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Acute Myeloid Leukemia
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ABSTRACT

n some settings, cancer cells responding to treatment undergo an

immunogenic form of cell death that is associated with the abundant

emission of danger signals in the form of damage-associated molecular
patterns. Accumulating preclinical and clinical evidence indicates that danger
signals play a crucial role in the (re-)activation of antitumor immune respons-
es in vivo, thus having a major impact on patient prognosis. We have previ-
ously demonstrated that the presence of calreticulin on the surface of malig-
nant blasts is a positive prognostic biomarker for patients with acute
myeloid leukemia (AML). Calreticulin exposure not only correlated with
enhanced T-cell-dependent antitumor immunity in this setting but also
affected the number of circulating natural killer (NK) cells upon restoration
of normal hematopoiesis. Here, we report that calreticulin exposure on
malignant blasts is associated with enhanced NK cell cytotoxic and secretory
functions, both in AML patients and i vivo in mice. The ability of calreticulin
to stimulate NK-cells relies on CD11c*CD14"" cells that, upon exposure to
CRT, express higher levels of IL-15R0, maturation markers (CD86 and HLA-
DR) and CCR7. CRT exposure on malignant blasts also correlates with the
upregulation of genes coding for type I interferon. This suggests that
CD11c'CD14"" cells have increased capacity to migrate to secondary lym-
phoid organs, where can efficiently deliver stimulatory signals (IL-15Rov/IL-
15) to NK cells. These findings delineate a multipronged, clinically relevant
mechanism whereby surface-exposed calreticulin favors NK-cell activation
in AML patients.

Introduction

In response to some treatments including anthracycline-based chemotherapy,
high hydrostatic pressure or radiation therapy, cancer cells mount unsuccessful
adaptive responses to stress that are accompanied by the release of endogenous
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molecules that convey danger signals, which are cumula-
tively known as damage-associated molecular patterns
(DAMPs)."* The spatiotemporally regulated emission of
DAMPs by cells undergoing immunogenic cell death
(ICD) generates a pronounced immunostimulatory milieu
that, in the presence of adequate antigenicity (such as that
conferred to cancer cells by somatic mutations), supports
the initiation of tumor-targeting immunity.>* ICD-relevant
DAMPs encompass endoplasmic reticulum (ER) chaper-
ones such as calreticulin (CALR, best known as CRT) and

Table 1. Clinical and biological characteristics of acute myeloid
leukemia patients.

Age at diagnosis
<50 years 23 (46%)
= 50 years 27 (54%)
Median (years) 52
Range (years) 21-73
Sex
Male 23 (46%)
Female 27 (54%)
White blood cell count at diagnosis
< 30.000/mm? 42 (84%)
= 30.000/mm’ 8 (16%)
Median (10° cells/L) 6.9
Range (10° cells/L) 0-402.8
Blasts in peripheral blood
Median (%) 25
Range (%) 0-91
De novo AML 41 (82%)
Secondary AML 9 (18%)
FAB classification
M0 1 2%)
Ml 10 (20%)
M2 12 (26%)
M4 7 (14%)
M5 10 (20%)
M6 1 2%)
MDS 8 (16%)
Cytogenetic profile
Favorable 6 (12%)
Intermediate 29 (58%)
Unfavorable 8 (16%)
Missing data 7 (14%)
Molecular characteristics
FLT3-ITD 7 (14%)
NPMI mutated 12 (24%)
CEBPA mutated 2 (4%)
Induction chemotherapy
Daunorubicin + Ara-C (3+7) 38 (76%)
Idarubicin + Ara-C (3+7) 10 (20%)
FLAG + Idarubicin 1 (2%)
Palliative treatment 1(2%)
CR 40 (80%)
Consolidation
Chemotherapy only 14 (28%)
HSCT 30 (60%)
No consolidation 6 (12%)

AML: acute myeloid leukemia; AM1-ETO: acute myeloid leukemia 1-ETO fusion pro-
tein; CEBPA: CCAAT/enhancerbinding protein alpha; CR: complete remission; FLAG:
fludarabine + high-dose cytarabine + granulocyte colony-stimulating factor (G-CSF);
FLT3-ITD: fms-like tyrosine kinase 3-internal tandem duplication; HSCT. hematopoietic
stem cell transplantation; MDS: myelodysplastic syndrome; NPM1: nucleophosmin 1.
FAB: French-American-British.

