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ABSTRACT

The major histocompatibility complex-class | chain related proteins A and B (MICA/B) is upregulated
because of cellular stress and MICA/B shedding by cancer cells causes escape from NKG2D recognition
favoring the emergence of cancers. Cholangiocarcinoma (CCA) is a relatively rare, though increasingly
prevalent, primary liver cancer characterized by a late clinical presentation and a dismal prognosis. We
explored the NKG2D-MICA/B axis in NK cells from 41 patients with intrahepatic cholangiocarcinoma
(iICCA). The MICA/B-specific 7C6 mAb was used for ex vivo antibody-dependent cytotoxicity (ADCC)
experiments using circulating, non tumor liver- and tumor-infiltrating NK cells against the HuCCT-1 cell
line and patient-derived primary iCCA cells as targets. MICA/B were more expressed in iCCA than in non-
tumoral tissue, MICA transcription being higher in moderately-differentiated compared with poorly-
differentiated cancer. Serum MICA was elevated in iCCA patients in line with higher expression of
ADAM10 and ADAM17 that are responsible for proteolytic release of MICA/B from tumor. Addition of
7C6 significantly boosted peripheral, liver- and tumor-infiltrating-NK cell degranulation and IFNy produc-
tion toward MICA/B-expressing established cell lines and autologous iCCA patient target cells. Our data
show that anti-MICA/B drives NK cell anti-tumor activity, and provide preclinical evidence in support of
7C6 as a potential immunotherapeutic tool for iCCA.
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Introduction treatments such as surgical resection or liver transplantation

Cholangiocarcinoma (CCA) is a heterogeneous group of
malignant tumors that originate from the biliary tree.
Depending on the anatomical location, CCA is classified as
intrahepatic (iCCA), perihilar (pCCA) and distal (dCCA).
pCCA accounts for approximately 50-60% of all CCA, fol-
lowed by dCCA (20-30%) and iCCA (10-20%). CCA is
the second most common primary hepatic malignancy after
hepatocellular carcinoma (HCC), accounting for approxi-
mately 15% of all primary liver tumors and 3% of gastrointest-
inal cancers. Although CCA is a rare cancer (<3 per
100,000 person-years), its incidence is exceptionally high in
some countries where the liver fluke Opisthorchis viverrini is
endemic.'

In contrast to HCC which virtually always arises in the
background of cirrhosis, CCA mostly develops within
a normal liver. CCA is usually asymptomatic in early stages
and nearly two-thirds of patients have metastatic or locally
advanced disease at diagnosis, when potentially curative

cannot be applied, resulting in a dismal prognosis.*
Chemotherapy with cisplatin plus gemcitabine still represents
the mainstay of treatment for patients with advanced CCA.”
However, given the modest efficacy of this regimen, additional
cytotoxic agents and combinations have been used as second-
line chemotherapy but no clear benefit has been shown.®
Therefore, there is a pressing medical need to discover new
effective agents and/or to develop additional therapeutic
approaches. Immunotherapy includes immune checkpoint
inhibitors (ICI), targeting mainly programmed death 1 (PD-
1) and PD-ligand1 (PD-L1), cancer vaccines, and adoptive cell
transfer. Pembrolizumab, a PD-1 inhibitor, demonstrated an
objective response rate (ORR) of 13% in patients affected by
biliary tract cancer (BTC) in the phase Ib basket trial
KEYNOTE 028 (NCT02054806).” However, the phase II basket
trial of pembrolizumab (KEYNOTE-158) in BTC patients,
including CCA, failed to confirm such activity with an ORR
only 5.8%, regardless of PD-L1 expression. Stratification of
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these patients into two groups according to PD-L1 expression
showed a small increase in ORR in the PD-L1-high group.”
Nivolumab, another PD-1 inhibitor, was assessed as mono-
therapy in two phase 1 and 2 clinical trials for advanced
refractory BTC demonstrating a modest efficacy (ORR 3.3%
and 11%, respectively) (NCT02829918).>° Furthermore, sev-
eral clinical trials assessed the combination of ICI with targeted
therapy, local ablative therapy and chemotherapy (reviewed
in'%). Of note, nivolumab in combination with gemcitabine/
cisplatin, appears to offer promising efficacy and a manageable
safety profile for patients with unresectable or metastatic BTC,
as assessed in a phase 2 trial showing an ORR of 55.6%
(NCT03311789)."" Moreover, combined treatment with pem-
brolizumab plus an antiangiogenic agent, such as ramucirumab
or lenvatinib, was assessed in two studies'*!?® which recruited
previously treated advanced BTC patients, providing ORR of
4% and 25%, respectively (NCT02443324, NCT03895970).
Emerging immunological treatment strategies include adoptive
immunotherapies with chimeric antigen receptor (CAR)
T-cells. Ongoing clinical trials in BTC, comprising CCA,
include the administration of anti-GPC3 CAR-T cells
(NCT04951141), anti-EGFR CAR T cells, MUC-1 CAR-T
cells (NCT03633773). A phase I study (NCT01869166) using
EGFR-specific CAR T cells for EGFR-positive advanced unre-
sectable, relapsed/metastatic BTC, including 14 CCA, showed
encouraging results, with 5.8% of the patients achieving
a complete response and 58.8% maintaining stable disease."*
Natural Killer (NK) cells and cytotoxic T lymphocytes
represent the most relevant effector cells mediating tumor cell
elimination via cytolytic activity and cytokine secretion.> NK
cells express activating receptors, including the NK group 2
member D (NKG2D) receptor, which recognizes ligands dis-
played on the surface of cells stressed as a result of viral
infection or malignant transformation. NK-mediated target
cell lysis occurs through reduced expression of inhibitory sig-
nals and a simultaneously increased expression of activating
signals required for NK cell triggering.'® In humans, NKG2D
ligands (NKG2DL) include major histocompatibility complex
(MHC) class I polypeptide-related sequence A (MICA), MHC
class I polypeptide-related sequence B (MICB) and the unique
long 16 (UL-16)-binding proteins (ULBPs).'”'® Expression of
NKG2DL has been observed in hematopoietic malignancies
and in a variety of solid tumors such as colorectal, ovarian,
cervical, breast, pancreatic, melanoma, gastric cancers and
HCC."”™ So far, only one study has investigated the expres-
sion of NKG2DL on extrahepatic CCA*® showing that high
expression of MICA/B correlated with overall and disease-free
survival. However, MICA/B proteins are frequently downregu-
lated by tumor cells via post-translational modifications in
which the external domains of MICA/B are proteolytically
cleaved by surface proteases and shed into the extracellular
environment. Notably, multiple metalloproteases have been
shown to cleave MICA/B, including the membrane type matrix
metalloproteinase 14 (MMP14), a disintegrin and metallopro-
teinase 10 and 17 (ADAMI10 and ADAM17 respectively).”"32
Furthermore, soluble MICA and MICB that might block
NKG2D receptor interaction with its cellular ligands are
found in the sera of cancer patients, which frequently correlate
with poor prognosis and impaired T and NK cell function.'*?®

