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Abstract

Background: Adjuvanticity, which is the ability of neoplastic cells to deliver danger signals, is critical for the host
immune system to mount spontaneous and therapy-driven anticancer immune responses. One of such signals, i.e,,
the exposure of calreticulin (CALR) on the membrane of malignant cells experiencing endoplasmic reticulum (ER)
stress, is well known for its role in the activation of immune responses to dying cancer cells. However, the potential
impact of CALR on the immune contexture of primary and metastatic high-grade serous carcinomas (HGSCs) and
its prognostic value for patients with HGSC remains unclear.

Method: We harnessed a retrospective cohort of primary (no = 152) and metastatic (no = 74) tumor samples from
HGSC patients to investigate the CALR expression in relation with prognosis and function orientation of the tumor
microenvironment. IHC data were complemented with transcriptomic and functional studies on second prospective
cohort of freshly resected HGSC samples. In silico analysis of publicly available RNA expression data from 302 HGSC
samples was used as a confirmatory approach.

Results: We demonstrate that CALR exposure on the surface of primary and metastatic HGSC cells is driven by a

chemotherapy-independent ER stress response and culminates with the establishment of a local immune
contexture characterized by Ty1 polarization and cytotoxic activity that enables superior clinical benefits.

Conclusions: Our data indicate that CALR levels in primary and metastatic HGSC samples have robust prognostic
value linked to the activation of clinically-relevant innate and adaptive anticancer immune responses.
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Introduction

It is now accepted that tumors form, progress and re-
spond to therapy in the context of an intimate, bidirec-
tional interaction with the immune system [1, 2]. In this
context, malignant cells progressively escape immuno-
surveillance by losing their antigenicity, i.e., the exposure
on the cell surface of antigens not covered by central
thymic tolerance [3, 4] and adjuvanticity, i.e., the emis-
sion of immunostimulatory signals through molecules
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commonly known as damage-associated molecular pat-
terns (DAMPs) [5, 6]. In physiological conditions,
DAMPs are sequestered in the intracellular microenvir-
onment, where they cannot be detected by the host im-
mune system [5, 6]. However, cells experiencing sub-
lethal or lethal stress conditions passively release, ac-
tively secrete, or expose on the outer leaflet of the
plasma membrane, several DAMPs, hence enabling the
latter to mediate a variety of immunomodulatory func-
tions [7-9].

Endoplasmic reticulum (ER) chaperones including cal-
reticulin (CALR) and various heat-shock proteins (HSPs)
are well known for their key role as pro-phagocytic
DAMPs in the successful activation of anticancer

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s40425-019-0781-z&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:fucikova@sotio.com

Kasikova et al. Journal for ImmunoTherapy of Cancer (2019) 7:312

immunity by malignant cells undergoing immunogenic
cell death [5, 6]. In line with this notion, high expression
levels of CALR and/or CALR exposure on the mem-
brane of cancer cells have been linked with superior dis-
ease outcome in patients with colorectal carcinoma
(CRC) [10], non-small cell lung carcinoma (NSCLC) [11,
12], acute myeloid leukemia (AML) [13], and ovarian
cancer [11] generally in association with improved anti-
cancer immunity. Conversely, the impact of CALR levels
on the composition and functional orientation of the
HGSC microenvironment remain unclear.

Here, we investigated the impact of CALR levels on dis-
ease outcome in a retrospective cohort of 152 patients
with resectable high-grade serous carcinoma (HGSC) who
did not receive neoadjuvant chemotherapy. Our data sug-
gest that increased CALR levels in both primary and
metastatic tumor tissues are associated with superior dis-
ease outcome linked to the establishment of a tumor
microenvironment (TME) exhibiting Ty1 polarization and
activation of immune effectors.

Materials and methods

Patients

Study group 1. Two retrospective series of 152 primary
and 74 metastatic formalin-fixed paraffin-embedded
(FFPE) samples were obtained from patients with HGSC
who underwent surgery without neoadjuvant chemo-
therapy between 2008 and 2014 at University Hospital
Hradec Kralove (Czech Republic). Baseline characteristic
of these patients are summarized in Table 1. From those
24 patients samples were further analyzed using RNA-
seq technology. Study group 2. A retrospective cohort
of 45 patients with HGSC who received neoadjuvant
chemotherapy followed by curative resection between

Table 1 Main clinicopathological features of Study Group 1

Variable Study Group 1
(n=152)
Age:
Mean age = SEM 65081
Range 41-85
pTNM stage:
Stage | 20 (13.2%)
Stage Il 11 (7.2%)
Stage Il 111 (73%)
Stage IV 10 (6.6%)
Debulking
RO 75 (49.4%)
R1 12 (7.9%)
R2 65 (42.7%)
Vital status of patients 70 (46.1%)
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2008 and 2014 was obtained from University Hospital
Hradec Kralove (Czech Republic). Baseline characteris-
tics of these patients are summarized in Additional file 1:
Table S1. Study group 3. An additional series of 35
samples from HGSC patients who did not receive neo-
adjuvant chemotherapy was prospectively collected at
Hospital Motol (Czech Republic). Written informed con-
sent was obtained from the patients before inclusion in
the prospective study. The protocol was approved by the
local ethics committee. Baseline characteristic of these
patients are summarized in Additional file 1: Table S2.
Pathologic staging was performed according to the 8th
TNM classification (2017), and histologic types were de-
termined according to the current WHO classification
[14, 15]. Data on long-term clinical outcome were ob-
tained retrospectively by interrogation of municipality reg-
isters or patients’ families. The experimental design of the
study is summarized in Additional file 1: Figure S1.