heat-shock proteins (HSPs), nuclear components such as
high mobility group box 1 (HMGB1), nucleic acids, as well
as small metabolites like ATP.*” In physiological scenarios,
DAMPs are mostly intracellular, which prevents their
detection by the immune system. Conversely, DAMPs
that are secreted into the extracellular space or exposed on
the plasma membrane of dying cancer cells can be recog-
nized by the immune system via pattern recognition
receptors (PRRs), and hence can drive the activation of
therapeutically relevant innate and cognate immune
responses.”” In line with this notion, DAMP accumulation
in the tumor microenvironment has been correlated with
increased infiltration by multiple immune cell subsets,
including mature dendritic cells (DCs) and effector mem-
ory T cells.” Moreover, factors linked to danger signaling
— including (but not limited to) DAMPs expression levels,
PRR expression levels, genetic polymorphisms in DAMP-
or PRR-coding genes, and activation of relevant stress
responses in cancer cells — have been attributed prognostic
values in several cohorts of patients with cancer.”

Considerable work has been dedicated to elucidate the
mechanisms whereby DAMPs affect the phenotype and
function of myeloid cells that operate as antigen-present-
ing cells (APCs)*® On the contrary, little attention has
been given to the effects of DAMPs on cells of the innate
lymphoid system, such as natural killer (NK) cells, despite
the fact that NK cells are emerging as potent players in the
control of metastases.” Indeed, surface-exposed HSP fam-
ily A member 1A (HSPA1A, best known as HSP70) pro-
motes NK-cell-dependent cytotoxicity in vitro'™'® and in
vivo,"” while exosome-associated HSP70 can stimulate NK-
cell migration and effector functions.”®” Similarly, extra-
cellular HMGB1 can stimulate NK-cell activity upon bind-
ing to Toll-like receptor 2 (TLR2) and TLR4.” Here, we
report that CRT exposure on the surface of malignant
blasts from acute myeloid leukemia (AML) patients is
associated with improved NK-cell secretory and cytotoxic
functions. Mechanistic studies revealed that surface-
exposed CRT stimulates NK-cell activity indirectly,
through the upregulation of IL-15Ra on myeloid
CD11c'CD14"" cells. Moreover, CRT exposure on AML
malignant blasts also correlates with the upregulated
expression of genes coding for type I interferon (IEN),
which are also involved in the capacity of DCs to enhance
NK-cell effector functions.

Methods

Patients

44 patients diagnosed with AML and treated at the Institute of
Hematology and Blood Transfusion in Prague between December
2015 and March 2018 plus six AML patients diagnosed and treated
at the Department of Hemato-oncology of the Pilsen Hospital
between January 2017 and January 2018 were enrolled in this
study. Informed consent was obtained according to the Declaration
of Helsinki, and the study was approved by the local ethics com-
mittee. The main clinical and biological characteristics of the
patients are summarized in Table 1. Induction chemotherapy con-
sisted mainly (96%) of seven days cytarabine plus idarubicin or
daunorubicin for the first three days (standard “7+3” regimen).

Flow cytometry
Peripheral blood mononuclear cell (PBMCs) isolated from AML
patients or C57BL/6 (B6) mice, as well as mouse splenocytes,

Danger signaling to NK cells in AML -

haematologica | 2020; 105(7) -



- l. Truxova et al.

- haematologica | 2020; 105(7)

bone-marrow derived DCs and tumor cells were stained with
panels of fluorescent antibodies to evaluate the abundance, phe-
notype and function of immune cell subsets (Online Supplementary
Table S1-2). Briefly, cells were incubated with primary antibodies
or appropriate isotype controls for 20 min at 4 °C. For the analysis
of CRT levels on AML blasts, PBMCs were labeled with anti-
CD45 PerCP (Exbio) and anti-CD33 PE monoclonal antibodies
(BioLegend). Malignant blasts from AML patients were defined as
CD45" cells expressing high levels of CD33 (CD33"¢". Surface
CRT staining was performed by a three-step procedure: (1) incu-
bation with primary CRT-specific antibody (Enzo Life Sciences),
(2) incubation with an APC-conjugated secondary antibody
(Jackson Immunoresearch Laboratories) and (3) incubation with
Annexin V-FITC (Exbio) and 4’,6-diamidino-2-phenylindole
(DAPI, from Molecular Probes) to assess the cell viability. Surface-
exposed CRT levels were analyzed only on live (AnnV"DAPT) and
dying (AnnV*/DAPT) but not dead (DAPI") cells. Flow cytometry
data were acquired on the LSRFortessa analyzer (BD Biosciences)
and analyzed with the Flow]Jo software package (Tree Star, Inc.).