Recently, Ferrari de Andrade et al. reported an innovative
approach to inhibit MICA/B cleavage via construction of
a monoclonal antibody (mAb), named 7C6, that specifically
bound the MICA/B a-3 domain, the site where the endoplas-
mic reticulum protein 5 (ERp5) binds to enable subsequent
cleavage.”® The use of 7C6, a mAb that does not compete for
binding to the NKG2D receptor, preserves the expression of
MICA and MICB on tumor cells and permits NKG2D-
dependent activation of NK cell effectors. Additionally, the Fc
portion of 7C6 can mediate antibody-dependent cellular cyto-
toxicity (ADCC), triggering target-cell killing by NK cells.
Moreover, the FDA-approved histone deacetylase inhibitor
panobinostat and 7C6 mAb synergistically acted to enhance
MICA/B surface expression on tumor cells and reduced the
number of pulmonary metastases of cytotoxic T cell-resistant
human melanoma cells in NOD/SCID gamma mice reconsti-
tuted with human NK cells.** Importantly, the same group
showed that 7C6-mediated inhibition of MICA/B shedding
promoted macrophage-driven immunity against acute myeloid
leukemia via Fc receptor signaling and that the epigenetic
regulator romidepsin synergized with 7C6 to upregulate
MICA/B expression.35 Moreover, a recent study found that
the combination of cytokine-induced killer cells with 7C6
mAb enhanced degranulation and IFNy production against
different tumor cells.”® Thus, the wealth of information sup-
porting a role for the NKG2D/MICA/B axis as a potential
target in cancer immunotherapy prompted us to explore on
one side MICA/B expression in iCCA tissue and on the other
the use of 7C6 as a possible driver for anti-MICA/B-directed
NK-cell cytotoxicity.

Materials and methods
Study subjects

Peripheral blood mononuclear cells (PBMC) and surgically
resected iICCA specimens along with matched, non-tumoral
(NT) tissue from a non-adjacent liver site were obtained from
treatment-naive patients only at Fondazione IRCCS Policlinico
San Matteo, Pavia, IRCCS Humanitas Research Hospital and at
ASST Santi Paolo e Carlo Hospital, Milan, Italy. Tissue samples
were stored in tissue storage solution (Miltenyi Biotec,
Bergisch Gladbach, Germany) or RNA later (Sigma-Aldrich,
St. Louis, MO, USA). Patient characteristics are listed in
Table 1. Healthy controls (HC) were 19 females and 46
males, with a median age of 68 years (range 40-81 years).
A written informed consent was obtained from each indivi-
dual. The study protocol is compliant with the ethical guide-
lines of the 1975 Declaration of Helsinki and was approved by
our institutional ethical committee (protocol number:
P-20140031379, P-20190104922).

Phenotypic and functional analysis

Liver-infiltrating lymphocytes (LIL) and tumor-infiltrating
lymphocytes (TIL) were obtained as previously described.’”
Briefly, tissue samples were treated by enzymatic and mechan-
ical dissociation with the human Tumor Dissociation Kit by
gentleMACS Dissociator, according to the manufacturer’s



Table 1. Characteristics of patients.

iCCA %
Number of patients 41 -
Female/Male 18/23 44/56
Median age (years) — range 71 (47-86) -
Cirrhosis: yes/not; na 3/36; 2 7/88; 5
Vascular invasion: yes/not; na 18/14; 9 44/34; 22
Perineural invasion: yes/not; na 7/26; 8 17/63; 20
Lymph node status: NO 27 66
N1 7 17
Nx 3 7
na 4 10
Number of tumors: single/multiple; na 19/20; 2 46/49; 5
Tumor size: <2 cm 2 5
2-5cm 13 32
>5cm 22 53
na 4 10
Tumor stage: T1 14 34
T2 23 56
T3 3 7
T4 1 3
Tumor grade: G1 3 7
G2 16 39
G3 21 51
na 1 3
Etiology
HBV 4 10
HCV 3 7
NASH 6 14
NAFLD 0 0
PSC 0 0
Alcohol abuse 1 3
Unknown 27 66

na, not available; G1, well differentiated; G2, moderately differentiated; G3, poorly
differentiated; HBV, hepatitis B virus; HCV, hepatitis C virus; NASH, nonalcoholic
steatohepatitis; NAFLD, Nonalcoholic Fatty Liver Disease; PSC, Primary scleros-
ing cholangitis.

