohistochemistry with two 15-marker immune panels and Nanostring assays for a comprehensive
analysis of 104 surgically resected cholangiocarcinomas including intrahepatic, hilar, and distal cholangiocarcinoma.
We also validated some key findings with a batch integration analysis of published single cell RNA sequencing data.

Results: This study found that natural killer cells occupy the largest immune cell compartment in cholangio-
carcinoma. Granzyme-BYCD8™ effector T cells are significantly associated with better overall survival in both
intrahepatic and distal cholangiocarcinoma. Above 85% of intrahepatic cholangiocarcinomas with higher den-
sity of PD-1"EOMES~CD8™ effector T cells are associated with long-term survival. However, only the density of
PD-1"EOMES~CDS8™ T cells in the tumor areas, but not in the peripheries of the tumors, is prognostic. In all three chol-
angiocarcinoma subtypes, T regulator cells are significantly associated with a poor prognosis; however, M1 and M2
tumor-associated macrophages or PD-L17 tumor-associated macrophage demonstrate different prognostic values.
Combining PD-L1T M1 or M2, PD-L1~ M1 or M2 tumor-associated macrophages, and T regulator cells to subgroup
intrahepatic and distal cholangiocarcinoma, the prognosis is significantly better distinguished. Moreover, PD-L1~ M2
tumor-associated macrophages is associated with a good prognosis in intrahepatic and distal cholangiocarcinoma,
suggesting this subtype of M2 tumor-associated macrophages may be antitumoral. Interestingly, lower densities of

L various types of immunosuppressive cells are associated with decreased infiltration of effector T cells in distal and hilar )

*Correspondence: Izheng6@jhmi.edu

Tao Xia, Keyu Li, Nan Niu and Yingkuan Shao have contributed as co-first
authors

"Jin He, Yiping Mou, Adrian G. Murphy and Lei Zheng have contributed as
co-senior authors

! Department of Oncology, Johns Hopkins University School of Medicine,
1650 Orleans Street, CRB1 Room 351, Baltimore, MD 21231, USA

Full list of author information is available at the end of the article

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0003-4163-2541
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13045-022-01253-z&domain=pdf

Xia et al. Journal of Hematology & Oncology (2022) 15:37

Page 2 of 20

for cholangiocarcinoma.

~

cholangiocarcinoma, but not in intrahepatic cholangiocarcinoma. In intrahepatic cholangiocarcinoma, PD-L1% tumor-
associated macrophages exert their immunosuppressive function likely through promoting T cell exhaustion.

Conclusions: This study suggests that the densities of Granzyme-B+YCD8™ effector T cells and non-exhausted

PD-1"EOMES™CDS8™ T cells and the PD-L1 status in the tumor-associated macrophages are prognostic makers in chol-
angiocarcinomas. The study also supports targeting PD-L17 tumor-associated macrophages as the immunotherapy

Keywords: Cholangiocarcinoma, Tumor microenvironment, PD-1, PD-L1, Effector T cells, T regulator cells, Myeloid
cells, Tumor-associated macrophages, Multiplex immunohistochemistry

Introduction

Globally, cholangiocarcinoma is one of the most com-
mon gastrointestinal malignancies [1]. In the United
States and most of Europe, cholangiocarcinoma is asso-
ciated with a high mortality rate in the setting of an
increasing incidence in recent years [2]. Surgical resec-
tion remains the only curative modality for cholangio-
carcinoma, however, is associated with a high recurrence
[3]. Cholangiocarcinoma is categorized into intrahepatic
and extrahepatic cholangiocarcinoma (ICC and ECC)
according to its primary anatomic location [4]. Extrahe-
patic cholangiocarcinoma is further subdivided into hilar
cholangiocarcinoma (HC) and distal cholangiocarcinoma
(DCC), based on the proximity of tumor to the bifurca-
tion of the common bile duct [5, 6]. Because neoplastic
cells originate from different parts of the biliary tract, the
tumor biology of ICC, HC, and DCC is anticipated to be
different. Not surprisingly, genetic alterations in chol-
angiocarcinoma also differ significantly among the vari-
ous anatomic types of cholangiocarcinoma [7]. Although
molecular targeted therapies have been shown to be
promising in treating patients with IDH mutations and
FGFR2 gene fusions, only approximately 20% of cholan-
giocarcinoma harbor a targetable genetic alteration. Even
with a targetable genetic alteration, only a fraction of
these cholangiocarcinomas respond to matched targeted
therapies [8, 9]. While systemic therapy has proven ben-
efits in those with unresectable and metastatic disease,
the effectiveness of chemotherapy and durability of its
response are still quite limited [10].

Immunotherapy is a promising and paradigm shift-
ing therapeutic modality that has emerged in the last
few years because of its ability to control malignant
diseases such as melanoma or NSCLC, which failed
conventional therapies [11-13]. However, immuno-
therapy including immune checkpoint inhibitors dem-
onstrates a limited clinical efficacy and achieve durable
response in approximately 5% among all cholangio-
carcinoma patients and less than 20% among PD-L1
positive patients [14—16]. Many solid tumors including
cholangiocarcinoma face similar challenges in how to

overcome the resistance to immune checkpoint inhibi-
tors. It is now recognized that such challenges arise
primarily from the immunosuppressive tumor micro-
environment (TME) [17]. However, our understand-
ing of the TME in cholangiocarcinoma and its role in
propagating immune resistance to checkpoint inhibi-
tion as well as other immunotherapies is very limited.

Published studies on the TME in cholangiocarcinoma
are mainly limited to PD-L1 expression and CD8 T-cell
infiltration with significant variability and with only a
few consensuses noted. First, membranous PD-L1 is
infrequently expressed on the tumor cells in ICC, HC,
or DCC, but is more frequently expressed on stromal
cells such as macrophages [18-23]. Second, PD-L1
expression on tumor cells correlates with poor survival
of ICC and ECC [19, 22, 24]. Some studies also demon-
strated that PD-L1 expression on tumor cells correlates
with increased CD8+ T cell infiltration [25, 26]. How-
ever, in these studies, the correlation between PD-L1
expression and poor survival was not supported [25,
26]. Nevertheless, one study showed that high PD-L1
expression and low T cell infiltration together are asso-
ciated with poor survival [18]. Overall, published stud-
ies are limited in the types of immune cells assessed
and lack correlative analyses between PD-L1 expression
in stromal cells and patient outcomes. In addition, most
published studies semi-quantify PD-L1 expression and
tumor infiltrating lymphocytes (TILs).

In this study we performed, to our knowledge, the
largest comprehensive biomarker analysis of the TME
of cholangiocarcinoma employing our novel multiplex
immunohistochemistry (IHC) technique. Through this
study, we have created a broad atlas of tumor infiltrat-
ing immune cells in cholangiocarcinoma, providing
the largest known resource of its kind for the research
community of cholangiocarcinoma. Through this analy-
sis we have revealed distinct immune signatures within
the TME of ICC, HC, and DCC and their associations
with clinical outcomes. The results of this study can
inform the design of clinical trials of immunotherapy
for cholangiocarcinoma.
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Methods

Patients, specimens, and study approval

A total of 104 surgically resected cholangiocarcinoma
formalin-fixed paraffin embedded (FFPE) specimens
from consecutive patients who had undergone surgi-
cal resection at Johns Hopkins Hospital between Janu-
ary 1, 2005 and December 31, 2015 (Additional file 1:
Table S1). Patients who had less than 3 years of follow-up
were excluded. Patients whose FFPE blocks were of poor
tissue quality were excluded. Under a Johns Hopkins
Medical Institution Institutional Review Board approved
protocol, FFPE blocks were obtained from the pathology
archive and clinicopathologic information were obtained
through chart review.