Immunohistochemistry

Tumor specimens from Study Group 1 and Study Group
2 were fixed in neutral buffered 10% formalin solution
and embedded in paraffin as per standard procedures.
Immunostaining with antibodies specific for lysosomal
associated membrane protein 3 (LAMP3; best known as
DC-LAMP), CD8, CD20, CALR and natural cytotoxicity
triggering receptor 1 (NCRI1; best known as NKp46)
(Additional file 1: Table S3) was performed according to
conventional protocols. Briefly, tissue sections were
deparaffinized and rehydrated descending alcohol series
(100, 96, 70, and 50%), followed by antigen retrieval with
Target Retrieval Solution (Leica) in EDTA pH 8.0 (for
DC-LAMP/CD20, CD8, NKp46) or in citrate buffer at
pH 6.0 (for CALR), in preheated water bath (97 °C, 30
min). Sections were allowed to cool down to RT for 30
min, and endogenous peroxidase was blocked with 3%
H,0O, for 15 min. For co-staining, endogenous alkaline
phosphatase was blocked by levamisole (Vector). Sec-
tions were then treated with protein block (DAKO) for
15 min and incubated with primary antibodies, followed
by the revelation of enzymatic activity. Images were ac-
quired using a Leica Aperio AT2 scanner (Leica).

Scoring

CALR expression in the tumor microenvironment was
quantified as a function of CALR" positive tumor cells,
as published previously [12]. Scores were calculated on
10 different fields visually inspected at 20x magnification
under a light microscope (DM2000LED; Leica), and clas-
sified into (1) score 1, <10% CALR" cells; (2) score 2,
10-25% CALR" cells, (3) score 3, 26-50% CALR™ cells;
(4) score 4, 51-75% CALR" cells; and (5) score 5, >75%
positive cells (Additional file 1: Figure S2.). Quantifica-
tion was done performed by two independent observers
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(LK, JF) and reviewed by two expert pathologists (JL,
PS). DC-LAMP*, CD8", CD20" and NKp46" cells were
quantified in the tumor stroma and tumor nests of the
whole tumor sections with Calopix (Tribvn). Data are re-
ported as absolute number of positive cells/mm? (for
DC-LAMP*, CD8" and NKp46" cells) or cell surface/
total tumor section surface (for CD20" cells), as previ-
ously described [16—19]. Immunostaining and quantifi-
cations were reviewed by at least three independent
observers (IT, LK, JF, PS, JL) and two expert pathologists
(L, DS).

Flow cytometry

As previously described, fresh ovarian tumor specimens
were minced with scissors, digested in PBS containing 1
mg/ml of Collagenase D (Roche) and 0.2 mg/ml DNase I
at 37°C for 30 min mechanically dissociated using the
gentleMACS dissociator (Miltenyi Biotec) and passed
through a 70 pm nylon cell strainer (BD Biosciences)
[16]. To determine the ecto-CALR exposure, mono-
nuclear cells were stained with primary antibodies against
CD45, cytokeratin, human epithelial antigen, CD227 to
distinguish the population of leukocytes and malignant
cells, and antibodies against CALR or isotype control
(Additional file 1: Table S4) for 20 min at 4 °C in the dark,
following by washing and acquisition on a Fortessa flow
cytometer (BD Bioscience). Flow cytometry data were ana-
lyzed with the Flow]Jo software (TreeStar). Gating strategy
is depicted in Additional file 1: Figure S3.

Degranulation and IFN-y production after in vitro
stimulation

Mononuclear cells isolated from fresh tumor specimens
were stimulated with 50 ng/ml of phorbol 12-myristate
13-acetate (PMA) +1pg/ml of ionomycin for 1h
followed by 3 h incubation with brefeldin A (BioLegend).
Unstimulated cells were used as a control. The cells
were then washed in PBS, stained with anti-CD3 Alexa
Fluor 700 (EXBIO), anti-CD4 ECD (Beckman Coulter)
and anti-CD8 HV500 (BD Biosciences), fixed using fix-
ation/permeabilization buffer (eBioscience), perme-
abilized with permeabilization buffer (eBioscience) and
intracellularly stained with an anti-IFN-y PE-Cy7
(eBioscience), anti-granzyme B Brilliant Violet 421 (BD
Biosciences) (Additional file 1: Table S4). The percentage
of CD3"CD8" T cells producing IFN-y and degranulating
upon PMA/ionomycin stimulation were determined by
flow cytometry. The data were analyzed with the FlowJo
software package (Tree Star, Inc.). Gating strategy is
depicted in Additional file 1: Figure S4.