instructions (Miltenyi Biotec). The cell suspension was filtered
in a 70 um cell strainer and centrifuged twice at 50 g for 2 min
to obtain LIL and TIL cells. The supernatant containing lym-
phocytes was washed and cryopreserved in liquid N,. To estab-
lish in-vitro primary tumor cell cultures, the cell pellet was
plated in tissue culture flasks (Corning, NY, USA) with
Dulbecco’s Modified Eagle Medium (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS, HyClone, GE Healthcare, South Logan,
Utah, USA), 1% antibiotic antimycotic solution (100 U/ml
penicillin, 0.1 pg/ml streptomycin, 0.25 ug/ml amphotericin
B) (Sigma-Aldrich) and 1% non-essential amino acids
(Thermo Fisher Scientific). Surface expression of MICA/B,
and ULBPI1, ULBP2/5/6, ULBP4, as well as cytokeratin 19
(CK19) intracellular staining were examined by flow cytometry
on patient-derived tumor cells and the HuCCT-1 cell line
(kindly provided by professor M. Cadamuro, Dept. of
Molecular Medicine, University of Padua, Italy). PBMC isola-
tion was performed as previously described.”” Flow cytometry
analysis of unstimulated or IL15-stimulated cells (20 ng/ml for
15 h; Peprotech, London, UK) was performed using a 12-color
FACSCelesta (BD Biosciences, San Diego, CA, USA) instru-
ment. The fluorochrome-conjugated anti-human monoclonal
antibodies (mAbs) used are listed in supplementary table 1.
LIVE/DEAD® Fixable Near-IR Dead Cell Stain Kit (Thermo
Fisher Scientific) was used to determine cell viability. Briefly,
3 x 10° cells were stained for surface markers with mAbs for
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30 min at 4°C. Cells were subsequently fixed with BD Cytofix/
Cytoperm (Becton Dickinson) and permeabilized with the BD
Perm/Wash buffer (Becton Dickinson) in the presence of
mAbs according to the manufacturer’s instructions. For
ADCC assay, patient-derived tumor cell lines or HuCCT-1
cells were cultured (5 x 10* per well) with IL15-stimulated
effector cells (2.5 x 10° PBMC, 2.5 x 10° NK cells, 5 x 10’
LIL or 5 x 10°> TIL) in the presence of anti-CD107a and BD
GolgiPlug™ Protein Transport Inhibitor (Becton Dickinson).
The recombinant human IgGl Fc (BioXcell, Lebanon, NH,
USA) and the humanized anti-MICA/B 7C6-IgGl mAb were
added at a final concentration of 10 pg/ml. Samples were
incubated at 37°C for 4 h followed by flow cytometry analysis.
LIVE/DEAD® Fixable Near-IR Dead Cell Stain Kit (Thermo
Fisher Scientific) was used to determine cell viability. Patient
PB-, LIL- and TIL-NK cells originating from the same patient
were tested against autologous tumor cells as targets in the
ADCC assays. To enhance MICA/B expression, HuCCT-1 and
patient-derived tumor cells were plated at 2.5 x 10 cells for
48 h in the presence of 10 pg/ml 7C6 mAb, a mutant 7C6 mAb
and IgGl-Fc. Spontaneous NK cell degranulation and IFNy
production were evaluated in PBMC (2.5 x 10 cells) cultured
with mutant 7C6- and isotype-pretreated HuCCT-1 cells for
4 h in the presence of anti-CD107a and BD GolgiPlug™ Protein
Transport Inhibitor (Becton Dickinson). For ADCC assay,
7C6- and isotype-pretreated HuCCT-1 cells were cultured
with PBMC (2.5 x 10° cells) for 4 h in the presence of 7C6
mAb, anti-CD107a and BD GolgiPlug™ Protein Transport
Inhibitor (Becton Dickinson). Data analysis was performed
with the Kaluza 2.1 software (Beckman Coulter).

NK cell isolation

PBMC from HC were stained for 30 min at 4°C with
CD3BV421 and CD56BB700 (BD Biosciences) and subse-
quently were fluorescence-activated cell sorting (FACS)-
sorted with FACS Aria III (BD Biosciences). LIVE/DEAD®
Fixable Near-IR Dead Cell Stain Kit (Thermo Fisher
Scientific) was used according to the manufacturer’s instruc-
tions to determine cell viability. Sorted NK cells exhibited
a purity >98%. In a second experiment, NK cells were enriched
by immunomagnetic negative selection from freshly PBMC
using the EasySep™ Human NK Cell Isolation kit according to
the manufacturer’s instructions (STEMCELL Technologies,
Vancouver, Canada). In this case, NK cell purity was >95%
(data not shown).

Cytotoxicity assay

PBMC from HC and iCCA patients, LIL and TIL (5 x 10° cells)
were cultured with target cells (autologous patient-derived
tumor cells and HuCCT-1 cells) previously stained with car-
boxyfluorescein succinimidyl ester (CFSE) according to the
manufacturer’s instructions (Thermo Fisher Scientific) at an
effector:target ratio of 10:1. The recombinant human IgG1 Fc
(BioXcell) or 7C6 mAb were added to the culture at 10 ug/ml.
After 24 h at 37°C, supernatant and target cells were harvested
and stained according to the manufacturer’s instructions with
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LIVE/DEAD® Fixable Near-IR Dead Cell Stain Kit to deter-
mine cell viability (Thermo Fisher Scientific). Spontaneous
target cell death was determined as frequency of CFSE+LIVE/
DEAD+ cells into the wells in the absence of effector cells.
Effector-induced target cell death was determined as frequency
of CFSE+LIVE/DEAD+ cells in the presence of effector cells
after subtracting spontaneous target cell death.

Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed par-
affin-embedded tissue blocks of iCCA and NT tissue, retrieved
from pathology archives. Serial 3 pum tissue sections were
explored by immunohistochemistry with the automatic immu-
nostainer DAKO OMNIS (DAKO, Glostrup, Denmark) for the
expression of MICA/B, ADAM10 and ADAM17 proteins using
the antibodies listed in supplementary table 1. Paraffin Tissue
Section of human adult normal liver (HL) were used as control
(CliniSciences, Nanterre, France). Immunohistochemical con-
trols were run by omitting the primary antibody. For each case,
the intensity of immunoreactivity for MICA/B, ADAM10 and
ADAM17 proteins (0: negative; 1: mild, 2: medium and 3:
strong) and the percentage of tumor parenchyma involved (0:
negative; 1: <50% and 2: >50%) were evaluated, as reported in
supplementary table 2.

RNA extraction, qPCR and ddPCR

Tissue RNA extraction and cDNA synthesis were performed as
previously described.”” The SsoAdvanced Universal SYBR
Green Supermix (BioRad, Hercules, CA, USA) was used and
qPCR data were analyzed using the 27*“* method. MICA
mRNA expression was normalized to glyceraldehyde 3-phos-
phate dehydrogenase gene (GAPDH). The following primers
were used: GAPDH forward 5-CGGATTTGGTCGTATTGG
-3” and reverse 5-GGTGGAATCATATTGGAACA -3’; MICA
forward 5°- TCCTGCTTCTGGCTGGCAT-3" and reverse 5-
GACAGCACCGTGAGGTTA-3’ (Primm, Milan, Italy). The
digital droplet PCR (ddPCR) was performed with the ddPCR™
Supermix for probes with the following primers: TBP
dHsaCPE5058363, ADAMI10 dHsaCPE502553, ADAMI17
dHsaCPE5038420 (Bio-Rad). The total mix was placed into
the 8 channel cartridge and the droplets were generated with
the QX200™ droplet generator (Bio-Rad). Droplets were trans-
ferred to an Eppendorf® 96 well plate (Eppendorf, Germany)
and placed into the T100™ Thermal Cycler (Bio-Rad) according
to the manufacturer’s instructions. The droplets were subse-
quently read automatically by the QX200™ droplet reader (Bio-
Rad) and the data were analyzed with the QuantaSoft™ analysis
PRO versionl software (Bio-Rad).

ELISA

Serum levels of soluble MICA (sMICA) were measured by
a Human ELISA kit (Abcam, ab100592) in patients and HC,
according to the manufacturer’s instructions.

Statistical analysis

This was performed using the GraphPad Prism 8.4.3 software
(GraphPad, La Jolla,CA, USA). Data distributions among
groups were checked for normality prior to any analysis. We
used parametric and non-parametric tests for our analyses that
are detailed in figures’ legend. A p value <.05 was deemed
statistically significant.

Results
MICA/B proteins are expressed in iCCA tissues

As shown in Figure la, MICA transcription was higher in
iCCA tissue than in matched NT tissue. When MICA tran-
scription was analyzed according to tumor grade, we observed
that MICA mRNA levels were higher both in moderately-
differentiated (G2) and in poorly-differentiated (G3) iCCA
samples compared to matched NT. Interestingly, higher
MICA mRNA levels were found in G2-iCCA tissue compared
to G3-iCCA tissue (Figure la). We then performed immuno-
histochemical (IHC) analysis of MICA/B in cancer specimens
from iCCA patients and matched NT tissue. All iCCA speci-
mens available for this evaluation were classified as poorly-
differentiated (G3) tumors. IHC staining revealed that MICA/
B proteins were detected in all cases studied with an intensity
ranging from mild to strong and a percentage of tumor par-
enchyma positive for IHC staining greater than 50% in all but
one of the cases (Suppl. table 2). Moreover, the large majority
of tumor cells (>50%) expressed MICA/B intracellularly loca-
lized likely inside vesicles as finely granular deposits, some-
times organized in rounded “globular” structures. In some
cases, a membrane staining was also evident (Figure 1b-d and
suppl. table 2). In most cases an intermediate staining intensity
was homogeneously distributed all over the neoplastic compo-
nent, compared with NT tissue. A homogeneously faint diffuse
immunoreactivity and no membrane staining was observed in
NT tissue and in a sample of HL tissue (Figure le,f).

Serum MICA levels and tissue ADAM10/ADAM17 protease
expression are elevated in iCCA patients

Since the release of MICA/B proteins by tumor cells and the
concomitant increase of their soluble form are thought to repre-
sent a mechanism of immune escape evading NK immune
surveillance in several neoplastic settings®>>® including
HCC,””** we measured serum MICA in iCCA patients. As
shown in Figure 2a, sMICA was higher in iCCA patients com-
pared with HC. There were no significant differences in sMICA
levels when iCCA patients were stratified according to etiology,
tumor grading or tumor size (data not shown). Waldhauer et al.*’
demonstrated that ADAMI10 and ADAMI17 are critically
involved in tumor-associated proteolytic release of sSMICA. To
this end, we performed a ddPCR demonstrating that mRNA
expression levels of these two proteases in tumors were higher
than in matched NT tissues (Figure 2b). Notably, ADAM10
transcription was higher in G3-iCCA tissue compared to G2-
iCCA samples (Figure 2c). Moreover, these proteases were
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Figure 2. Serum MICA levels and tissue ADAM10/ADAM17 proteases are elevated in iCCA patients A): Serum MICA concentrations in iCCA patients (n = 35) and
HC (n = 46). The Mann-Whitney U test was used to compare data. Middle bars represent the median values; box plots are 25% and 75% percentiles; and whiskers are
minimum and maximum values. B): mRNA/ADAM10 (left panel) and mRNA/ADAM17 (right panel) ratios in iCCA tissues and in matched NT specimens (n = 13). C):
Analysis of transcription in the same tissues of panel B stratified according to tumor grade. G2, moderately-differentiated tumor (n = 4); G3, poorly-differentiated tumor
(n =9). The non-parametric paired Wilcoxon test and unpaired Mann-Whitney U test were used to compare data. D, E): Representative immunohistochemical staining of
ADAM10 (d) and ADAM17 (e) protein expression on iCCA tissues, NT and HL specimens.