Sequential IHC and image acquisition
The sequential staining-striping multiplex IHC protocol
has been described previously [27]. In brief, slides with
5 pm of FFPE tissue sections were stained by hema-
toxylin, followed by whole-slide scanning using Nano-
Zoomer (Hamamatsu). Then, following antigen retrieval
by microwave treatment with the Antigen Retrieval
Citra Plus Solution (Abcam), sequential IHC consist-
ing of multiple iterative cycles of staining, scanning,
and antibody and chromogen stripping was performed
as described previously [27]. The concentration of pri-
mary antibodies and secondary antibody and incuba-
tion time of primary antibodies, horseradish peroxidase
(HRP)-conjugated polymer, and chromogenic detection,
respectively, are described in Additional file 1: Table S2.
Two forms of negative control staining were performed
at the end including a conventional negative control that
was stained with 2.5% goat serum in PBS in the absence
of primary antibodies and a second negative control that
was the slide undergoing the complete antibody and
chromogen stripping following the last cycle of staining.
In this study, we stained the first 20 slides with one
panel of 22 biomarkers including both lymphoid and
myeloid cell marker (Additional file 1: Table S2). The
remaining slides were stained by two separate panels
including one panel of 15 lymphoid cell markers and
one panel of 15 myeloid cell markers. The panels depict
CD8+ T cells, TH1, TH2, and TH17 T cells, regulatory
T cells (TREG), B cells, and natural killer (NK) cells,
tumor-associated macrophages (TAMs), immature (DC-
SIGN+) versus mature (CD83+) dendritic cells (DCs),
CD66b+ granulocytes (Gr), and tryptase+ mast cells.

Image processing and analysis

The digitalized image processing and analyzing workflow
included three steps: image co-registration, visualization,
and quantitative image analysis (Additional file 1: Fig.
S1). Digitized images were first co-registered using the
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CellProfiler v.2.1.1 pipeline as previously described [27].
Tumor areas were circled by pathologists (EDT, RAA).
Up to five rectangular regions of interests (ROIs, approxi-
mately 5000*5000 pixels) in the vicinity of tumor epithe-
lia were chosen to cover the entire tumor areas. EpCAM
staining was used to maximally exclude tumor epithelia,
large intratumoral blood vessels and the areas with tis-
sues fallen off. Visualization was performed by convert-
ing co-registered images into individually pseudocolored
single-marker images through the Image] software and
the Aperio Image Scope software. For quantitative analy-
sis, single cell segmentation and quantification of signals
were performed using the CellProfiler v.2.1.1 pipeline
as previously described [27], followed by image cytom-
etry analysis with the FCS Express 6 Image Cytometry
software (De Novo Software) (Additional file 1: Fig. S2).
Immune cell subtypes were defined by multiple markers
(Additional file 1: Table S3).

Nanostring analysis

RNA was isolated from five 10 um sections from FFPE
samples, by using the Qiagen FFPE RNA kit, from 62
patients among above 104 patients including DCC, n=33
and ICC, n=29. The Nanostring assay showed a high
correlation coefficient between fresh-frozen and FFPE
samples previously [28]. In this study, highly degraded
(>60% Total) RNA samples would be excluded and sub-
sequently replaced. RIN values were between 1.9 and 4.2
(median: 2.5) and considered to be superior among FFPE
samples [28]. We used the human Pan-Cancer Immune
Profiling Panel on a Nanostring Technologies nCounter
platform to perform the immune gene expression profil-
ing on the FFPE specimens. Raw data were normalized
using the GenNorm algorithm and analyzed using the
Nanostring nSolver advanced analysis software (version
2.0.115).

Statistics

The density of each immune cell subtype was defined
by calculating its percentage among all CD45+ cells in
the tumor areas. The tumors whose density of a certain
immune cell subtype is higher than the median were
grouped in the “higher” density group for this immune
cell subtype; and those whose density of this immune cell
subtype is lower than the median were grouped in the
“lower” density group. Kaplan—Meier curve and log-rank
test were used to compare the distribution between the
“higher” versus “lower” groups. Overall survival (OS) was
calculated from the date of surgery to the date of death
or to the date the patient was last known to be alive if
death had not been reported at the time of analysis. OS
longer than 3 years following surgical resection was con-
sidered to be a long-term survival in cholangiocarcinoma
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in previous studies [29, 30]. In addition, univariate and
multi-variate logistic regression were used to model the
association between OS (longer than 3 years vs. shorter
than 3 years) and density of selected immune subtypes
(“higher” vs. “lower”) controlling for other clinicopatho-
logical parameters. Clinicopathologic parameters whose
odd ratio or 95% confidence interval in their correlation
with OS (longer than 3 years vs. shorter than 3 years)
is equal zero or infinity in the univariate or multivari-
ate logistic regression were excluded from the model. It
would be indicated in the results if tumors from all the
patients with OS>3 years or from all the patients with
OS <3 years have a “higher” immune cell density. All tests
were two-sided and a p-value of <0.05 was considered as
statistically significant. All analyses were performed with
R 2.14.0 and GraphPad Prism 8.0.2.

Results

Distinct patterns of immune cell subtypes in different
types of cholangiocarcinoma

We collected 104 cases of surgically resected cholan-
giocarcinomas including 44 ICCs, 20 HCs, and 40 DCCs
(Additional file 1: Table S1) which were examined by a
recently established sequential staining and stripping
multiplex IHC technique [27] (Fig. 1A, Additional file 1:
Fig. S1) with two panels of immune cell biomarkers
including one panel of primarily lymphoid cell markers
and one panel of primarily myeloid cell markers (Addi-
tional file 1: Table S2). A list of lymphoid and myeloid
cell subtypes were defined by multiple markers and
quantified (Additional file 1: Table S3). The cells that are
considered positive for every marker are gated in refer-
ence to the cytometry of the negative control staining
(Additional file 1: Fig. S2). Cells that are marked by pan-
leucocyte marker, CD45, within the same size of tumor
area appear to be similar among all patients. Therefore,
the density of each immune cell subtype was calculated
as their percentage of total CD45" cells within the tumor
areas (Fig. 1A). Compositions of immune cell subtypes
within CD45" leukocytes are different between chol-
angiocarcinoma subtypes and are different between
patients whose OS is longer than 3 years (OS >3 years)
and those whose OS is shorter than 3 years (OS < 3 years)
(Fig. 1C-E). The densities of mast cells, B cells, T helper
1 (Thl) CD4" T cells, CD8" T cells are significantly
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different between all three types of cholangiocarcinoma
(Additional file 1: Fig. S3). Average densities of effector
cells such as CD8+ T cells are increased in those with
OS > 3 years versus OS < 3 years in all three types of chol-
angiocarcinoma with a statistically significant increase in
T cells in DCC (Fig. 1C-E). The average density of B cells
is also significantly increased in DCC with OS >3 years
versus OS<3 vyears. Interestingly, the largest compart-
ment in all three types of cholangiocarcinoma is occu-
pied by natural killer (NK) cells. Immunosuppressive
T helper (Th) cells including Th2 and T regulatory cells
(Treg) are consistently and significantly decreased in all
three types of cholangiocarcinoma with OS>3 years
versus OS<3 years. Pro-tumoral M2 macrophages are
decreased in all three types of cholangiocarcinoma with
OS>3 years versus OS<3 years; and this decrease is
statistically significant in DCC. These results suggest
that both effector cells and immunosuppressive cells are
potentially prognostic in cholangiocarcinoma.

Infiltration of CD8™ T cells is associated with better survival
in cholangiocarcinoma

We thus explored the prognostic values of the major
immune subtypes. In all three types of cholangiocarci-
noma, higher densities of CD8" T cells are associated
with better overall survival (OS) (Fig. 1F-H and Table 1).
In DCC and ICC, CD8 infiltration is significantly associ-
ated with better OS (p=0.04 and p=10.029, respectively;
Fig. 1F, H). Among ICC patients whose tumors had higher
densities of CD8™ T cells, approximately 75% had a long-
term survival (>3 years) following the surgical resection.
By contrast, among DCC patients whose tumors had
higher densities of CD8™ T cells, only approximately 40%
achieved a long-term survival. CD8"granzyme B™ cells
were examined to evaluate the effector cell phenotype
of CD8* T cells (Fig. 11-K). As anticipated, higher den-
sity of CD8%granzyme B™ cells is significantly associated
with better OS in both DCC (p=0.007) and ICC (0.021)
(Fig. 11, K). However, CD8™ T cells or CD8granzyme B
T cells are not associated with OS in HC likely due to the
limited sample size (Fig. 1G, J). B cells were also exam-
ined and found to have a significant prognostic value in
ICC, but less significant in DCC, and not significant in
HC. More specifically, in ICC, higher density of B cells
is significantly associated with better OS in both the

(See figure on next page.)