TCGA data analysis
Patients with HGSC (n =302) were identified in The
Cancer Genome Atlas (TCGA) public database (https://
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cancergenome.nih.gov/). Differentially expressed genes
(DEGs) between the CALR™ and CALR" groups were
determined using the LIMMA-R package [20]. Hierarch-
ical clustering analysis was conducted using the Com-
plexHeatmap package, based on the Euclidean distance
and complete clustering method [21]. Immune analyses
were performed using ClueGo [22]. The MCP-counter R
package was used to estimate the abundance of tissue-
infiltrating immune cell populations (Additional file 1:
Table S5) [23].

Statistical analysis

Survival analysis was performed using the R package sur-
vival analysis. The overall prognostic value of continuous
variables was assessed (1) by Wald tests for univariate
COX regression models, (2) by log-rank tests using
median-based cutoffs. The prognostic value of CALR and
immune density was assessed by multivariate Cox regres-
sion. Student’s ¢ tests, Wilcoxon tests and Mann-Whitney
tests were used to assess statistical significance, p values
are reported (considered not significant when > 0.05).

Results

Prognostic impact of CALR expression in TME of primary
and metastatic HGSC

Primary tumor (PT) samples from a retrospective series
of 152 patients with HGSC who did not receive neoadju-
vant chemotherapy (Study Group 1) (Table 1) were ana-
lyzed for CALR expression by immunohistochemistry
(IHC) (Fig. 1a). CALR levels were rather heterogeneous
within samples from the same TNM stage, with a trend
for decreased CALR expression in Stage III-IV lesions
that was statistically significant as compared to Stage I-1I
lesions (p =0.0013) (Fig. 1b). To evaluate the prognostic
impact of CALR expression in primary HGSC tissues,
we investigated relapse-free survival (RFS) and overall
survival (OS) upon stratifying the entire patient cohort
based on the median CALR expression score. We found
that CALR™ patients had a significantly improved RFS
and OS as compared with their CALR™ counterparts
(median RFS: 54 mo. versus 27 mo.; p = 0.0005; median
OS; >120 mo. versus 42 mo.; p =0.0003) (Fig. 1c). As
CALR levels tend to correlate with disease stage and
both these factors have prognostic significance (Fig. 1d,
Additional file 1: Figure S5A), we harnessed univariate
and multivariate Cox regression models to demonstrate
that such significance is mutually independent (Tables 2
and 3). Consistent with this, survival curves of the pa-
tient cohort stratified for stage (LII versus III/IV) and
CALR expression (CALR™ versus CALR™) documented sig-
nificantly improved OS for CALR"/Stage™" patients over
their CALR™/Stage™" counterparts (p =0.03) (Fig. 1d). A
similar trend not reaching statistical significance (potentially
due to the limited amount of patients in this subset) was


https://cancergenome.nih.gov/
https://cancergenome.nih.gov/

Kasikova et al. Journal for ImmunoTherapy of Cancer (2019) 7:312

Page 4 of 12

i =0.0005
1
i
0_ 60 90 120 0 30 60 90 120
Time (months) Time (months)
Time (mo) 0 30 60 90 120 Time(mo) 0 30 60 90 120
CALR™ 75 33 10 3 1 CALR-" 75 48 22 7 1
CALR" 77 56 27 8 1  CALR" 77 66 38 19 2
B D
60 1 1007 1001
S s
50 < 504
& 50-
gao L 8
o
12}
o
2
o 0 . . . ) 0
20 0 30 60 90 120 0 30 60 9 120
Time(months) Time (months)
Time (mo.) 0 30 60 90 120 Time (mo.) 0 30 60 90 120
CALRISI™ 7 6 4 2 1), CARISt® 7 5 3 2 1) .
0 T v CALRVSt'” 27 26 15 8 1!  CALRS('” 24 23 11 3
Sp e
Stage CALRYSC* 65 43 19 6 1) CALRYSC' 68 20 9 2 1 I“O o
CALRYSE* 53 42 24 12 11 CALR"/St™* 53 33 15 6 1
E
100+ 1001
=504
grL,50 X & 504 s
H ' p=0.0075 N
] H t
' H e
0 L . x 10 L
0 30 60 90 120 O 30 60 9 120 0 1500 3000 4500 6000
Time (months) Time (months) Time (days)
Time (mo.) 0 30 60 90 120  Time(mo) 0 30 60 90 120  Time (days) 0 1500 3000 4500 6000
CALR' 54 23 4 1 0  CALR® 54 36 13 3 0 CALR* 150 38 3 1 1
CALR" 57 27 18 7 2  CALR" 57 46 27 14 1 CALRY 152 45 10 3 1
Fig. 1 Prognostic impact of CALR expression in the primary TME of HGSC patients. a Representative images of CALR immunostaining in CALR™
and CALR™ patients. Scale bar =100 pm. b CALR expression levels among different pathological disease stages. Box plots: lower quartile, median,
upper quartile; whiskers, minimum, maximum. RFS (c) and OS (d) of 152 HGSC patients who did not receive neoadjuvant chemotherapy, upon
stratification based on median CALR expression. d RFS and OS of 152 HGSC patients who did not receive neoadjuvant chemotherapy, upon
stratification based on median CALR expression and stage. e RFS and OS of 111 HGSC patients stage Ill who did not receive neoadjuvant
chemotherapy, upon stratification based on median CALR expression (f) OS of 302 HGSC patients from the TCGA public database upon
stratification based on median CALR expression. Survival curves were estimated by the Kaplan-Meier method, and difference between groups
were evaluated using log-rank test. Number of patients at risk are reported
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observed for CALR"/Stage"" patients compared to their
CALR™/Stage™™ counterparts (p =0.06) (Fig. 1d). RFS data
further comforted these findings (Fig. 1d). We therefore de-
cided to focus on patients with Stage IIl HGSC (n = 111), the
majority of patients from Study Group 1, to remove the po-
tential confounding effect linked to disease stage, thus elim-
inating patients at other stages from further analyses.
Importantly, CALR levels in both PT (Fig. 1e) and metastatic
tumors (MT) (Additional file 1: Figure S5B) were signifi-
cantly associated with improved RFS and OS (median RFS
PT: 43 mo. versus 27 mo.; p =0.0075; median OS PT; 66
mo. versus 42 mo.; p =0.0044; median RFS MT: 41.5 mo.
versus 21 mo.; p = 0.01; median OS MET; > 120 mo. versus
34 mo, p=0.0012). Both univariate and multivariate Cox
analyses confirmed the prognostic impact of CALR levels in
patients with Stage III HGSC (Tables 2 and 3). To validate