Statistical analysis

Survival analyses were performed by using log-rank tests upon
patient stratification into two groups based on the median cutoff
of continuous variables. Univariate and multivariate Cox propor-
tional hazard analysis was performed to assess the association of
clinicopathological or immunological parameters with relapse-free
survival (RFS). Variables that were intrinsically correlated were not
included in multivariate Cox regressions. Fisher’s exact tests,
Student’s r-tests, and the Wilcoxon and Mann-Whitney tests were
used to test for association between variables, P-values are report-
ed (considered not significant when >0.05).

Results

CRT exposure on malignant blasts is associated with
increased NK-cell frequency and upregulation of
ligands for activating NK-cell receptors

We previously demonstrated a link between CRT expo-
sure on malignant blasts and clinically-relevant anticancer
immunity in AML patients.”” To extend these findings,
we examined the potential impact of CRT on the plasma
membrane (ecto-CRT) of CD45°CD33" malignant blasts
on the frequency and phenotype of NK cells from AML
patients prior to the initiation of anthracycline-based
chemotherapy and at the recovery of normal
hematopoiesis. Patients were stratified based on the
median percentage of DAPI'ecto-CRT" blasts at diagnosis
into a CRT" and CRT™ group. In baseline conditions
(prior to induction chemotherapy), we were unable to
identify statistically significant differences in the frequen-
cy and  absolute numbers of  circulating
CD45'CD3 CD56" NK cells between these two groups of
patients (Figure 1A-B). Conversely, upon complete remis-
sion and recovery of nonmalignant hematopoiesis, CRT™
AML patients had significantly higher frequency and
absolute numbers of CD45'CD3CD56" NK cells in the
circulation as compared to their CRT™ counterparts
(Figure 1A-B). These results are in line with previously
published data from our group.” Of note, CRT™ AML
patients did not display increased frequency of
CD45"CD3 CD56" NK cells in the bone marrow as com-
pared to their CRT" counterparts (Online Supplementary
Figure S1A).

As NK-cell activation is modulated by the balance

between stimulatory and inhibitory signals delivered by
multiple ligand/receptor interactions,* we next analyzed
the levels of common activating (NKp30, NKp46, NKp80,
NKG2D, DNAM-1 and CD16) and inhibitory (CD158el,
CD158bj, CD158ah, NKG2A, ILT2) NK-cell receptors by
flow cytometry. With the exception of ILT2* cells (which
were less represented in the circulation of CRT* AML
patients upon remission), we failed to detect significant
differences in the percentage of NK cells staining positive-
ly for these receptors between CRT™ and CRT™ AML
patients, neither prior to induction chemotherapy nor
upon complete remission (Figure 1C and Online
Supplementary Figure S1B). Because CRT exposure relies
on ER stress responses,” and different stress response
pathways may also modulate the expression of ligands
for NK-cell receptors,” we decided to evaluate the poten-
tial connection between CRT exposure and the levels of
multiple NK-cell ligands on the surface of CD45'*CD33*
blasts, namely major histocompatibility complex (MHC)
class I polypeptide-related sequence A (MICA), MICB,
UL16 binding protein 2 (ULBP2), ULBP5, ULBPS,
poliovirus receptor (PVR, also known as CD155), nectin
cell adhesion molecule 2 (NECTIN2, also known as
CD112 and PVRL2), and B7-H6, by flow cytometry. We
found that the percentage of DAPI'ecto-CRT" blasts pos-
itively correlates with the percentage of AML blasts stain-
ing positively for MICA, MICB, CD155 and CD112
(Figure 1D). In the attempt to identify a potential connec-
tion between the exposure of NK-cell-activating ligands
(NKALs) and ER stress, we retrieved normalized MICA,
ULBP2, PVR and NECTINZ expression levels for 173
AML patients from The Cancer Genome Atlas (TCGA)
public database and analyzed their correlation with the
expression levels of genes involved in the ER stress
response, namely activating transcription factor 4 (ATF4),
DNA damage inducible transcript 3 (DDIT3) and HSP
family A (Hsp70) member 5 (HSPA5). However, linear
regression analysis showed limited degrees of correlation
(Online Supplementary Figure S1C), suggesting the involve-
ment of other stress response mechanisms in the expo-
sure of NKALs by malignant blasts. Altogether, these
findings indicate that malignant blasts from AML patients
display different danger signals on their surface, and this
influences the abundance of circulating NK cells.