Fig. 1 Multiplex immunohistochemistry of cholangiocarcinomas. A Overlaid multiple images stained with immune cell markers with pseudocolors
and selected immune cell subtypes defined by multiple myeloid cell marker were shown. B Percentages of immune cell subtypes among CD45"
cells. C-E Immune cell composition according to the average percentages of each type of immune cells among CD45% cells in three different types
of cholangiocarcinoma divided into the group of OS < 3 years and the group of OS> 3 years. The percentages of each cell type were compared
between the groups of OS < 3 years and OS > 3 years by t test. *p <0.05; **p < 0.01. F-K Kaplan-Meier curves of overall survival of patients whose
tumors are grouped by higher density versus lower density of CD8* T cells or CD8%granzyme B T cell subtypes as indicated. Log rank tests were
done with p values indicated. DCC, distal cholangiocarcinoma; HC, hilar cholangiocarcinoma; ICC, intrahepatic cholangiocarcinoma
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Table 1 Summary of univariate and multivariate logistic analysis of the association between the density of effector T cells or tumor
associated macrophages (TAM) and OS < 3 years

BTC type Immune cell subtypes Univariate Analysis Multivariate analysis
Odds ratio 95% Cl p value 0Odds ratio 95% Cl p value

DCC CD8* T cells: 0.276 0.062, 1.233 0.092 0.238 0.049, 1.158 0.075
High versus Low

HC CD8* T cells: 0.167 0.532,67.64 0.147 0.181 0.015,2.24 0.183
High versus Low

ICC CD8* T cells: 0.222 0.058,0.858 0.029 0218 0.038,1.247 0.087
High versus Low

DCC CD8* Granzyme B* T cells: 0.144 0.027,0.778 0.024 0.114 0.122,2.062 0.02
High versus Low

HC CD8* Granzyme BY T cells: 0.583 0.075,4.562 0.608 0.287 0.017,4.835 0.386
High versus Low

ICC CD8" Granzyme B* T cells: 0.222 0.058,0.858 0.029 0.269 0.05, 1435 0.124
High versus low

DCC CD8TEOMES™PD-1"T cells: 0476 0.117,1.944 0.301 0.501 0.122,2.062 0.338
High versus Low

HC CD8' EOMES™PD-1~T cells: 0 0, Infinity* 0.995 0 0, Infinity* 0.996
High versus Low

ICC CD8TEOMES™PD-1" T cells: 0.076 0.016,0.358 0.001 0.049 0.006, 0433 0.007
High versus low

DCC PD-L1* CSF-1RT TAM: 6.923 1.285,37.287 0.024 8.173 1.402,47.635 0.019
High versus Low

HC PD-L1*" CSF-1RT TAM: 1.714 0.219,13.406 0.608 5583 0.261,119.634 0.271
High versus Low

ICC PD-L1* CSF-1RT TAM: 7429 1.778,31.04 0.006 10.152 1.658,62.177 0.012
High versus Low

DCC M1 TAM: 0476 0.117,1.944 0301 0.449 0.105,1.927 0.281
High versus Low

HC M1 TAM: 0.583 0.075,4.562 0.608 0.527 0.062, 4449 0.556
High versus Low

ICC M1 TAM: 0.222 0.058,0.858 0.029 0.208 0.039,1.104 0.065
High versus Low

DCC PD-L1F M1 TAM: 6.923 1.285,37.287 0.024 7.07 1.303, 38.349 0.023
High versus Low

HC PD-L1T M1 TAM: 1.714 0.219,13.406 0.608 0.665 0.041,10.784 0.774
High versus Low

ICC PD-L1T M1 TAM: 2.852 0.777,10.467 0.114 6.166 0.875,43.46 0.068
High versus Low

DCC M2 TAM: 6.923 1.285,37.287 0.024 7473 1.365, 40.907 0.02
High versus Low

HC M2 TAM: 6 0.532,67.64 0.147 5.194 0.213,126.625 0312
High versus Low

ICC M2 TAM: 1.227 0.35,4.307 0.749 2.35 0.467,11.831 03
High versus Low

DCC PD-L1+ M2 TAM: 3% 10% 0, Infinity* 0.993 3x 108 0, Infinity* 0.993
High versus Low

HC PD-L1T M2 TAM: 0.583 0.075,4.562 0.608 0.244 0.012,5.12 0.364
High versus Low

ICC PD-L1T M2 TAM: 7429 1.778,31.04 0.006 10.812 1.63,71.735 0.014

High versus Low

*Tumors from all the patients with OS> 3 years or from all the patients with OS < 3 years have a “higher”immune cell density; BTC, biliary tract cancer; DCC, distal
cholangiocarcinoma; HC, hilar cholangiocarcinoma; ICC, intrahepatic cholangiocarcinoma
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Kaplan—Meier analysis (p=0.004) and multivariate anal-
ysis (p=0.004) (Additional file 1: Fig. S4 and Additional
file 1: Table S4-S6). This result suggests that B cells may
have antitumor activities in ICC and DCC. On another
hand, NK cell infiltration also does not appear to have an
association with clinical outcomes in all three types of
cholangiocarcinoma (Additional file 1: Fig. S4).

Distinct patterns and prognostic values of CD4™ T cells in
different type of cholangiocarcinoma

The role of CD4" T cells appears to be different among
ICC, HC, and DCC (Fig. 2). In ICC, there is no significant
difference in OS between tumors with higher and lower
densities of CD4™ T cells. By contrast, higher density of
CD4" T cells is associated with significantly poorer OS
in DCC (p=0.007) and with a trend (p =0.064) towards
poorer OS in HC (Fig. 2). Examination of CD4" T cell
subtypes, such as CD3TCD4"Foxp3t Tregs, revealed
some clues as to why CD4" T cells in DCC and HC are
negative prognostic factors. In all three types of chol-
angiocarcinoma, Tregs, a dominant CD4% T cell sub-
type, are strongly associated with poorer prognosis
(DCC: p =0.027; HC: p=0.001; ICC: p=0.017) (Fig. 2).
Although neither Th1l nor Th2 cells are associated with
survival in ICC, a higher ratio of Th1/Th2 is significantly
associated with better OS in this type of cholangiocarci-
noma (p=0.017) (Fig. 2). These results suggest that Tregs
contribute the most to the prognostic value of CD4™ cells
infiltrating ICC. By contrast, higher densities of Th2 cells
are significantly associated with poorer survival in DCC
(p =0.023) whereas Thl cells are not associated with
the survival in DCC. Therefore, both Th2 cells and Tregs
contribute to the poor prognosis associated with CD4*t
T cells infiltrating in DCC. In HC, both a lower den-
sity of Th2 cells (p=0.036) and a higher Th1/Th2 ratio
(p=0.029) is significantly associated with the survival
(Fig. 2). Therefore, all three subtypes of cholangiocarci-
noma appear to have distinct Th1/Th2 patterns in their
respective TMEs.