these findings in a larger patient cohort, we analyzed the
prognostic role of CALR mRNA levels in 302 patients with
primary ovarian cancer from The Cancer Genome Atlas
(TCGA) database, based on the median cutoff approach
[12, 13]. High intratumoral CALR mRNA levels were
strongly associated with improved OS (p = 0.0381) (Fig. 1f).
Altogether, these results demonstrate that CALR expres-
sion in both primary and metastatic lesions constitutes a
strong prognostic biomarker for the identification of
chemotherapy-naive HGSC patients with favorable disease
outcome upon tumor resection.

CALR levels in HGSC correlate with signs of an ongoing
ER stress response

CALR expression on the surface of cells undergoing ICD
relies on the activation of the ER stress response in
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Table 2 Univariate Cox proportional hazard analysis
Variable Overall survival Relapse-free survival
HR (95% Cl) D HR (95% Cl) p
CA125 1(1-1) 0.14 1(0-1) 0.31
Stage 0.55 0.8
Stage | 1 1
Stage Il 061 (0.12-3.14] 0.52 1.14 (04-3.19) 0.808
Stage Il 299 (1.21-7.43] 0.018 264 (1.33-5.26) 0.006
Stage IV 535 (1.63-17.57) 0.006 4.84 (1.79-13.09) 0.002
Debulking 0.22 0.08
Debulking RO 1 1
Debulking R1 167 (0.73-3.8) 0.224 1.84 (0.92-3.67) 0.084
Debulking R2 2.17 (1.36-347) 0.001 276 (1.85-4.13) <0.0001
Age 1(0.98-1) 0.73 1(0.99-1) 048
CALR 0.96 (0.94-0.98) <0.0001 0.97 (0.95-0.98) <0.0001
DC-LAMP summary 0.86 (0.76-0.96) 0.0097 0.98 (0.94-1) 0.19
CD8 summary 1(0-1) 0.011 1(01-1) 0.057
CD20 0.2 (0.039-097) 0.046 0.5 (0.23-1.1) 0.087
NKp46 1(0.82-1.2) 0.98 091 (0.73-1.1) 042

dying cells [24, 25]. We therefore checked whether the
mRNA levels encoding 3 distinct components of the ca-
nonical ER stress response, namely DNA damage indu-
cible transcript 3 (DDIT3, best known as CHOP), heat
shock protein family A (Hsp70) member 5 (HSPA5, best
known as BIP), and heat shock protein 90 beta family
member 1 (HSP90B1) [26], would correlate with CALR
mRNA levels in samples from Study Group 1. We

Table 3 Multivariate Cox proportional hazard analysis

Variable Overall survival Relapse-free survival
HR (95% Cl) p HR (95% Cl) p

CA125 10-1) 0495 1(1-1) 0.98
Stage 0.5 0.98

Stage | 1 1

Stage Il 0.76 (0.14-4.18)  0.755 1.3 (045-3.77) 0627

Stage Il 221 (0.76-641) 0.145 1.75(0.79-3.87) 0.165

Stage IV 489 (1.33-179) 0.017 284 (096-84) 0.6
Debulking 0.39 09

Debulking RO 1 1

Debulking R1 062 (021-184) 0386 095 (04-224) 091

Debulking R2 1.35(08-2.27) 0262 1.92 (1.21-3.06) 0.006
Age 1 (0.98-1.03) 0.743 1.01 (0.99-1.03) 0.508
CALR 0.96 (0.94-0.99) 0.0003 0.97 (0.96-0.99) 0.002