analyzed in poorly-differentiated (G3) iCCA specimens by ITHC
staining. ADAM10 immunoreactivity was detected in every case
studied (Figure 2d and suppl. table 2), with a homogeneously
diffuse and finely granular intracellular pattern, likely inside
vesicles, in more than 50% of iCCA cells. NT and HL tissues

showed a very faint staining for ADAM10 (Figure 2d). ADAM17
immunoreactivity was detected as a very faint intracellular stain-
ing in >50% of cancer tissue, again likely inside vesicles, in all but
one negative case (Figure 2e). NT and HL tissues showed
a homogeneous faint pattern (Figure 2e).
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Altered phenotype of circulating, liver- and tumor
infiltrating NK cells in iCCA patients

We further analyzed the phenotype of circulating NK cells in
iCCA patients and HC by flow cytometry. Supplementary figure
S1A shows the gating strategy to identify NK cells and the CD564™
and CD56"¢" subsets. The proportion of total NK cells was
significantly increased in patients compared with HC and this
was accompanied by a decreased proportion of circulating
T lymphocytes (Figure 3a, b and Suppl. Figure S2). Moreover,
the proportion of CD56"™ NK cells was significantly expanded in

iCCA patients with a concomitant reduction in the frequency of
CD56°8" NK cells (Figure 3a and b). We next examined the
expression of the activating receptors NKG2D, NKp30, NKp46,
DNAM-1 and CD16, the activation markers CD69 and TRAIL,
the inhibitory receptor TIM-3 and the cytoplasmic granzyme
B (GrB) granules that are responsible for NK cell cytotoxicity.
Expression (Mean Fluorescence Intensity, MFI) of the NKG2D
receptor on NK cells was significantly lower in patients compared
with HC (Figure 3c-d). Interestingly, iCCA patients showed an
increased proportion of GrB+ NK cells and increased density of
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Figure 3. Circulating NK cells from iCCA patients displayed an altered frequency and phenotype. A): frequencies of circulating CD3-CD56+ NK cells, CD56%™ and
CD56°"9" subsets in iCCA patients (n = 23) and HC (n = 16). C, E): frequencies and expression (MFI) of NKG2D receptor (iCCA, n = 23; HC, n = 16) and cytotoxic GrB
granules (iCCA, n = 23; HC, n = 16) on NK cells of iCCA patients and HC. The non-parametric unpaired t test was used to compare data. B, D, F): Representative dot plots
and histograms of a HC and an iCCA to show NK, NKG2D and GrB distribution and expression. Middle bars represent median values; box plots are 25% and 75%

percentiles; and whiskers are minimum and maximum values.
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GrB on NK cells compared with HC (Figure 3e, f). There were no
significant differences in other NK cell receptor expression
between patients and HC (Suppl. Figure S1B-C). Stimulation
with IL15 had no effect on NK phenotype with the exception of
NKG2D expression that became comparable to HC (Suppl.
Figures S3 and S4).

There was a decreased frequency of TIL- compared with LIL-
NK cells. Moreover, the reduction of NK cells in the iCCA
immune infiltrate did not result in changes in the distribution of
the CD16+ and CD16- subsets (Figure 4a, b). In addition, we
found a lower proportion of NK cells expressing the NKG2D and
DNAM-1 activating receptors, as well as the CD69 activation
molecule in TIL (Figure 4c-h). No significant differences were
instead observed in CD16, GrB, TRAIL, NKp30, NKp46 and
TIM-3 expression (Suppl. Figure S5). Interestingly, after IL15
stimulation, a decreased frequency of NK cells and the lower
expression of NKG2D, DNAM-1 and CD69 was confirmed in
TIL (Figure 5a, b, ¢ and d). Moreover, IL15-stimulated TIL-NK
also showed a lower frequency and expression of TRAIL and
NKp30 molecules (Figure 5e and f). No differences were observed
for NKp46 activating receptor (Figure 5g) as in unstimulated cells.

The anti-MICA/B 7C6 mAb boosts anti-tumor function of
peripheral, liver- and tumor-infiltrating NK cells from iCCA
patients

On the basis of increased MICA/B surface expression on iCCA
cells, we used the 7C6 mAb to enhance NK cell-driven anti-tumor
immunity.”> The 7C6 mAb strongly boosted IL15 stimulated
peripheral blood NK (PB-NK) cell degranulation in all individuals,
compared with the IgGl isotype control using the MICA/
B-expressing HuCCT-1 cell line as target in ADCC assays
(Figure 6a, b and Suppl. Figure S6). Interestingly, PB-NK cell