CD8™ T cells that lack expression of both PD-1 and EOMES
have a strong prognostic value in predicting long-term
survival in intrahepatic cholangiocarcinoma

PD-1% T cells also appear to have varying distribution
patterns and prognostic values in different types of chol-
angiocarcinoma (Fig. 3). Lower density of CD41PD-1* T
cells is shown to have a trend associated with better OS in

Page 7 of 20

DCC and ICC (Fig. 3A-C). By contrast, lower density of
CD8'PD-1" T cells is significantly associated with better
OS in both DCC (p=0.005) and ICC (p=0.019), but not
in HC (p=0.597) (Fig. 3D-F). Consistently, in all three
types of cholangiocarcinoma, those with OS>3 years
have lower percentages of PD-1" cells among CD8" T
cells than those with OS <3 years (Fig. 3S—U). This result
confirmed that PD-1 is a factor for poor prognosis in ICC
and DCC. However, when CD81PD-17 cells are divided
into CD8'PD-1"EOMES"™ and CD8"PD-1"EOMES™
cells, neither subtype of CD8'PD-1*t cells is
associated with OS in any of the three types of cholan-
giocarcinoma (Fig. 3G-R). By contrast, higher density
of CD8"PD-1"EOMES™ T cells is significantly associ-
ated with better OS in DCC (p =0.021), likely because
CD8™ T cells in general are associated with better OS in
DCC (Fig. 1). Therefore, PD-1 and EOMES represent two
independent exhaustion pathways in all three types of
cholangiocarcinoma; and other T cell exhaustion mark-
ers [31] including LAG3, TIM3, TOX were thus inves-
tigated below. In ICC, EOMESTCDS8" T cells do appear
to distribute similarly as LAG3" or TIM3" CD8* T cells
particularly in the tumors with possibly a more immu-
nosuppressive TME according to the single cell RNA
sequencing analysis (below Additional file 1: Fig. S17),
suggesting that EOMES is a T cell exhaustion marker as
LAG3 and TIM3 in ICC. Further supporting this notion,
a higher density of PD-1/EOMES-double negative
CD8" T cells (CD8"PD-1"EOMES™) T cells is signifi-
cantly associated with better OS in both HC (p=0.001)
and ICC (p=0.0001) (Fig. 3P-R). Interestingly,
CD8'PD-1"EOMES™ T cells appear to be a dominant
subtypes of CD8+ T cells in both HC and ICC, particu-
larly in those with OS >3 years (Fig. 3T, U). The function
of this CD8+ T cell subtype remains to be investigated.
To understand which effector cell parameter(s) may
predict long-term survival, univariate and multivari-
ate logistic regression were used to model the associa-
tion between OS (>3 years vs.<3 years) and density of
selected immune subtypes (“high” vs. “low”) controlling
for other clinicopathological parameters (Table 1 and
Additional file 1: Table S4-S18). CD8*PD-1"EOMES™ T
cells, which lack expression of both PD-1 and EOMES,
appear to be the best immune parameter among all
examined which may potentially predict long-term sur-
vival in ICC (p=0.007) (Fig. 3 and Table 1). More than
85% of ICCs patients whose tumors had higher density

(See figure on next page.)

Fig. 2 The role of CD4+ cells in the overall survival of cholangiocarcinoma. Kaplan—Meier curves of overall survival (OS) of patients whose tumors
are grouped by higher density versus lower density of CD4" T cells or CD4™ T helper (Th) cell subtypes as indicated. The correlation of the density
of general CD4™ T cells (A-C), Th1 cells (D-F), Th2 cells (G-I, the ratio of Th1/Th2 cells (J-L), the density of Th17 cells (M-0), and Treg cells (P-R),
respectively, with OS. Log rank tests were performed with p values as indicated. DCC, distal cholangiocarcinoma; HC, hilar cholangiocarcinoma; ICC,

intrahepatic cholangiocarcinoma
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of CD8TPD-1"EOMES™ T cells had a long-term sur-
vival (>3 years) following surgical resection. This CD8+
T cell subtype, which is associated with good progno-
sis, is noteworthy of being studied further in all three
types of cholangiocarcinoma. By contrast, the den-
sity of CD8"Granzyme B™ T cells is a stronger pre-
dictor of long-term survival (p=0.02) than that of
CD8'PD-1"EOMES™ T cells in DCC (Fig. 1 and Table 1).

We further divided the ROIs into the tumor areas
containing neoplasm cells and the peripheries outside
the tumor areas and re-assessed the density of each
lymphoid cell subtype in the tumor areas compared to
the peripheries of the same cholangiocarcinoma sam-
ples. We found that the densities of NK cells, B cells,
Th17 cells, CD3TCDSTEOMES'PD-1~ T cells, and
CD3TCDS8"EOMES PD-1" T cells, respectively, were
significantly decreased in the peripheries compared
to the tumor areas in DCC, but not in ICC (Additional
file 1: Figs. S5, S6). We also found that the densities of
NK cells, Th2 cells, CD8"Granzyme B* T cells, and
CD3"CDS8'EOMES PD-1- T  cells, respectively,
were significantly decreased in the peripheries com-
pared to the tumor areas in ICC, but not DCC (Addi-
tional file 1: Figs. S5, S6). The survival association of
CD3"CD8T"EOMES PD-1" T cells, which were demon-
strated above to be the best immune parameter predic-
tive for long-term survival in ICC, is different between
tumor areas and peripheries. In the tumor areas, but
not in the peripheries of the tumors, the higher density
of this non-exhausted T cell subpopulation is associated
significantly with better OS (p=0.001) (Fig. 3V). Thus,
it is conceivable that CD3TCDSTEOMES PD-1" T cells
that infiltrate within the tumor areas may play a stronger
role in antitumor immune response in ICC than those in
the peripheries of the tumors or that a stronger antitu-
mor immune response would be elicited only when this
non-exhausted subtype of CD8' T cells have infiltrated
into the tumor areas.

M1 and M2 macrophages play a distinct role

in the prognosis of intra-hepatic and distal
cholangiocarcinoma

Next, we examined myeloid cell subtypes in all three types
of cholangiocarcinomas. We did not observe a significant
association between prognosis and with neutrophils,
dendritic cells, or mast cell densities in any of the three
types of cholangiocarcinoma (Additional file 1: Fig. S5).
By contrast, densities of tumor associated macrophages
(TAM) are associated with survival in all three types
of cholangiocarinoma. Higher density of anti-tumoral
M1-like TAMs (CD457CD3~CD20~CD56 ~CD66b ™ Try
ptase " CSFIRTCD68TCD163™) is significantly associated
with better OS in ICC (p=0.01) whereas pro-tumoral
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M2-like TAM (CD457CD3~CD20~CD56-CD66b ~Tryp
tase "CSFIRTCD68TCD163™) is not associated with OS
in ICC (Fig. 4A-F). By contrast, higher density of M2
TAMs is significantly associated with poorer OS in DCC
(p=0.008), whereas M1 TAMs is not associated with
OS in DCC (Fig. 4A-F). In HC, neither M1 TAMs nor
M2 TAMs showed a statistically significant association
with OS, although there was a strong trend (p =0.058)
towards poorer OS in HC with higher density of M2
TAMs. Taken together, these results also suggested that
TAMs play a more prominent role in the TME of cholan-
giocarcinoma than any other myeloid subtype and should
be considered as a major target for the immunotherapy of
cholangiocarcinoma.

PD-L1 plays an important role in the function of TAMs

and CSF-1R* myeloid cells in intrahepatic and distal
cholangiocarcinoma, but not in hilar cholangiocarcinoma
As previously reported, PD-L1 is mainly expressed in
myeloid cells in the TME of all three types of cholan-
giocarcinoma [18-23]. Among different myeloid cell
subtypes, PD-L1T (PD-L1 positive) neutrophils have
the largest quantity. However, only a small percentage
of neutrophils are PD-L1% (Fig. 1B). Among the dif-
ferent myeloid subtypes examined, TAMs appear to
have the highest percentages of cells expressing PD-L1.
In both ICC and DCC, higher density of PD-L1+ M1
TAMs (CD45TCD3~CD20 CD56 CD66b ~Tryptase™
CSFIR*CD68*CD163 PD-L1%) or PD-L14+ M2 TAMs
(CD45TCD3~CD20"CD56 CD66b  ~Tryptase” CSF1R
*tCD68TCD163TPD-L1%) is associated with poorer sur-
vival even though M1 TAMs in general are not associ-
ated with poor survival (Fig. 4G-I). PD-L1% neutrophils
are not associated with OS in all three types of cholan-
giocarcinoma (Additional file 1: Fig. S6). However, of
other myeloid cell subtypes including dendritic cells
and mast cells, either PD-L1 expression, higher den-
sity of PD-L1" cells, or both, is associated with poorer
OS and supports targeting both PD-1/PD-L1 and mye-
loid cells in DCC and ICC. As CSF-1R inhibitors are
tested as a myeloid cell targeting agent in clinical tri-
als, we examined the survival outcome association of
CD457CD3~CSF-1R*PD-L17 cells, which include both
PD-L1% TAM and dendritic cells. The results confirmed
that higher density of CD457CD3~CSF-1R*PD-L17 cells
is associated with poorer OS in both ICC and DCC, but
not in HC (Fig. 4M-0), supporting either PD-1/PD-L1,
CSF1-R, or both in a combination as a therapeutic target
for ICC and DCC. This immune cell parameter is also the
strongest prognostic feature of poor survival in DCC and
ICC among all the myeloid cell subtypes tested accord-
ing to univariate and multi-variate analyses (Table 1 and
Additional file 1: Tables S19-S33).
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We further divided the ROIs into the tumor areas
containing neoplasm cells and the peripheries outside
the tumor areas and re-assessed the density of each
myeloid cell subtype in the tumor areas compared to
the peripheries of the same cholangiocarcinoma sam-
ples. We found that only the density of above described
CD457CD3 CSF-1R*PD-L1" cells was significantly
decreased in the peripheries compared to the tumor
areas in DCC (Additional file 1: Fig. S9). In the tumor
areas, the higher density of this myeloid cell subpopu-
lation appears to be associated with poorer OS in a
stronger trend (p =0.064) than that in the peripheries
(Additional file 1: Fig. S6). Thus, it is conceivable that
CD457CD3 CSE-1RTPD-L17 cells that infiltrate within
the tumor areas may play a stronger role in suppressing
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antitumor immune response in DCC than those in the
peripheries of the tumors.