(

DC-LAMP summary 0.8 (0.7-0.91) 0.001 097 (0.94-1.0) 0.2
CD8 summary 0.99 (0.99-0.99) 0.0007 0.99 (0.99-1) 0.13
CD20 023 (03-154) 0.3 1(033-15) 0.86

NKp46 1.08 (0.9-1.3) 0.37 1.11(093-1.35) 024

observed a statistically significant positive correlation be-
tween CALR levels and DDIT3, HSPAS5 and HSP90BI in
both PT and MT samples (Fig. 2a and b). To validate
our findings in an independent patient cohort, we re-
trieved normalized expression data on DDIT3, HSPAS
and HSP90B1, as well as on transcripts encoding the ER
stress-relevant proteins activating transcription factor 6
(ATF6) and X-box binding protein 1 (XBP1) for 302 pa-
tients with primary ovarian cancer from the TCGA data-
base, and analyzed their correlation with CALR
abundance. Also in this setting, DDIT3, HSPAS, HSP90BI,
ATF6, and XBP1I levels exhibited a highly significant posi-
tive correlation with CALR expression (Fig. 2c), corrobor-
ating the notion that ovarian cancer cells are subjected to
ER stress irrespective of treatment, resulting in spontan-
eous CALR upregulation in a majority of patients. Next,
we decided to evaluate the potential impact of platinum-
and paclitaxel-based chemotherapy, which is a common
standard of care for patients with ovarian cancer [27], on
the adjuvanticity of HGSC cells. To this aim, we analyzed
CALR expression in PT samples from an independent co-
hort of 45 patients who received neoadjuvant chemother-
apy before surgery (Study Group 2) (Additional file 1:
Table S1). We observed no difference in CALR levels in
PT samples from chemotherapy-naive patients versus
patients who underwent neoadjuvant chemotherapy
(Additional file 1: Figure S5C). Moreover, OV90 ovarian
cancer cells exposed to carboplatin plus paclitaxel for 24 h
failed to manifest increased CALR exposure on the plasma
membrane, at odds with OV90 cancer cells exposed to
idarubicin (an anthracycline that triggers ICD) (Additional



Kasikova et al. Journal for ImmunoTherapy of Cancer (2019) 7:312 Page 6 of 12
p
A DDIT3 HSPA5 HSP90B1
» 11 w16 s 17
3 S 3
E 10 @ < 16 o
< ° <14 2
Z 9 Z 15 ° °
[ x €
E 8 o5t E = 14 .
© % p=0.0262 212 p<0.0001 & . p<0.0001
37 o r=0.453 & r=0.8165 & 13 r=0.8113
Q I ° (%)
6 + T T r " 10 + I 12+ r r r J
10 12 14 16 18 10 12 14 16 18 10 12 14 16 18
CALR mRNA levels CALR mRNA levels CALR mRNA levels
B
DDIT3 HSPAS5 HSP90B1
.01 PRL g6
[ [ ° 3
8 84 . 3 13 o <15 oo
< . o < °‘ zZ
z ° ) P4 ° Y o ° ()
© 7 . -~ % 12 bl £ 14 . [
= L]
° e p<0.01 v i <0.0001 2 p<0.0001
% 61 * 7 =05015 g rores 310 r=0.7938
S5 T — 212 —
11 12 13 14 15 16 11 12 13 14 15 16 11 12 13 14 15 16
CALR mRNA levels CALR mRNA levels CALR mRNA levels
C ER stress
14 5
é 13 p<0.0001
]
< 121 % %
o
€ 114
10 -
CALR"™  CALRM
Fig. 2 CALR exposure correlate with robust intracellular stress response in the TME. Correlation between CALR mRNA levels and DDIT3, HSPAS, or
HSP90BT mRNA levels in PT (@) and MT (b) samples of 24 patients with HGSC from study group 1 and in (c) 302 patients with HGSC from TCGA
public database. Box plots: lower quartile, median, upper quartile; whiskers, minimum, maximum

file 1: Figure S5D). Taken together, these findings lend
further support to the notion that HGSC cells are exposed
to microenvironmental conditions that favor CALR upreg-
ulation irrespective of chemotherapy.

High CALR levels are associated with a Ty1-polarized,
cytotoxic CD8" T-cell response

To characterize the impact of CALR expression on the
composition and functional polarization of the HGSC
immune infiltrate, we compared transcriptional signa-
tures of 77 CALR™ patients and 77 CALR' patients
from the TCGA database. We identified a set of 1563
genes that were significantly over-represented in CALR™
PTs as compared to their CALR™ counterparts (Fig. 3a)
(Additional file 1: Table S6). Bioinformatic analyses re-
vealed a strong association between such DEGs and T
cell activation, Tyl polarization, T cell migration, cyto-
toxicity, antigen processing, dendritic cell (DC) activa-
tion as well as B and natural killer (NK) cell function
(Fig. 3b and Additional file 1: Figure S6A; Table S7).
Alongside, we used the MCP-counter R package to esti-
mate the relative abundance of different immune cell
population in the TME of CALR™ versus CALR™ pa-
tients. Compared to their CALR™ counterparts, CALR™
PTs exhibited were enriched in gene sets specific for
CD8" T cells (p =0.008) and cytotoxic effector functions