ONCOIMMUNOLOGY €2035919-7

degranulation in iCCA patients remained lower than that of HC
despite the antibody-mediated increase, suggesting reduced killing
activity of iCCA PB-NK cells. Moreover, 7C6 mAb cross-linking
significantly increased the proportion of IFNy+ PB-NK cells in
patients and in HC compared with isotype control, although IFNy
production remained persistently lower in iCCA patients than in
HC (Figure 6¢, d). In contrast, when HC-derived highly purified
NK cells were used in the ADCC assay in the presence of 7C6,
there was a small, though not statistically significant, increase in
the frequency of CD107a+NK cells compared with isotype control,
using HuCCT-1 cell line as the target. Interestingly, the frequency
of IENy+ cells remained unchanged (Suppl. Figure. S7A-C). These
data indicate that degranulation and IFNy production by NK cells
after 7C6 mAb cross-linking was likely supported by interactions
with as yet unidentified accessory cells. We next used primary
iCCA cells derived from patient tumors, which expressed the
cholangiocyte marker CK19 and MICA/B proteins (Suppl.
Figure. S8), as target cells in an ADCC assay. The 7C6 mAb
significantly increased degranulation of both allogeneic HC and
autologous iCCA PB-NK cells (Figure 7 a, b). Of note, in the
presence of 7C6, the frequency of degranulating PB-NK cells in
patients became comparable to that of HC. Moreover, the mAb
increased the frequency of IFNy+ PB-NK cells both in iCCA
patients and HC compared with isotype control (Figure 7c, d),
even though it was persistently lower in iCCA patients than in HC.

The cytotoxic potential of LIL- and TIL-NK cells for auto-
logous primary iCCA target cells was also examined in the
presence of 7C6 mAbD or its isotype control. Importantly, the
7C6 mAb significantly increased degranulation of LIL-NK and
of TIL-NK cells (Figure. 8a, b) although TIL-NK cells did not
reach the same degranulation efficiency of LIL-NK. The fre-
quency of IFNy+ NK cells in LIL was higher in the presence of
7C6 mAb (Figure. 8c). Expression of ULBP proteins was
sought for in HuCCT-1 and primary iCCA cells derived from
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Figure 5. Reduced expression of activating receptors on TIL-NK compared to LIL-NK after IL15 stimulation. A) Frequency of total CD3-CD56+ NK cells and of the
CD16+ and CD16- subsets on LIL and TIL from iCCA patients (n = 10). Frequency and expression (MFI) of NKG2D (b), DNAM-1 (c), CD69 (d), TRAIL (e), NKp30 (f) and
NKp46 (g) on LIL-and TIL-NK cell of iCCA patients. The Wilcoxon matched-pairs signed rank test was used to compare paired data. Middle bars represent the median
values; box plots are 25% and 75% percentiles; and whiskers are minimum and maximum values.
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Figure 7. Anti-MICA/B 7C6 mAb boosts anti-tumor cytotoxic function of peripheral NK cells from iCCA patients against patient-derived iCCA cell lines. A):
peripheral NK cell degranulation, evaluated as CD107a+NK frequency, in iCCA patients (n = 12) and HC (n = 8) in the presence of 7C6 mAb or IgG1-Fc using patient-
derived primary tumor cell lines as targets. Parametric paired and unpaired t tests were used to compare data. B): dot plots showing the frequency of CD3-CD56
+ CD107a+ NK cells in a HC and in a patient (iCCA) in the presence of 7C6 mAb or IgG1-Fc. C): proportion of circulating IFNy+NK cells in patients (n = 10) and in HC
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Figure 8. 7C6 mAb enhances the anti-tumor effect of liver- and tumor-infiltrating NK cells in iCCA patients. A): Frequency of degranulating CD107a+NK cells in LIL
(n =13) and TIL (n = 10) of iCCA patients in the presence of anti-MICA/B 7C6 mAb or IgG1-Fc using autologous tumor-derived cell lines as targets. Parametric paired and
unpaired t tests were used to compare data. B): representative dot plots showing the frequency of CD3-CD56+ CD107a+ LIL- and TIL-NK cells in the presence of 7C6 mAb or
IgG1-Fc. Q): proportion of IFNy+ NK cells in LIL (n = 10) and TIL (n = 8) of iCCA patients in the presence of 7C6 mAb compared with IgG1-Fc using autologous tumor-derived cell
lines as targets. The parametric t test and non-parametric Wilcoxon t test were used to compare paired data. The parametric t test was used to compare unpaired data.

patient tumors. The former did express ULBP-2/5/6 and We then performed cytotoxicity assays in all conditions. 7C6
ULBP4 proteins whereas the latter were only weakly positive induced a higher HuCCT-1 cell death compared with isotype
for ULBP2/5/6 (Suppl. Figure. S9). control when HC PBMC, patient PBMC and LIL were used as
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Figure 9. Cytotoxicity assay of HC PBMC, patient PBMC, LIL and TIL cells. A, B): Frequency of CFSE+LIVE/DEAD (LD)+ HuCCT-1 cell line targets when HC PBMC

(n =5), patient PBMC (n = 10), LIL (n = 8) and TIL (n = 5) were used as effector cells i

n the presence of 7C6 mAb and isotype control (IgG1). The parametric paired t tests

were used to compare data. C, D): Frequency of CFSE+LD+ patient-derived cell line targets when HC PBMC (n = 5), patient PBMC (n = 8), LIL (n = 8) and TIL (n = 4) were
used as effectors in the presence of 7C6 and isotype control. The parametric paired t test was used to compare data in panel C. The non-parametric Wilcoxon t test was
used to compare paired data in panel D. Target cell death was determined as frequency of CFSE+LD+ cells.

effectors (Figure 9a and b). When autologous tumor cells were
used as targets, patient PBMC induced a higher target cell death in
the presence of 7C6 compared with isotype control (Figure 9c).
LIL showed only a trend toward increased target cell death
(Figure 9d), whereas TIL were largely ineffective (Figure 9b and
d). In an allogeneic setting, HC-derived PBMC induced
a significant increase in patient-derived tumor cell death in the
presence of 7C6 (Figure 9c).