Combined immune biomarkers divide DCC and ICC

into prognostically more distinguished subgroups

Above results also suggest that TAM is a heterogeneous
population and simply using PD-L1 expression to dis-
tinguish the prognostic values of TAM is not sufficient.
Therefore, we further took advantage of our multiplex
IHC approach by using PD-L17 M1 TAM and PD-L1"
M2 TAM as biomarkers simultaneously to divide patients
into four groups (Fig. 5A). In DCC, we found that, if the
density of PD-L1t M2 TAM is high, regardless the status
of PD-L1* M1 TAM, the prognosis is poor. If the den-
sity of PD-L1" M1 TAM is low and that of PD-L1* M2
is low, the prognosis is the best among the four groups.

A

DCC: M1PD-L1+ & M2 PD-L1+ DCC: M1PD-L1+ & M2 PD-L1+

100
W2poLte
& e
g g 2
™ 3 §
5w §
g M2POLI+ W2PoL1e H H ‘v 3
@ ow high a 2ls
P=0.057 ‘g 2
i g e e —— |
Follow up time (day) o x\w) o uwn Pr;m(.n et Follow up time (day)
o M1 PDLte high & M2 PD-L1+ high e R o
M1 Pt low & M2 PDL1 low
M1 PDL1+ igh & M2 PD-Lts low A B c

. C: M1PD-L1+ high & M2 PD-L1+ high

== M1PD-L1+low & M2 PD-L1+ high ORM1 PD-L1+ low & M2 PD-L1+ high

DCC: M2 PD-L1+ & M2 PD-L1- DCC: M2 PD-L1+ & M2 PD-L1-

Survival Rate

DCC: M1 PD-L1+ & M1 PD-L1- DCC: M1 PD-L1+ & M1 PD-L1-

( m2pPO-L1+ | 100-
s . . £
£ o (remous)  fizroue H
H ov o) H
P=0.0003 / / A . P=0.0075
R Qe e v saa PO ot o 000 000 000 400 S0

Follow up time (day)

1 2P
Follow up time (day) Howjv;‘ZPD ) HowsHZPDw (Neraiis ) ez )

PD-L1-low /\ PD-L1- high
~ M2 PD-L1+ high & M2 PD-L1- high ~ S~ N ; ~- A:M2PD-L1+ low & M2 PD-L1- high
~ M2PD-L1+ low & M2 PD-L1- low ' T

A B

M2 PD-L1+ high & M2 PD-L1- high
~— ORM2 PD-L1+ low & M2 PD-L1- low
OR M2 PD-L1+ high & M2 PD-L1- low

o ICC: M1 PD-L1- & M2 PD-L1-

+ M2 PD-L1+ high & M2 PD-L1- low
= M2 PD-L1+ low & M2 PD-L1- high

M ICC: M1 PD-L1- & M2 PD-L1-

o wiroLs o
g H
E . . H
e WipoLL wipoL1 s
H o o :
" H
Frosees g P<0.0001
3 ¥ " .
1000 2000 3000 400( -
e/ eoan /upous T w mw ww

iDL
Follow up time (day) pon1270.) (w260 [y Follow up time (day)
ow Ui-non POL1-hoh

honatiz
PO low

= M1PD-L1- high & M2 PD-L1- high

== M1 PDL1- low & M2 PD-L1- low T I

= M1 PD-L1- high & M2 PD-L1- low B A

— M1 PD-L1-low & M2 PD-L1- high

A M1 PD-L1- high & M2 PO-L1- high
~ ORM1 PD-L1- high & M2 PD-L1- low
OR M1 PD-L1- low & M2 PD-L1- high

- B M1 PD-L1- low & M2 PD-L1- low

s ICC: M1 PD-L1+ and Treg . 1CC: M1 PD-L1+ and Treg

100 \
(mipote 100 »
o / ‘e
] N e <
3 rup™ & g2
2 %] TN N 3 5
£ / 2 50 ki
H (Mipote M1PDLTe : i
hon iow a 5
prosioz /N 8
3
o 1 om0 om0 - - - 3
1000 2000 3000 4000

M1PDLI
100 100
M1PDL1+ M1PDL1+ s
50 tow 2 so
[ hoh g
% H
a
P=0.265 P=0.0485
o+ TT M1PD-L1+ M1PD-L1+ M1PDL1+ \ /M1 PDLI+ 0
1000 2000 3000 4000 5000 10 (ons i > honallt | hond it 0 1000 2000 3000 4000 5000
Follow up time (day) Lo PO-LI-low /\PO-L1-hh, Follow up time (day)
~ M1 PD-L1+ high & M1 PD-L1- high - A: M1 PD-L1+ low & M1 PD-L1- high
== M1POL1+ low & M1 PDL1-low A B B: M1 PD-L1+ high & MIPD-L1- high
- M1 PD-L1+ high & M1 PD-L1- low =~ ORM1PD-L1+ low & M1 PD-L1- low
OR M1 PD-L1+ high & MIPD-L1- low
— M1 PD-L1+ low & M1 PD-L1- high
J DCC: M2 PD-L1+ & Treg K L DCC: M2 PD-L1+ & Treg
w2PDLIe
2 H
& W2pDL1+ w2PDL1e °-§
3 iow non 3
i e
@ P=051 P=0.0024
werous\ fuzeous)  [uzpouts
s | ( ong honaT Mu
S T e S 3T ) e | noraties 3 o mo s G 5o
Follow up time (day) ~ ollow up time (day)
— M2 PD-L1+ high & Treg high A N - AM2PD-L1+low & Treglow
- M2PD-L1+ low & Treglow T T
- M2 PD-L1+ high & Treg low ORM2 DL+ ow 8. Treg high
- M2PD-L1+ low & Treg high
P ICC: M1 PD-L1+ & M2 PD-L1+ Q R 1CC: M1PD-L1+ & M2 PD-L1+
MiPDLI 100
1003
H
E <
I3 2
] 1POLTe W1PDLI :
5 s - 2
s non o
@ P=0.0063
Pe0.9447
[ S e p—— W1 POt W1pDL1e Fellew pxmmy,
1000 2000 3000 4000 nonaiz o275 & u 270.
PO-L1+ high, + high o A M1PD-L1+ low & M2 PD-L1+ low

Follow up time (day)

- M1PD-L1+ high & M2 PD-L1+ high

Follow up time (day)
p ) Follow up time (day)

- M1 PD-L1+ high & Treg high
= M1 PD-L1+ low & Treg low.
= M1 PD-L14 high & Treg low