CRT exposure on malignant blasts correlates with
improved NK-cell effector functions in AML patients
in remission

Since the ability of surface-exposed CRT to deliver acti-
vatory signals to NK cells had not been previously inves-
tigated, we set out to address this possibility. To this aim,
we evaluated degranulation and IFN-y production by NK
cells from CRT" and CRT" AML patients upon non-spe-
cific stimulation with phorbol 12-myristate 13-acetate
(PMA) and ionomycin by flow cytometry (Online
Supplementary Figure S1D). We failed to detect statistically
significant differences in the frequency of NK cells
responding to stimulation with IFN-y production
(IEN-y*CD45'CD3-CD56"  cells) and degranulation
(CD107a*GZMB*CD45*CD3CD56*  cells) between
CRT" and CRT" AML patients prior to induction
chemotherapy (Figure 2A). On the contrary, upon remis-
sion and recovery of non-malignant hematopoiesis,
CRT"™ patients exhibited significantly improved NK-cell
secretory and cytotoxic effector functions compared to



their CRT"™ counterparts (Figure 2B). To evaluate NK-cell
effector functions in a more direct manner, we also per-
formed NK-cell cytotoxicity assays using NK cell-sensi-
tive human chronic myelogenous leukemia K562 cells as
targets. In general, NK cells isolated from AML patients at

recovery had slightly higher cytotoxic functions than NK
cells isolated from AML patients prior to induction
chemotherapy (Figure 2C). Importantly, while surface-
exposed CRT failed to affect the ability of NK cells isolat-
ed from AML patients prior to the initiation of treatment
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Figure 1. The impact of ecto-CRT on natural killer (NK) cells and the levels of NK-cell ligands present on acute myeloid leukemia blasts. (A) The percentage and
(B) absolute numbers of circulating CD45"CD3 CD56* NK cells in CRT" versus CRT acute myeloid leukemia (AML) patients before the induction chemotherapy (Prior,
n=45) and at re-establishment of normal hematopoiesis (recovery, n=37) determined by flow cytometry. Boxplots: lower quartile, median, upper quartile; whiskers,
minimum, maximum; ns: not significant. (C) The frequency of CD45°CD3CD56* NK cells staining positively for different NK cell receptors (namely NKp30, NKp46,
NKG2D, NKp80, DNAM-1, CD16, CD158e1, CD158bj, CD158ah, NKG2A and ILT2) in CRT" and CRT* AML patients before the induction chemotherapy (prior, n=38)
and at re-establishment of normal hematopoiesis (recovery, n=31) determined by flow cytometry. ns: not significant. (D) The percentage of CD45'CD33* blasts stain-
ing positively for NK cell ligands (MICA/B, ULBP, CD155 and CD112) in CRT" versus CRT* AML patients prior to the induction chemotherapy (n=21) determined by
flow cytometry. Boxplots: lower quartile, median, upper quartile; whiskers, minimum, maximum; ns: not significant. CRT: calreticulin.
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to efficiently kill K562 cells (Figure 2D), CRT" patients in
remission possessed NK cells with superior cytotoxic
functions compared to their CRT™ counterparts (Figure
2E). These data are consistent with the results reported
above (Figure 2A-B).

Surface-exposed CRT influences NK-cell effector
functions indirectly, by affecting the phenotype of
CD11c'CD14"¢ cells

To further evaluate the impact of surface-exposed CRT

ments with recombinant CRT (rCRT). Pre-incubation of
purified NK cells with rCRT did not affect the capacity of
NK cells to release cytotoxic granules containing perforin
1 (PRF1) or secrete IEN-y in response to either nonspecific
stimulation with PMA and ionomycin or exposure to
K562 cells (Figure 3A and Online Supplementary Figure 2A).
Conversely, adding rCRT to whole PBMCs led to signifi-
cant increase in the percentage of CD45"*CD3 CD56" NK
cells degranulating in response to PMA plus ionomycin or
exposure to K562 cells (Figure 3B), with no effects on IEN-

y secretion (Online Supplementary Figure S2B). We con-

on NK cells and the mechanisms underlying its NK cell-
firmed these results with NK-cell cytotoxicity assays, as