Increased MICA/B expression on tumor cells after 7C6 mAb
treatment

Since 7C6 mAb binds the MICA/B a3 domain preventing loss
of cell surface MICA/B by human cancer cells,”* we tested
whether 7C6 mAb would also inhibit shedding in the iCCA
setting. In line with evidence from other tumors,***® MICA/B

expression increased after treatment of HuCCT-1 cells with
7C6 (Figure 10a). We then asked whether such increase could
be associated with enhanced spontaneous NK cell degranula-
tion and IFNy production, mediated by activating receptors
such as NKG2D, in the absence of Fc receptor engagement. To
this end, we used a mutated form of 7C6 to pretreat HuCCT-1
cells. This mAb carries two mutations [aspartate to alanine at
position 265 (D265A) and asparagine to alanine at position 297
(N297A)] to abrogate binding to the Fc receptor. The 7C6
mutant mAb does not bind to the activating FcyRIII expressed
on NK cells but retains the ability to bind MICA/B and to
inhibit MICA/B shedding to the same extent as the nonmu-
tated form.”> HuCCT-1 cells pretreated with mutant 7C6 mAb
for 48 h had more MICA/B protein on the cell surface than
isotype-treated cells, as assessed by flow cytometry (Suppl.
Figure S10A). Spontaneous NK cell degranulation and IFNy

a b Target cells: Target cells:
[[] 7C6-treated cells 100 Isotype-treated HuCCT-1 cells 7C6-treated HUCCT-1 cells
804 [l Isotype-treated cells A 0.0181
[ Isotype control (staining) =} 80 L4 61.99%| 1wy 69.33%
o
60 M /
= Z. 60 - - 10 8 104
3 =+ = =)
O 40 < S S
S 40 0/. Qe 8 10
5 o
= Q 20
x 100 ; 100
o ¢ R 5
1 1 1 1 1
= ‘]?/)[ICA/BW i 7C6 mAb t + D56
7C6-treated HUCCT-1 cells - +
Isotype-treated HuCCT-1 cells + -
d e .
0.0039 - #CCA22 #CCA21 #CCA23 [ 7C6-treated cells
20007 ¢,0020 = . [ Isotype-ireated cells
18001 : o [[] Isotype control (staining)
1600 . = %
g
1000 S w© »
— w©
=
= 800 : : "
e 0 0 ol
< 600 e o e R T R
O MICA/B MICA/B MICA/B
= 400

N

Isotype

control
(staining)
cells
7C6-treated
cells

Isotype-treated

Figure 10. Increased MICA/B expression on tumor cells after 7C6 mAb pretreatment. A): MICA/B expression on HuCCT-1 cells after treatment with 7C6 mAb and
isotype control. B): frequency of CD107a+ NK cells from HC in the presence of 7C6 mAb using 7C6- and isotype-pretreated HUCCT-1 cells as target. The parametric paired
t tests were used to compare data. C): representative dot plots showing the frequency of CD3-CD56+ CD107a+ NK cells shown in panel b. D): MICA/B expression (MFI) on
patient-derived tumor cell lines (n = 10) after treatment with 7C6 mAb and isotype control. The non-parametric Wilcoxon t test was used to compare data. E):
representative histograms showing MICA/B expression on patient-derived tumor cell lines illustrated in panel D.
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production remained unchanged despite increased MICA/B
expression on targets, as shown in supplementary figure
S10B-C. Increased expression of MICA/B is therefore insuffi-
cient to augment the frequency of CD107a+ NK cells and of
IFNy+ NK cells in the absence of Fc receptor engagement. We
next asked whether the 7C6-induced increase in MICA/B
expression could improve NK cell degranulation mediated by
Fc receptor engagement. When classical 7C6 mAb was used to
pretreat cells for the ADCC assay, we observed a higher degra-
nulation ability in the presence of 7C6-pretreated HuCCT-1
cells compared with isotype-treated cells (Figure 10b-c), sug-
gesting that MICA/B enhancement was sufficient to increment
degranulation after Fc receptor engagement. Moreover,
patient-derived CCA cell lines treated with 7C6 mAb to inhibit
MICA/B shedding showed a higher, even though variable,
MICA/B expression compared with isotype-treated cells
(Figure 10d-e).

Discussion

Immunotherapy has been firmly established as a new milestone
for cancer therapy, with advancements in anti-tumor treatments
with monoclonal antibodies targeting immune checkpoint mole-
cules and the development of multiple immune cells as thera-
peutic tools. Growing evidence in human cancer suggests that
NK cell frequency, infiltration and activation status improve
patient survival*™** and that NK cells are also essential for
successful therapies with ICI in melanoma, head and neck squa-
mous cell carcinoma and non-small-cell lung cancer.*>*~*®
Preclinical models demonstrated that solid tumors responding
to ICI contained significantly more IFNy-producing NK cells
than non-responding tumors and, in contrast, that NK cell
depletion ablated ICI responses.*® Although NK cells share
many characteristics with CD8+ T cells, the target of current
ICI therapies, they possess the unique feature to early detect and
kill transformed cells that do not depend on neo-antigen pre-
sentation through MHC-I, opening to their usage to treat tumors
with a very low mutational burden and those that lack neo-
antigen presentation. Moreover, recent key discoveries in NK
cell biology led to the identification of potent ‘checkpoints’ for
NK cell activation that could be exploited for immunotherapy
strategies aimed at synergizing with current ICI, such as IL15-
driven activation,” TGFB blockade®™ and CTLA-4 and PD-1
inhibitors.”® To date, specifically designed immune therapies,
such as ICI therapies, for iCCA are very limited, since the
majority of the studies comprised all types of CCA and often
gallbladder cancer. In this landscape, immunotherapeutic
approaches including ICI and agents harnessing NK cell propri-
eties could be of great interest for the next wave of cancer
immunotherapies.