== A: M1 PD-L1+ high and Treg high

. B:M1PD-L1+low & Treg high
ORMIPD-L1+ high & Treg low

M1 PD-L1+ low & Treg high
~ C:M1PD-L1+ low & Treg low

immune cell subtypes as indicated

ORM1 PD-L1+ high & M2 PD.L1+ low

1 o BM1PDL1s high & N2 PDLIe hgh
- M1 PD-L1+low & M2 PDLTs low A 1 PO-L1s low & M2 PD.L1+ hgh
—- M1PD-L1+ high & M2 PD-L1+ low T
—- M1 PD-L1+ low & M2 PD-L1+ high B
V ICC: M2 PD-L1+ and Treg W - x ICC: M2 PD-L1+ and Treg
M2PDLI+ 100 3
2 2 |z
H £ H EVEPPINCY |
£ = TN ~ 3 -8
$ s K]
£ M2PDLI+ M2PDL1+ H S|g
@ high low @ i
P-0.08%6 N g
- o
o e ooy, - e 1000 2000 3000 4000
ollow up tme (day) u2PDLt+\ /M2PDLI W2PDL1+ /M2 PDLT+ Follow up time (day)
hgn 8 Treg |  hon & Treg lows.Treg | low . Treg
- M2 PD-L1+ high and Treg high
ioh and Treg high high low high low —— A:M2 PD-L1+ high and Treg high
- M2PDL1+ low and Treg low N NN
e . B M2 PD-L1+ high and Treg low
- M2PD-L1+ high and Treg low It T ! OR M2 PD-L1+ low and Treg high
A B C

— M2 PD-L1+ low and Treg high

— C:M2 PD-L1+ low and Treg low

Fig. 5 Subgrouping of DCC and ICC with combined biomarkers. A, D, G, J, M, P, S, V Kaplan-Meier curves of overall survival of patients whose
tumors are subgrouped by higher density versus lower density of two immune cell subtypes including PD-L17 or PD-L1
Treg as indicated. B, E, H, K, N, Q, T, W Schematic recombination of subgroups defined by two immune cell subtypes. C, F, I, L, O, R, U, X Kaplan—

Meier curves of overall survival of patients whose tumors are re-grouped by following the schematic recombination of subgroups defined by two

~, M1 or M2 TAM and/or




Xia et al. Journal of Hematology & Oncology (2022) 15:37

If the density of PD-L1" M1 TAM is high, but that of
PD-L1T M2 TAM is low, the prognosis is intermediate
(Fig. 5A). Thus, the group of high PD-L1" M2 TAM and
low PD-L1* M1 TAM can be combined with the group
of high PD-L1t M2 TAM and high PD-L1T M1 TAM
(Fig. 5B). After subgrouping DCC into three groups, their
prognosis is more distinguishable (Fig. 5C). Neverthe-
less, such a result suggests that targeting DCC with one
immunotherapy strategy in absence of biomarker selec-
tion may not be successful.

Our multiplex IHC approach also allows us to quantify
PD-L1™ (PD-L1 negative) TAM, including PD-L1~ M2
TAM, which may still have immunosuppressive func-
tions. We found that, if we combine both PD-L1T M1
TAM and PD-L1~ M1 TAM as biomarkers simultane-
ously to divide patients into four groups (Fig. 5D-F),
the prognosis of DCC can be the best distinguished
(p=0.0485). Approximately 80% of DCCs with a low
density of PD-L1* M1 TAM but a high density of PD-L1~
M1 TAM demonstrate a long-term survival. Otherwise,
DCC would have a very poor prognosis. Surprisingly,
using a similar approach, we found that, if we use both
PD-L1T M2 TAM and PD-L1~ M2 TAM as a combined
biomarker (Fig. 5G-I), approximately 80% of DCCs with
low density of PD-L1T M2 TAM and high density of
PD-L1™ M2 TAM demonstrate a long-term survival. This
result confirms that PD-L1" M2 TAM is pro-tumoral,
however, also suggests that PD-L1~ M2 TAM is associ-
ated with a good prognosis in DCC and thus may have
an antitumor function. The association of the PD-L1~
M2 TAM with longer survival also supports the recent
notion that the polarized classification of TAMs may not
be appropriate [32] and the TAMs are highly plastic [33,
34].

We did not observe an advantage of the above com-
bined biomarker strategy in subgrouping ICC with both
PD-L1T TAM and PD-L1~ TAM together. Next, we
combined PD-L1~ M1 TAM and PD-L1~ M2 TAM as
biomarkers simultaneously to divide patients into four
groups (Fig. 5M). We did not observe an advantage
of this combined biomarker strategy in subgrouping
DDC; however, we found in ICC that, if both densities
of PD-L1™ M1 TAM and PD-L1~ M2 TAM are low, the
prognosis of ICC is poor (Fig. 5M). Excluding those with
low PD-L1~ M1 TAM and low PD-L1~ M2 TAM, the
remaining ICC all appear to have a good prognosis with
essentially a cure after surgery (Fig. 5N, O). Here, similar
to DCC, high density of PD-L1~ M2 TAM is also associ-
ated with a good prognosis albeit in a subgroup of ICC;
however, different from DCC, high density of PD-L1~
M2 TAM or high density of PD-L1~ M1 TAM, not neces-
sarily both together, is associated with a good prognosis
in ICC. In addition, this PD-L1~ M1/PD-L1~ M2 TAM
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combination biomarker stratification strategy surpasses
all the immune biomarkers examined above in distin-
guishing the prognosis of ICC (p=0.0001).

Next, we combined PD-L1T M1 TAM and PD-L1+ M2
TAM as biomarkers simultaneously to divide patients
into four groups in ICC (Fig. 5P). We found that the poor
prognosis in ICC is solely determined by the high den-
sity of PD-L1* M2 TAM (Fig. 5P). After merging the four
groups into two groups (Fig. 5Q), this approach (Fig. 5R),
which was taken independently, confirmed the result in
Fig. 4I.

We also combined PD-L1" TAM and Treg as biomark-
ers simultaneously to divide patients into four groups in
DCC and in ICC, respectively (Fig. 5], S, V). We did find
that using this combined biomarker strategy in DCC with
both PD-L1T M2 TAM and Treg (Fig. 5]-L) is superior
over using Treg alone by dividing the patients into two
prognostically more distinguished groups (Fig. 2P), sug-
gesting that PD-L1T M2 TAM and Treg play independ-
ent roles in DCC. In ICC, combining Treg with either
PD-L1T M1 TAM or PD-L1" M2 TAM (Fig. 5S, V),
respectively, as immune parameters identifies one sub-
group of ICC with approximately 90% being long-term
survivors and another subgroup with more than 90% hav-
ing a dismal prognosis (Fig. 5U, X). However, this com-
bined biomarker strategy also identifies a third subgroup
with intermediate prognosis (Fig. 5U, X). Taken together,
these results support targeting both PD-L1" TAM and
Treg in both ICC and DCC. We did not use the combined
biomarker strategy to re-analyze the multiplex IHC data
of HC due to the small sample size. Nevertheless, such
a strategy should be applied to HC in the future studies.

Lower density of immunosuppressive cells is associated
with a decreasing infiltration of effector T cells in distal

and hilar cholangiocarcinoma, but not in intrahepatic
cholangiocarcinoma

Next, we examined how regulatory immune cells includ-
ing CD4™PD-1" T cells, Tregs, neutrophils, M1 TAM,
M2 TAM, and CSF-1R* myeloid cells may influence the
infiltration of effector T cells and their subtypes. To this
end, we divided each type of cholangiocarcinoma into
two groups in the same way as the above survival analy-
ses according to whether the regulatory immune sub-
type densities are higher or lower than their respective
medians and compared the effector T cells between two
groups. We found that a lower density of CD4*PD-1"
T cells is associated with a lower density of CD8*PD-1"
T cells consistently in all three types of cholangiocarci-
noma (Fig. 6). Interestingly, a lower density of Tregs and
CSF-1R™ cells is associated with lower density of CD8"
T cells, CD81Ki671T cells, CD8'granzyme B* T cells, or
CD8'PD-1* T cells in DCC (Fig. 6 and Additional file 1:
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Fig. S10); and these associations are either statistically
significant or in a strong trend. Such associations appear
to be less strong, but maintain overall a similar trend in
HC. In addition, lower density of anti-tumoral M1 TAMs
is also associated with lower density of CD8" T cells,
CD8%Ki67" T cells, or CD8 granzyme B* T cells in HC
(Fig. 6 and Additional file 1: Fig. S11). By contrast, such
associations do not appear to exist in ICC. Indeed, lower
density of CSF-1R™ cells and higher density of Th17 cells
in ICC is associated with higher density of CD8" T cells
(Fig. 6 and Additional file 1: Fig. S12). These results may
not be fully interpretable due to overall limited sample
sizes and would need to be further examined by a linear
regression analysis with larger sample sizes. However,
they suggest that a decreasing infiltration of multiple
subtypes of immunosuppressive cells such as Tregs and
CSF-1R" cells could be associated with a decreasing infil-
tration of effector T cells in DCC and HC. The underlying
mechanism for such associations requires further inves-
tigation and whether therapeutic strategies that would
lead to depletion of Tregs or CSF-1R" cells in DCC and
HC would ultimately lead to a decrease of effector T cells
remains an important question. Nevertheless, therapeu-
tic strategies of targeting and leading to depletion of CSE-
1R" cells in ICC are anticipated to increase infiltration of
effector T cells.