stimulatory effects, we performed a set of in vitro experi-
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Figure 2. The impact of ecto-CRT on the activation and cytotoxic potential of natural killer cells in acute myeloid leukemia patients. (A, B) The percentage of IFN-y
and degranulating (CD107a*/GZMB*) CD45*CD3-CD56* natural killer (NK) cells upon PMA + lonomycin or K562 cell line stimulation in 17 CRT*and 18 CRT"acute
myeloid leukemia (AML) patients prior to the induction chemotherapy (A) or in 12 CRT* and 12 CRT" AML patiens after the restoration of normal hematopoiesis (B).
Patient samples were analyzed by flow cytometry. Box plots: lower quartile, median, upper quartile; whiskers, minimum, maximum; ns: not significant. (C) Cytotoxic
potential of NK cells isolated from AML patients before the initiation of chemotherapy (Prior, n=10) versus upon the restoration of normal hematopoiesis (Recovery,
n=10). Purified NK cells were tested for their ability to kill target K562 cell line at two different effector:target cell ratios (5:1 and 10:1) and the viability of K562 cells
was determined by flow cytometry after 4 hours (h). (D, E) Cytotoxic potential of NK cells isolated from five CRT" and 5 CRT* AML patients before the initiation of
chemotherapy (D) or upon the restoration of normal hematopoiesis (E). Purified NK cells were tested for their ability to kill target K562 cell line at effector:target cell
ratio 5:1 and the percentage of dead (AnnV'DAPI*) K562 cells was determined by flow cytometry after 4 h. The representative dot plots of NK cell cytotoxicity assay
showing the viability of target K562 cells in CRT" versus CRT* AML patients before the initiation of chemotherapy (D) or upon the restoration of normal hematopoiesis
(E) are shown. Box plots: lower quartile, median, upper quartile; whiskers, minimum, maximum; ns: not significant. CRT: calreticulin.
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NK cells isolated from PBMCs pre-incubated with rCRT
were able to kill an increased amount of K562 cells com-
pared to NK cells isolated from control PBMC (Figure 3B).
These results suggest that CRT stimulate NK cells indi-
rectly, via mechanisms that involve other cellular compo-
nents of the PBMC mixture.

Previous in vitro studies support a role for APCs, mainly
DCs, in NK-cell activation.” We therefore decided to
focus on the phenotype of APCs exposed to rCRT. We
found that incubating PBMCs from healthy donors (HD)
with rCRT induced the upregulation of the chemotaxis-
associated receptor C-C motif chemokine receptor 7
(CCR?7) and the maturation-associated molecules CD86
and HLA-DR on CD11c¢"CD14"¢" cells and increased the
frequency of CD11c*CD14"" expressing interleukin 15
receptor subunit alpha (IL15RA, best known as IL-15Ra)
(Figure 3C),which is crucial for the activatory trans-pre-
sentation of IL-15 to NK cells.” Inspired by these data, we

investigated the relationship between CRT exposed on
malignant blasts and the phenotype of APCs in AML
patients in remission. We found that CRT™ patients har-
bor a significantly higher percentage of CD11c*CD14"
cells expressing CCR7 and IL-15Ra compared to their
CRT"™ counterparts (Figure 3D), suggesting that these
cells have an increased capacity to migrate to secondary
lymphoid organs, where they can efficiently activate NK
cells. In vitro assays suggested a prominent role for
human myeloid over plasmocytoid DCs in NK-cell acti-
vation upon exposure to rCRT (Ounline Supplementary
Figure S3A). Of note, also mouse PBMCs or bone mar-
row-derived DCs exposed to rCRT upregulated activa-
tion markers including CD54, CD86, and MHC class II
molecules, and secreted increased amounts of IL-12
(Online Supplementary Figure S3B-D).