(p =0.026) (Fig. 3¢c; Additional file 1: Table S5). To further
characterize the impact of CALR expression on the com-
position of the immune infiltrate in HGSC metastases, we
used RNAseq to characterize the expression profile of 13
CALR™ versus 11 CALR™ patients from Study Group 1.
We identified a set of 406 genes that were significantly
overrepresented in samples from CALR™ patients as com-
pared to their CALR™ counterparts (Additional file 1: Fig-
ure S6B). Bioinformatic analyses revealed a strong
association between such DEGs with B cell-dependent im-
munity and complement activation (Additional file 1: Fig-
ure S6C). Thus, in both primary and metastatic HGSC
samples, high CALR levels are associated with biomarkers
of a Ty1-polarized, cytotoxic immune response.

CALR expression is associated with HGSC infiltration by
activated DCs and B cells

Surface-exposed CALR acts as a pro-phagocytic signal for
antigen-presenting cells (APCs), promoting the efficient up-
take of dying cells in the context of immunostimulatory sig-
nals [28]. As we observed a positive correlation between
CALR levels and the levels of several transcripts associated
with DC and B cell activation (Fig. 3b), we set to evaluate
the abundance of mature DC-LAMP" DCs and CD20* B
cells in PT lesions from HGSC patients (Fig. 4a). We found
a higher density of mature DC-LAMP* DCs and CD20* B



Kasikova et al. Journal for ImmunoTherapy of Cancer (2019) 7:312

Page 7 of 12

2 |
b
E
i
k
e

'ﬁ-.rY'-'-"T’"F-JFn iF

—
fu

T R

T

008 T el Srep

p=0.026

p=0.0008

i

mRNA levels
> a 02 @@
mRNA levels N
N S (=2 ©

10
5
0

T cell activation

=3

Ty! polarization

CALR CALRM

minimum, maximum

CALR'Y CALRM

Fig. 3 Transcriptional signatures of the tumor microenvironment of CALR™ versus CALR™® HGSCs. a Hierarchical clustering of significantly
upregulated and downregulated genes in 77 CALR™ versus 77 CALR-® HGSC patients from the TCGA public database (302 patients were divided
into 4 groups using quartile stratification, only lower (no = 77) and upper (no = 77) quartile is presented). b Relative expression levels of genes
linked to T cells activation, T41 polarization, T cell migration, cytotoxicity, antigen processing, activated DCs (aDCs), B cells and NK cells in 77
CALR"" versus 77 CALR® TCGA HGSCs (302 patients were divided into 4 groups using quartile stratification, only lower (no=77) and upper (no=
77) quartile is presented). Box plots: lower quartile, median, upper quartile; whiskers, minimum, maximum. ¢ Relative abundance of CD8" T cells
and cytotoxic effector functions across 77 CALR™ and 77 CALR"® TCGA HGSCs (302 patients were divided into 4 groups using quartile
stratification, only lower (no =77) and upper (no =77) quartile is presented). Box plots: lower quartile, median, upper quartile; whiskers,

p<0.0001
p=0.0059 —
) w6
210 ¢
K] K
< <4
& F
€S €
2
0 Hi
CALRY CALRM CALR'® CALRHi
Tcell -
migration Cytotoxicity
15 10
=0.0050 -
p . p=0.0007
0
o °
g 10 £
3 K
= <
< Z
5 x4
£ 5 €
2
0 0
CALR'® CALRM CALRY  CALRM
Antigen processing aDC
15
14 p<0.0001 <0.0001
212
[ %]
8 g1o
< K]
P
" g
Sl
8
6 - ™
CALR'™ CALRM CALR' CALRM
B cells NK cells
8 p<0.0001 8
—
p<0.0001
—
©6 o 6
2 2
K] 2
<4 g
['4 4
E €
2 2
0

CALR' CALRM CALRLe CALRMi

cells in the TME of CALR™ patients compared to their
CALR™ counterparts (DC-LAMP: p=0.009; CD20: p=
0.0137) (Fig. 4B). Using biomolecular analyses, we demon-
strated that the expression of C-C motif chemokine ligand
4 (CCL4), CCL5, CCL7, CCL8, CCL13, CCL23, CCL25 and
C-X-C motif chemokine ligand 5 (CXCL5), CXCL6,
CXCL9Y, CXCLI10, CXCL11, CXCL13 and CXCL17 is more
pronounced in CALR™ samples as compared to their
CALR"™ counterparts (Additional file 1: Figure S7A). Bio-
informatic analyses revealed that such DEGs are mainly in-
volved in tumor infiltration by lymphocytes and leukocytes
chemotaxis and migration (Additional file 1: Figure S7B).
Tumor infiltration by mature DC-LAMP" DCs and CD20*
B cells impact disease outcome in chemotherapy-naive pa-
tients with HGSC undergoing surgical tumor resection

[16]. Indeed, stratifying patients from Study Group 1 into
four subsets based on CALR score and the frequency of
tumor-infiltrating DC-LAMP* DCs (Fig. 4c) or CD20" B
cells (Fig. 4d) revealed a superior survival for CALR™ pa-
tients as compared to their CALR' amongst all patients
subgroups (DC-LAMP': p=0.01; DC-LAMP™: p=0.02;
CD20"™: p =0.0048; CD20™: p=0.06). These results sug-
gest that CALR expression can be harnessed to ameliorate
the prognostic stratification of patients with HGSC based
on DC-LAMP and CD20 only.