Correlation between PD-L1+ myeloid cells and effector T
cells in different types of cholangiocarcinoma

We also compared effector T cell densities between
cholangiocarcinomas with higher and those with lower
density of myeloid cell subgroups that express PD-L1.
In contrast with published studies which show a posi-
tive correlation between PD-L1 expression and CD8*
T cells in semi-quantitative IHC analysis [25, 26], our
results demonstrated that, for most of myeloid cell sub-
groups, effector T cell densities do not appear to be sig-
nificantly different between tumors with higher and
those with lower density of myeloid cell subgroups that
express PD-L1. However, in all three types of cholangio-
carcinoma, lower density of PD-L1"DC-LAMP" mature
dendritic cells or PD-L1"DC-SIGNT immature dendritic
cells is associated with lower density of CD8*PD-1" T
cells either significantly or in a strong trend (Additional
file 1: Figs. S13-S15). Thus, these results suggest that tar-
geted depletion of PD-L1%" dendritic cells would have a
potential therapeutic benefit by decreasing primarily the
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PD-1" subgroup of effector T cells in all three types of
cholangiocarcinoma.

Interestingly, in ICC, lower density of PD-L1t M2
TAM is significantly associated with higher density of
CD8'PD-1"EOMES™ T cells, which, as shown above, is
the best predictor of long-term survival in ICC (Addi-
tional file 1: Fig. S16). This finding further highlights
important roles of the PD-L1T M2 TAM and the non-
exhausted CD8"PD-1"EOMES™ effector T cells in ICC.

TAM in DCC is associated with immunosuppressive
mechanisms

In order to examine the cytokine/chemokine and intra-
cellular functional gene expression, we correlated the
immune cell densities with mRNA expression levels in
tumors analyzed by the Nanostring technologies. To
this end, tissues from FFPE sections of the same DCC
and ICC cases for multiplex IHC were subjected to
Nanostring analysis. As shown in Fig. 7, we found the
correlation between IL6, IL10 and ARG1 expression in
tumors and TAMs. IL6 and IL10 are two pro-tumoral
inflammatory cytokines that suppress effector T cell
functions; and ARG] is defining feature of immunosup-
pressive myeloid cells and leads to depletion of L-argi-
nine, which is required for T cell and NK cell function
and survival. In DCC, higher density of M2 TAM is asso-
ciated with higher expression of IL6, IL10 and ARG1
(p=0.0336). These results suggest that M2 TAMs, which
are likely overlapped with PD-L1+ TAM, are associ-
ated with an increased T cell suppression mechanism
similarly as the association of higher density of PD-L1+
TAM with higher expression of IL10, ARG1, and the T
cell exhaustion factor LAG3 is related to poorer prog-
nosis. By contrast, higher density of M1 TAMs, which
is not prognostic as shown above, is also associated
with higher expression of IL6, but not IL10 and ARG1.
In ICC, the association of IL6, IL10, and ARG1 with
TAMs appear to be different from that in DCC. On the
contrary, in ICC, higher density of PD-L1* TAMs is sig-
nificantly associated with lower expression of ARGI in
ICC (p=0.0245). This result may suggest that the major
function of PD-L1+ TAMs is not mediated by ARG1, but
mainly mediated by PD-L1. Consistent with this notion,
the above multiplex IHC results showed that higher den-
sity of PD-L1* M2 TAMs is significantly associated with
lower density of non-exhausted CD8"PD-1"EOMES™
cells (Additional file 1: Fig. S16).

(See figure on next page.)

Fig. 6 Comparison of various effector T cell subtypes between cholangiocarcinomas with higher versus lower density of regulatory immune
cells. Tumors are subgrouped by higher density versus lower density of two immune cell subgroups of CD4*PD-1* T cells in A, D, G, J, Tregs in B,
E, H, K, CSF1-RT myeloid cells in C, I, F, L. The density of CD8" T-cells (A-C), CD8"Ki67 T-cells (D-F), CD8*Granzyme B* T-cells (G-1), CD8tPD-1+
T-cells (J-L) was compared between the two subgroups. t tests were performed with p value indicated. DCC, distal cholangiocarcinoma; HC, hilar

cholangiocarcinoma; ICC, intrahepatic cholangiocarcinoma
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Fig. 7 Comparison of selected gene expression between cholangiocarcinomas with higher versus lower density of TAMs and their subtypes. t tests

were performed with p value indicated. DCC, distal cholangiocarcinoma; HC, hilar cholangiocarcinoma; ICC, intrahepatic cholangiocarcinoma
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We thus further examined the intracellular functional
gene expressions in ICC by conducting a multiple batch
integration analysis of single cell RNA sequencing data
from multiple studies [35, 36] that were previously pub-
lished. We found that an increased expression of T cell
exhaustion factors measured as the ratio of TOX2"
CD8" cells to all CD8" cells is associated significantly
with a higher percentage of immature dendritic cells
(DC) among all the single cells within each of the indi-
vidual samples analyzed (Additional file 1: Fig. S17).
The higher expression of other T cell exhaustion factors
such as EOMES and LAGS3 similarly measured are also
in a strong trend associated with the higher percentage
of immature DC. Moreover, the higher ratio of TIM3*
CD8" cells to all CD8" cells is associated significantly
with the higher percentage of PD-L1* M1 macrophages
and associated in a strong trend with the higher per-
centage of PD-L1* M2 macrophages. Interestingly, we
found that there is a strong correlation between the RNA
expression of EOMES and that of LAG3 in CD8" cells
in those tumor samples showing higher percentage of
mature DCs, immature DC, PD-L1" M1 macrophages or
PD-L1"T M2 macrophages. There is also a strong corre-
lation between the RNA expression of EOMES and that
of TIM3 in CD8" cells in those tumor samples show-
ing a possibly more immunosuppressive TME includ-
ing a higher percentage of immature DC, PD-L1* M1
or M2 macrophages, but not in those samples showing
a higher percentage of mature DC. These results sug-
gest that EOMES, LAG3 and TIM3 are likely in the same
T cell exhaustion pathway in ICC. Taken together, our
Nanostring assay and re-analysis of RNA sequencing
results suggest that, in ICC, PD-L1T TAMs exert their
immunosuppressive function likely through promoting T
cell exhaustion.