NK cells play a key role in tumor immunosurveillance con-
trolling metastatic dissemination, as they are abundant in the
periphery. Interestingly, an inverse correlation between high
amounts of circulating or TIL-NK cells and the presence of
metastases at clinical presentation has been demonstrated in
patients with gastrointestinal sarcoma, as well as gastric, color-
ectal, renal, and prostate carcinomas.’> Of note, our data
showed elevated frequencies of circulating NK cells in iCCA
patients. Zhou et al.”> demonstrated that the CCA tumor

microenvironment prevents penetration of cytotoxic immune
cells but not of Tregs into the tumors. Therefore, CCA appar-
ently belongs to the category of immune-excluded tumors in
which most immune cells are sequestered at the tumor margin,
pointing to potential therapeutic approaches to contrast metas-
tasis dissemination by harnessing NK cells, for instance
employing mAbs to trigger target-cell killing. The 7C6 mAb
could be a powerful booster for peripheral NK responses and it
could be used to increase the immunosurveillance for meta-
static disease. Indeed, the iCCA microenvironment has multi-
ple immunosuppressive elements that can promote tumor cell
survival and therapeutic resistance.’® In the liver context,
although most NK cells display low activating receptor expres-
sion contributing to impaired functional responses, we showed
that 7C6 plus IL15 could improve TIL-NK cell degranulation.
In this scenario we might envisage a synergistic approach based
on 7C6-mediated TIL-NK cell responses associated with co-
engagement of the conserved NKp46 receptor, as elegantly
shown by others.”

The expression of NKG2D ligands, such as MICA/B, is induced
in response to various stressors, including transformation, and
render stressed cells susceptible to killing by cytotoxic cells.'*>”

MICA/B protein expression was extensively investigated in
several cancers including HCC,”" but it was poorly investigated
in CCA. To date, only Tsukagoshi et al.* analyzed extracellular
CCA specimens for NKG2D ligand expression by immunohis-
tochemical staining, demonstrating that almost all specimens
studied expressed MICA /B proteins, that were significantly
associated with overall and disease-free survival. In the present
study, immunohistochemical and transcriptional analyses
revealed that in iCCA tissues MICA/B proteins were also
expressed. At the transcriptional level, MICA mRNA was
higher in patients with G2 tumor tissues than in those expres-
sing a G3 tumor grade. Moreover, we found that the known
metzincin proteases involved in MICA shedding, ADAMI10
and ADAM17, were actively transcribed in iCCA tissue and
that G3 tissues displayed higher ADAM10 mRNA levels than
G2 tissues. ADAM10 and ADAM17 were previously found to
be upregulated in pCCA and, notably, ADAM17 was consid-
ered an independent prognostic marker for these patients.”
Opverall, poorly-differentiated iCCA tissue displayed low MICA
transcription and high ADAMI10 expression making them
potentially less taggable for NKG2D-mediated NK cell cyto-
toxicity thereby contributing to evasion from anti-tumor
immunity. We previously demonstrated elevated sMICA levels
in sera from HCC patients, which stratified according to tumor
grade.”” Even though sMICA was also elevated in the setting of
iCCA, it was not possible to reveal differences according to
tumor grade.

NK cells mediate their cytotoxic function against tumors
through direct cytotoxicity and ADCC.”” Recently, Ferrari de
Andrade et al.”> produced an innovative anti-MICA/B 7C6
mAb that possesses the dual role of inhibiting MICA/B clea-
vage, allowing NKG2D-dependent activation of NK cell effec-
tors and, in addition, to mediate ADCC by NK cells via
engagement of the FcyRIIL. Moreover, Wu et al.’® showed
greater degranulation and IFNy production against different
tumor cells, when 7C6 mAb was employed in combination
with cytokine-induced killer cells.



In keeping with these studies and with our own data show-
ing elevated frequencies of circulating NK cells in iCCA
patients compared with HC, we showed that patients’ NK
cells possessed higher concentrations of lytic granules, and
that tumor cells did express MICA/B, providing ground for
anti-MICA/B specific antibody to strongly enhance NK degra-
nulation and IFNy production. Notably, enhanced effector
function was demonstrated toward an established iCCA cell
line and autologous MICA/B-expressing patient-derived cell
lines. Furthermore, the treatment with the unique 7C6 mAb
induced a higher MICA/B expression on iCCA tumor cell line
making it more taggable by NK cells in ADCC assay.

Zhou et al.>> observed lower proportions of cytotoxic
T cells, NK cells and increased regulatory T cells by immuno-
histochemistry in iCCA tumors. Notably, reduced frequencies
of NKG2D+ NK cells have been observed by our group in
HCC?” and by others in non-hepatic tumors.’>*®* Here we
showed that NKG2D activating receptor expression was indeed
reduced in PBMC and tumor-infiltrating NK cells making
them potentially unsuitable for optimal engagement of
MICA/B proteins expressed on tumor cells. On the other
hand, FcyRIII was equally expressed on LIL- and TIL-NK
cells, suggesting that TIL-NK cells could also be effective in
mediating ADCC after engagement by 7C6. Moreover, circu-
lating NK cells in iCCA patients displayed similar FcyRIII
expression levels compared to HC, which may identify them
as a tool to control metastasis dissemination via MICA/
B-directed ADCC.

Although the data have not been confirmed in animal mod-
els our findings provide preclinical evidence in support of 7C6
mAb as a potential immunotherapeutic tool for iCCA.
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