We have previously shown that the PMBCs of CRT™
AML patients who are in complete remission and have
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Figure 3. The mechanism of natural killer cell-stimulatory effects of calreticulin and its impact on CD11c*CD14"¢ cell phenotype. (A, B) The effect of recombinant
human calreticulin (rCRT, Sino Biological Inc.) on effector functions of natural killer (NK) cells isolated from healthy donors (HDs) (n=8) or NK cells in HD peripheral
blood mononuclear cells (PBMC) mixture (n=8). Purified NK cells (A) or whole PBMC (B) were pre-incubated with 5 ug/mL of rCRT overnight and subsequently stim-
ulated by PMA + lonomycin or K562 cell line for 4 hours (h). The percentage of responding (CD107a*PRF1'CD45°CD3 CD56") NK cells was determined by flow cytom-
etry. Alternatively, NK cells were purified from rCRT-pre-incubated PBMC and their capacity to kill K562 cell line was tested in cytotoxicity assay. The percentage of
dead (AnnV*'DAPI*) K562 cells was determined by flow cytometry after 4 h (B). NK cells/PBMCs without rCRT and unstimulated NK cells/PBMC were used as a neg-
ative controls; ns: not significant. (C) The expression of maturation-associated molecules (CD86 and HLA-DR) and CCR7 on CD11c*CD14"# cells in HD PBMCs (n=8)
incubated with rCRT (5 ug/mL) overnight versus control PBMCs without rCRT as determined by flow cytometry. The expression of individual markers is shown as
mean fluorescence intensity (MFI). Flow cytometry was also used for the detection of IL-15Ra*CD11c*'CD14"#" cells in rCRT-pre-incubated versus control PBMCs. (D)
The frequency of CCR7+ and IL-15Ra*CD11c*CD14"=" cells in CRT" versus CRT* AML patients upon the restoration of normal hematopoiesis (n=16) determined by
flow cytometry. Boxplots: lower quartile, median, upper quartile; whiskers, minimum, maximum. (E) Quantitative RT-PCR-assisted quantification of IFNA1 and IFNB1
expression levels in PBMCs from 20 CRT" versus 21 CRT* acute myeloid leukemia (AML) patients at recovery of normal hematopoiesis. Boxplots: lower quartile, medi-
an, upper quartile; whiskers, minimum, maximum.
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recovered normal, non-malignant hematopoiesis exhibit
a remarkable upregulation of genes linked to Tyl polar-
ization, T-cell activation and cytotoxic immune respons-
es."” To confirm and extend these findings, we assessed
the expression levels of 46 genes linked to immune func-
tion, with particular focus on NK-cell activity, in the
PBMCs of 37 AML patients in remission (Online
Supplementary Table S3). We identified five genes that
were differentially expressed in CRT™ wversus CRT™
patients, namely, [FNA1, IFNB1, CD3E, CDSA and CD28
(Figure 3E and  Online Supplementary Figure S4A).
Importantly, type I IFN including the products of IFNA1
and [FNB1 are also involved in the capacity of DCs to
enhance NK-cell effector functions (23).

Taken together, our results suggest that CRT exposure
on the surface of malignant blasts stimulates NK-cell
effector functions indirectly, by altering the migratory
capacity, surface phenotype, and secretory profile of
CD11c'CD14" APCs.

CRT exposure is associated with increased NK- and
T-cell responses in mice

To examine the impact of surface-exposed CRT on
anticancer immunity in vivo, we generated subcutaneous
tumors in B6 mice with mouse wild-type (WT) AML
C1498 cells (C1498.WT) or C1498 cells constitutively
exposing CRT on the plasma membrane (C1498.CRT),
and monitored disease progression (data not shown) and
immune responses. T-cell response was analyzed both in
the tumor and spleen (19 days after tumor cell injection)
and NK-cell response only in spleen (three days after
tumor cell injection) (Figure 4A). Importantly, developing
C1498.CRT tumors resulted in an enrichment of activat-
ed CD107a* NK cells (defined as CD45*CD3"NK1.1* cells)
in the spleen, and enhanced the capacity of NK cells to
respond to PMA plus ionomyecin stimulation (Figure 4B).
In addition, we observed that C1498.CRT tumors are
infiltrated by CD4*and CD8"' T cells with improved effec-
tor functions in response to non-specific stimulation with
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Figure 4. The role of calreticulin in natural killer-cell- and T-cell-based immune response in vivo in mice. (A) Schematic representation showing the process of
C1498.WT/CRT tumor generation and monitoring the immune responses. To generate tumors in vivo, 1x10° C1498.WT or C1498.CRT cells were inoculated sub cuta-
neoulsy into the lower right flank of B6 mice on day O (DO). Tumor size was measured every two days by standard laboratory caliper. Mice were sacrificed on D3 or
D19 and spleen and tumors were harvested for analysis of functional status of natural killer (NK) cells (spleen on D3) and T cells (both spleen and tumors on D19)
by flow cytometry. The experiment was performed three times. (B) The frequency of CD107a*NK cells (defined as CD45*CD3-NK1.1* cells) in spleen harvested from
mice injected with C1498.CRT versus C1498.WT without further in vitro stimulation or upon stimulation with PMA + lonomycin determined by flow cytometry. Box
plots: lower quartile, median, upper quartile; whiskers, minimum, maximum. (C, D) The frequency of activated IFN-y*CD4" T cells and CD107a* CD8" T cells upon in
vitro PMA + lonomycin or anti-CD3 bead stimulation in C1498.CRT versus C1498.WT tumors (C) or spleen (D) determined by flow cytometry. Unstimulated cells were
used as a controls. Box plots: lower quartile, median, upper quartile; whiskers, minimum, maximum; ns: not significant. WT: wild-type.




PMA plus ionomycin and/or anti-CD3 beads (Figure 4C).
Similarly, splenocytes isolated from C1498.CRT-bearing
mice contained CD4* and CD8' T cells that were more
responsive to stimulation than their counterparts from
C1498.WT-bearing mice (Figure 4D).