Discussion

To our knowledge, this study is the most comprehen-
sive analysis of the tumor immune microenvironment of
cholangiocarcinoma to date. By utilizing a broad array
of myeloid and lymphoid biomarkers in multiplex IHC
analysis within a large cholangiocarcinoma cohort, we
present the atlas of the TME of cholangiocarcinoma.
By employing multiplex IHC, multiple maker utiliza-
tion allowed for a more precise definition of individual
immune subtypes, associations among them, and their
impacts on prognosis. Furthermore, one advantage
of multiplex IHC is that it can minimize the inherent
bias of quantification due to non-specific staining. By
employing multiple biomarkers for individual cell iden-
tification, it becomes extremely unlikely that multiple
antibodies have non-specific staining on the same cells.
More importantly, multiplex IHC allows quantification
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of multiple immune cell subtypes within the same tissue
area on the same tissue section and thus leads to a more
precise correlative analysis between different immune
subtypes. Although the analysis is limited to one tissue
section, we have previously demonstrated that the areas
chosen for quantification are highly representative of the
whole tumor block [27]. The specimens analyzed in this
study are all resected tumors from untreated patients.
Although it should be noted that these specimens do not
represent metastatic cholangiocarcinoma, the results
from these specimens obtained from a relatively homo-
geneous patient population would more accurately dem-
onstrate the role of TME in the patient’s clinical outcome.
Limited by the tissue quantity and quality, biopsy speci-
mens from metastatic cholangiocarcinoma would also
be inadequate for a comprehensive TIME analysis. Nev-
ertheless, the immune parameters analyzed in this study
can be selectively validated in the biopsy specimens from
metastatic cholangiocarcinoma.

Most importantly, this comprehensive multiplex IHC
approach demonstrates many new findings which would
otherwise be missed by traditional IHC approaches or
small-panel multiplex IHC approaches. First, NK cells
were found to occupy the largest immune cell compart-
ment in all three types of cholangiocarcinoma. NK cells
were poorly studied in cholangiocarcinoma. This study
also does not demonstrate a prognostic value of the den-
sity of NK cells, suggesting NK cells naturally present in
cholangiocarcinoma do not have a significant antitumor
function. Therefore, future studies on how to re-engage
NK cells should be considered. Second, this study sug-
gests that TAM is a heterogeneous population and sim-
ply subgrouping into M1 and M2 macrophages or using
PD-L1 expression to distinguish the prognostic values
of TAM is not sufficient. One striking finding from this
analysis was that PD-L1~ M2 macrophages are associated
with a good prognosis in DCC and also in certain sub-
groups of ICC. Taking advantage of our multiplex IHC
approach by using PD-L1+ M1 TAM, PD-L1+ M2 TAM,
PD-L1- M1 TAM, PD-L1- M2 TAM, and/or Treg as
biomarkers simultaneously to subgroup DCC and ICC,
this study demonstrates the superiority and necessity of
using multiple biomarkers to distinguish cholangiocarci-
noma patients with different prognoses. Meanwhile, this
study underscores the importance of targeting immu-
nosuppressive TME components in the clinical trials of
immunotherapy for cholangiocarcinoma, however, by
using a combined biomarker strategy to select appro-
priate patient populations. Third, this study demon-
strates that lower densities of immunosuppressive cells
are associated with lower infiltration of effector T cells
in DCC and HC, suggesting that targeting immunosup-
pressive cells without priming the TME with effector T
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cells in the immunotherapy for DCC and HC is not suf-
ficient. As shown in this study, DCC and HC appear to
have a “colder” TME than ICC, and thus would need
to be treated with T cell priming agents such as vac-
cine therapy and T cell therapy. On another hand, this
study suggests that targeting effector T cells or immune
checkpoints alone is also unlikely sufficient because
an increased infiltration of effector T cells is associated
with increased infiltration of Tregs, and CSF-1R+ cells in
DCC and HC. Taken together, the comprehensive anal-
ysis of TME in this study informs the design of clinical
trials including a recently initiated clinical trial of testing
durvalumab anti-PD-L1 antibody in combination with
a CSF-1R inhibitor (SNDX-6532) following chemo or
radio-embolization for patients with intrahepatic cholan-
giocarcinoma (NCT04301778).

This study is consistent with the majority of the previ-
ously published studies in that we showed that the infil-
tration of CD8™ T cells is a positive prognostic factor in
cholangiocarcinoma and that PD-L1 is an indicator of
poor prognosis [19, 22, 24]. However, previous studies
only characterized CD8" T cells in general; and simply
characterizing CD8" T cells in general is apparently not
sufficient in predicting the prognosis of cholangiocarci-
noma. In this study, we newly demonstrated that the den-
sity of CD8"Granzyme B™ T cells, which are considered
to be high-quality effector T cells, to be a stronger prog-
nostic indicator in cholangiocarcinoma. Non-exhausted
CD8'PD-1"EOMES™ T cells were shown to be a stronger
prognostic indicator in ICC. More importantly, this study
demonstrated the importance of spatial analysis as only
the density of CD8TPD-1"EOMES™ T cells in the tumor
areas, but not in the peripheries of the tumors, is prog-
nostic. In addition, this study validated some equivocal
conclusions made in the previously published studies [37]
including: the negative prognostic values of Tregs and the
Th1/Th2 ratio in all types of cholangiocarcinoma, the
negative prognostic value of CD4*PD-1" cells in DCC,
and the negative prognostic value of CD8TPD-17 cells in
DCC and ICC. The univariate and multivariate analyses
of each immune cell parameter together with multiple
clinicopathologic factors did not suggest that the cor-
relation between any immune parameter tested and the
survival was confounded by clinicopathologic factors or
stages (Additional file 1: Tables S4—S33), indicating that
the immune cell parameters mentioned above are inde-
pendent prognostic factors.

This study is the first of its kind to compare the TME
between various subtypes of cholangiocarcinoma, ICC,
HC and DCC. A limitation of this study is that it does not
include gall bladder cancer due to its rarity in the United
States. However, comparison between the three major
types of cholangiocarcinoma in this study has already
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revealed that different types of cholangiocarcinoma have
distinct immune patterns within TME. Not only are the
densities of individual immune cell subtypes different
among different types of cholangiocarcinoma, but their
prognostic implications are also different. This is not a
surprise considering that ICC, HC, and DCC are known
to originate from different cholangiocytes [38]. There-
fore, different subtypes of cholangiocarcinomas shall not
be combined together in clinical trials of immunotherapy
without planned subgroup analyses. It is also conceiv-
able that tumor genetics may influence on how tumor
cells may reprogram the TME and warrant a future study
through a large international consortium to further
increase evaluable sample sizes.

There are several limitations with this study. A large
part of the results presented here are exploratory in
nature and require further investigation to draw con-
crete conclusions. Although the Nanostring analysis of
mRNA expression of immune-related genes in FFPE tis-
sues was incorporated into this study, a more compre-
hensive gene signature analysis with fresh tissues using
the whole genomic transcriptomic approach is war-
ranted. This would help interpreting the findings of this
study and identifying new targets for immunotherapy.
We also recognize the limitation of the cholangiocarci-
noma cohort from a single US institution in investigating
the association of different etiologies of cholangiocarci-
noma with the immune status in the TME. Therefore, a
followup study with tumors from a multi-institutional
international study is warranted in the future by using
the methodologies established in this current study. The
combined immune biomarker analysis performed in this
study was based on the past knowledges, and thus, has its
limitation. We will use an unbiased approach or a deep
learning and artificial intelligence classifier to identify
optimized multiparameter immune biomarkers in the
future study and validate them in a larger, multi-institu-
tional study. This study also did not include patients who
received neoadjuvant chemotherapy and/or radiation,
which is rarely indicated for resectable cholangiocarci-
noma. Only approximately 40% of patients received adju-
vant chemotherapy, which varied in its type and length
among patients due to lack of the standard of care guide-
line at the time when the patients in this study cohort
underwent surgical resection; and therefore, adjuvant
chemotherapy was not included as a clinical parameter
in the multivariant analysis. Thus, it remains interest-
ing to study the impact of chemotherapy and radiation
on the prognostic values of immune compositions of
cholangiocarcinoma.

In conclusion, this study has created a broad atlas of
tumor infiltrating immune cells in cholangiocarcinoma,
providing the largest known resource of its kind for the
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immunotherapy research community of cholangiocar-
cinoma. This study underscores the importance of tar-
geting immunosuppressive TME components in the
clinical trials of immunotherapy for cholangiocarcinoma
by using a combined biomarker strategy to select appro-
priate patient populations. This study suggests the impor-
tance of targeting immunosuppressive cells in all types of
cholangiocarcinoma and priming the TME with effector
T cells as a combination immunotherapy strategy for dis-
tal cholangiocarcinoma and hilar cholangiocarcinoma.
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