CALR levels are associated with HGSC infiltration by IFN-y
producing CD8" T cells

CALR expression has been positively correlated with
CD8" T cell infiltration in multiple human tumors, but
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Fig. 4 CALR expression positively correlate with the frequency of mature DC-LAMP* DCs and CD20" B cells. a Representative images of DC-LAMP
and CD20 immunostaining. Scale bar = 50 um. b Density of DC-LAMP™ cells and CD20" B cells in TME of CALR™ versus CALR™ HGSCs (n = 82).
Box plots: lower quartile, median, upper quartile; whiskers, minimum, maximum. OS of HGSC patients (study group 1) who did not receive
neoadjuvant chemotherapy, upon stratification based on median expression of CALR and density of DC-LAMP* cells (¢) or CD20" B cells (d)

not HGSC [25]. Moreover, little is known on the poten-
tial links between CALR levels and tumor infiltration by
NK cells [29]. Driven by these premises and by the tran-
scriptional signature of CALR™ versus CALR™® patients,
we decided to investigate PT and MT samples from
Study Group 1 for CD8" T cell and NK cell infiltration
by IHC (Fig. 5a, b). We observed a higher density of
CD8" T cells in PT samples from CALR™ patients as
compared to the their CALR™ counterparts (p = 0.0078)
(Fig. 5¢). A similar trend that failed to reach statistical sig-
nificance was documented for MT samples (Additional
file 1: Figure S8A). Conversely, CALR expression had no
impact on the abundance of NK cells in PT (Fig. 5d) and
MT (Additional file 1: Figure S8B) samples. To address
the functional capacity of CD8" T cells from the TME of
CALR™ versus CALR" patients, we used flow cytometry
on freshly resected PTs. Non-specific stimulation caused a
more pronounced increase in CD8" T cells staining posi-
tively for the effector molecule interferon gamma (IFNG,
best known as IEN-y) alone (p =0.005) or together with
the cytolytic enzyme granzyme B (GZMB) (p = 0.004) in
CALR™ versus CALR™ samples (Fig. 5e). In line with this
notion, the mRNA levels of IFNG, GZMB, GZMA,
GZMM, GZMH, and granulysin (GNLY, coding for yet an-
other effector molecule of T cells) are higher in CALR™
patients from the TCGA database as compared to their
CALR™ counterparts (Fig. 5f). Univariate and multivariate
Cox analyses confirmed prior observations from us and

others [16, 30] indicating that high densities of CD8" T
cells have a positive impact on the OS of patients with
HGSC (Tables 2 and 3). Next, we assessed the combined
prognostic impact of CALR expression and CD8" T cells
by stratifying patients from Study Group 1 based on
CALR score and median CD8" T cell density into 4 sub-
groups (CALR™/CD8™, CALR™/CD8"., CALR™/CD8";
CALRM/CD8 ). We were unable to document a statisti-
cally significant difference in the survival of CALRM™Y/
CD8™ patients as compared to their CALR“/CD8"
counterparts (Fig. 5g). However, CALR™/CD8™" patients
had a robust survival advantage over their CALR"/CD8™
counterparts (p =0.001) (Figs. 5g), indicating that CALR
expression can be employed to identify HGSC patients
with extensive tumor infiltration by CD8" T cells but rela-
tively poor disease outcome.

As we observed a positive correlation between CALR
levels and tumor infiltration by diverse immune cell sub-
sets, we next evaluated the global immunological profile
of the TME of CALR" versus CALR™ PT samples from
Study Group 1 by IHC. This approach identified 4 differ-
ent clusters of patients corresponding to high versus low
CALR expression in the context of elevated versus re-
duced tumor infiltration by DC-LAMP" mature DCs,
CD20" B cells and CD8" T cells (Immune'™ and Immu-
ne"®, respectively) (Fig. 5h). Importantly, CALR status
improved the prognostic assessment on RFS and OS
amongst both Immune™ (RFS: p=0.01; OS: p=0.01)
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Fig. 5 Impact of CALR on the frequency and cytotoxicity of CD8 T cells in HGSC and immune contexture of HGSC. Representative images of CD8 (a)
and Nkp46 (b) immunostaining. Scale bar = 50 um. Density of CD8" () and NK (d) cells in TME of CALR™ versus CALR™ HGSCs (n = 82). Box plots:
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counterparts. (302 patients were divided into 4 groups using quartile stratification, only lower (no = 77) and upper (no = 77) quartile is presented). Box
plots: lower quartile, median, upper quartile; whiskers, minimum, maximum. g OS of HGSC patients (study group 1) who did not receive neoadjuvant
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method, and difference between groups were evaluated using log-rank test. Number of patients at risk are reported. h Clustering of HGSC patients
from study group 1 based on median stratification of CALR expression and median densities of DC-LAMP*, CD8" and CD20™ cells as determined by
immunohistochemistry. i RFS and OS of HGSC patients from study group 1 who did not receive neoadjuvant chemotherapy, upon stratification based
on median expression of CALR and median density of immune infiltrate as indicated by clustering heatmap. Survival curves were estimated by the
Kaplan-Meier method, and differences between groups were evaluated using log-rank test. Number of patients at risk are reported