In line with this notion, PBMCs from CRT™ AML
patients in complete remission contained significantly
higher frequencies of both CD8" and CD4" T cells
responding by IFN-y secretion to PMA plus ionomycin
(Online Supplementary Figure S4B-C), with a slightly sub-
significant trend towards increased numbers of
CD107a"GZMB*CD8" T cells (Online Supplementary Figure
S4D), compared with their CRT" counterparts, comfort-
ing previously published data from our group."
Quantification of several cytokines essential for NK-cell
homeostasis and functions (IL-21, IL-15, IEN-y and
IEN-a2) and for hematopoietic stem cell (HSC) differenti-
ation (IL-3 and IL-7) in the sera of AML patients in remis-
sion also revealed higher IEN-y levels in CRT™ versus
CRT™ patients (Online Supplementary Figure S4E).

CRT exposure on malignant blasts and the frequency
of NKG2D* cells correlate with RFS in AML patients

To evaluate the prognostic impact of CRT exposure on
malignant blasts and verify our previous results on a larg-
er subgroup of our patients, we investigated RFS upon
stratifying AML patients based on the median percentage
of DAPT blasts staining positively for surface CRT. In line
with our previous observations,® CRT™ patients exhibit-
ed a significantly improved RES compared with CRT"™
patients (median: >60 vs. 14 months, P=0.027) (Figure
SA). Using a similar cutoff approach based on the median
value, we also examined whether the mRNA levels of
KLRK1, encoding the key NK-cell activating receptor
NKG2D, would convey prognostic information in AML
patients. We found that patients expressing high levels of
KLRK1 (KLRK1") had a significantly lower risk of relapse
compared to their KLRK1" counterparts (median: 39 vs.
10 months, P=0.039) (Figure 5B). We validated these find-
ings at the protein level by stratifying a larger group of
patients based on the median frequency of CD45'CD3
CD56'NKG2D" NK cells. Patients with a high frequency
of NK cells expressing NKG2D (NKG2D™) exhibited sig-
nificantly improved RES, compared with their NKG2D"
counterparts (median: >35 vs. 24 months, P=0.035)
(Figure 5C). However, neither univariate nor multivariate
Cox proportional hazard analysis confirmed these find-
ings, potentially reflecting a limited follow-up of this
prospectively collected patient cohort, or other confound-
ing factors including disease subtype and inter-individual
heterogeneity (Table 2-3). Since both CRT exposure on
malignant blasts and NKG2D levels influenced RES in our
cohort of AML patients, we evaluated the combined
prognostic value of ecto-CRT" blasts and the KLRK?
mRNA levels or CD45'CD3 CD56'NKG2D" NK-cell fre-
quency by stratifying the cohort in three groups:
CRT"/KLRK 11" or CRT"/NKG2D" patients,
CRT"*/KLRK1* or CRT*/NKG2D" patients and patients
in which the percentage of CRT" blasts was discordant
with the KLRK1 mRNA levels or the frequency of
CD45'CD3 CD56'NKG2D* NK cells (CRT/KLRK1™* or
CRT/NKG2D"™). We found that CRT"/KLRK1"™ or
CRT"/NKG2D" patients had superior RES as compared
with their CRT*/KLRK1" or CRT"/NKG2D" counter-
parts (CRT"/KLRK1"™ vs. CRT"/KLRK1", P=0.050;
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CRT*/NKG2D" vs. CRT“/NKG2D", P=0.037) (Figure
5D-E).

Discussion

CRT exposure on cancer cells conveys robust prognostic
information in patients with a variety of malignancies,
generally reflecting the activation of clinically-relevant
tumor-targeting immune responses.” Previous work from
our group demonstrated that the presence of CRT on the
surface of malignant blasts from AML patients correlates
not only with an increased frequency of effector memory
CD4" and CD8" T cells but also with an increased propor-
tion of circulating NK cells, suggesting that CRT exposure
is linked to both adaptive and innate immunity."’ Inspired
by accumulating evidence on the key role of NK cells in
natural and therapy-driven immunosurveillance,”” we
decided to extend these initial observations and character-
ize the link between surface-exposed CRT and NK-cell
activity in AML patients. Indeed, NK cells from patients
with high CRT exposure on malignant blasts exhibited
improved secretory and cytotoxic effector functions
(Figure 2B and E).