and Immune™® (RFS: p = 0.008; OS: p = 0.02) patient sub-
groups (Fig. 5i). Altogether, our findings document a ro-
bust independent prognostic value for CALR levels of
chemotherapy-naive patients with HGSC, linked to the
impact of CALR on the establishment of a Tyl-polar-
ized TME that supports anticancer immunity.

Discussion

Despite recent developments in diagnostic and treatment
modalities leading to an improvement in the short-term
survival of patients with ovarian cancer, most of patients

are diagnosed at advanced stage of the disease with
metastatic spreading, due to the non-specific symptoms
and the absence of effective screening methods [31].
Therefore, there is an urgent need for new diagnostic,
including prognostic and predictive biomarkers and
therapeutic tools for a clinical management of cancer
patients, which still represents the principal cause of
mortality from gynecologic malignancies. Accumulating
preclinical and clinical evidence indicates that DAMPs
and DAMP-associated processes impact disease outcome
in patients with various malignancies [25]. In particular,
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the prognostic relevance of CALR expression levels or
exposure on the membrane of cancer cells has been in-
vestigated by us and others in the context of multiple
malignancies [10-13, 32—34]. Nevertheless, the influence
of CALR levels on the composition and functional orien-
tation of the immune infiltrate of HGSCs and their link
with disease outcome in chemotherapy-naive patients re-
main have not been elucidated until now.

As documented in numerous in vitro and in vivo
models, ecto-CALR serves as a signal to facilitate the en-
gulfment of tumor cells by DCs, which leads to tumor
antigen presentation and stimulation tumor-specific
cytotoxic T lymphocytes responses [35, 36]. Here, we
analyzed 3 different cohorts of primary and metastatic
samples from patients with HGSCs who did not receive
chemotherapy prior to tumor resection. By combining
IHC and biomolecular analyses, we demonstrated that a
high CALR expression is strongly associated with higher
density of both mature DC-LAMP" DCs and CD20" B
cells resulting in Ty1-polarized immune contexture that
acquired effector functions. These findings recapitulate
previous findings by us and others demonstrating that
CALR exposure by neoplastic cells is associated with in-
creased tumor infiltration by myeloid cells and effector
memory CD8" T cells in patients with NSCLC [12], in-
creased frequency of T cells in TME of colorectal carcin-
oma [10] and increased proportion of LAA-specific
CD4" and CD8" T cells in patients with AML [13].
Moreover, here we observed correlation between high
CALR expression in the TME and higher cytotoxic func-
tions of effector tumor infiltrating CD8" T cells and NK
cells, although the number of later population was not
significantly increased in CALR™ patients, suggesting
the impact of CARL exposure on enhanced NK cell
cytotoxic and secretory functions. These results are in
line with our recent findings demonstrating that spon-
taneous CALR exposure on malignant blasts supports
innate anticancer immunity by NK cells via and indirect
mechanism relying on myeloid CD11c"CD14" cells
resulting in overall superior survival of AML patients
[37, 38]. Altogether, we demonstrated that high CALR
levels bear independent positive prognostic value and
hence can be harnessed to improve patient stratification
based on previously identified factors including DC-
LAMP" DC, CD20" B cell and CD8" T cell infiltration.
These findings extend previous data by us and others on
the improved immunological functions linked to in-
creased CALR levels in the context of AML [13], NSCLC
[12] and CRC [10].

We also demonstrate that CALR is expressed by
HGSC cells independent of standard-of-care chemother-
apy, possibly reflecting malignant transformation itself
[39] and/or the limited immunogenicity of carboplatin-
based chemotherapy [40]. Accordingly, we identified a
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robust correlation between CALR expression and 3 dis-
tinct genes involved in ER stress responses in two inde-
pendent HGSC patient cohorts. Similar observations
have been made by us and others in the context of AML
[13, 41] and NSCLC [12]. Interestingly, we also identi-
fied a significant decreased in CALR expression in sam-
ples from advanced stages of disease, which is in line
with the notion that progressing tumors tend to lose
both antigenicity and adjuvanticity [3, 5, 42].

In conclusion, CALR stand out as a robust prognostic
biomarker for chemotherapy-naive patients with HGSC.
It can be speculated that CALR" patients would benefit
from neoadjuvant or adjuvant chemotherapeutic regi-
mens that are known to drive robust ER stress responses
in the context of ICD, such as oxaliplatin, doxorubicin
and other anthracyclines [6]. As ovarian cancer still rep-
resents one of the top 5 leading causes of cancer-related
death amongst women in the US (source https://www.
cdc.gov/cancer/uscs/index.htm), clinical trials specifically
addressing this possibility are urgently awaited.
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