As we excluded the possibility that CRT would mediate
direct immunostimulatory effects on NK cells (Figure 3A
and Ounline Supplementary Figure S2A), we thought that
CRT exposure would be linked to increased levels of
NKALs on the surface of malignant blasts, because both
these processes have been linked to intracellular ER stress
signaling.*” Indeed, the percentage of CD45'CD33" malig-
nant blasts staining positively for ecto-CRT" correlated
with the frequency of blasts staining positively for various
NKALs (Figure 1D). However, we were unable to docu-
ment any correlation between the NKAL expression levels
and mRNA abundance of genes involved in the ER stress
response (which we and others previously demonstrated
to constitutively occur in AML blasts independent of ther-
apy)'*? (Online Supplementary Figure S1C). These findings
suggest that NKALs and CRT are exposed on the surface
of AML blasts via mechanistically distinct stress response
pathways. Replication stress and the consequent DNA
damage response stand out as a promising candidate for
NKAL exposure in this setting.”

We also found that NK-cell activation by CRT involves
a population of CD11c*CD14"" cells that, upon exposure
to CRT, express maturation markers (CD86 and HLA-DR),
acquires improved migratory capacity as a consequence of
CCRY expression, and delivers stimulatory signals to NK
cells via IL-15Ro/IL-15 trans-presentation® and type I TFN.
Consistent observations in peripheral blood of HDs and
AML patients, suggest that CD11c*CD14"" cells exposed
to CRT have a superior capacity to migrate to secondary
lymphoid organs where they can efficiently activate NK
cells (Figure 3C-E). Thus, surface-exposed CRT appears to
trigger the phenotypic and functional maturation of
CD11c"CD14"" cells leading to (i) cell contact-dependent
NK-cell activation via trans-presented IL-15, as well as (ii)
cell contact-independent NK-cell activation via type I
IENs. Importantly, type I IEN signaling in DCs results not
only in a superior ability to drive antigen-specific T-cell
priming,” but also in IL-15 production,” potentially sup-
porting a robust adaptive and innate immune response of
therapeutic relevance. Our findings and elegant preclinical
data from Chen and colleagues® lend robust support to
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Table 2. Univariate Cox proportional hazard analysis. Table 3. Multivariate Cox proportional hazard analysis. ¢
RFS RFS

Variable HR (95% Cl) P Variable HR (95% Cl) P

Age 1.02 (0.99-1.04) 0.19 Age 1.07 (1.01-1.13) 0.007*

Sex 0.79 (0.44-1.43) 045 Sex 1.34 (0.50-3.60) 0.55

Peripheral blast counts 1.00 (0.99-1.01) 0.26 Peripheral blast counts 1.00 (0.98-1.02) 0.71

HSCT 0.76 (0.40-1.44) 0.40 HSCT 0.62 (0.21-1.83) 0.39

Ecto-CRT* blasts (%) 0.99 (0.98-1.00) 0.22 Ecto-CRT+ blasts (%) 0.98 (0.96-1.00) 0.10

KLRK1 expression 0.80 (0.53-1.19) 0.27 KLRK1 expression 0.69 (0.44-1.07) 0.10

NKG2D* NK cells (%) 0.96 (0.92-1.01) 0.13 NKG2D* NK cells (%) 0.95 (0.90-1.01) 0.11

CI,95% confidence interval; HR, hazard ratio; *p< 0.05; RFS, relapse-free survival.

this possibility. Indeed, i vivo application of C1498 AML
cells engineered to constitutively expose CRT on their sur-
face elicited an accumulation of highly functional NK cells
and CD4" and CD8" T cells in mouse tumors and/or
spleen (Figure 4B-D).

Finally, both CRT exposure on malignant blasts and NK
cell-related marker NKG2D were associated with improved
RES amongst AML patients (Figure 5A-C), corroborating
previously published data.’** Combinatorial assessment of
the prognostic value of these parameters identified signifi-
cantly prolonged RES in KLRK1"CRT" and NKG2D"CRT"
subgroup of patients (Figure 5D-E). However, these findings
could not be confirmed using univariate and multivariate
Cox proportional hazard analysis, potentially reflecting a
limited follow-up period, the small size of the patient
cohort, disease subset and/or inter-patient heterogeneity.
Thus, the precise prognostic value of CRT exposure on
AML blasts and NKGD2 levels on NK cells remains to be
validated in independent patient series.

Taken together, our results support the association of
CRT with enhanced activation of the innate and adap-
tive anticancer immunity. Parallel assessment of CRT
exposure on malignant blasts and immune cell parame-
ters, such as NK-cell markers, may provide prognostic

CI,95% confidence interval; HR, hazard ratio; *p< 0.05; RFS, relapse-free survival.

information and have therapeutic relevance for AML
patients in the future.
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