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ABSTRACT

Accumulating evidence indicates that immune checkpoint inhibitors (ICls) can restore CD8" cytotoxic
T lymphocyte (CTL) functions in preclinical models of acute myeloid leukemia (AML). However, ICls
targeting programmed cell death 1 (PDCD1, best known as PD-1) and cytotoxic T lymphocyte-
associated protein 4 (CTLA4) have limited clinical efficacy in patients with AML. Natural killer (NK) cells
are central players in AML-targeting immune responses. However, little is known on the relationship
between co-inhibitory receptors expressed by NK cells and the ability of the latter to control AML. Here,
we show that hepatitis A virus cellular receptor 2 (HAVCR2, best known as TIM-3) is highly expressed by NK
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cells from AML patients, correlating with improved functional licensing and superior effector functions.
Altogether, our data indicate that NK cell frequency as well as TIM-3 expression levels constitute prog-

nostically relevant biomarkers of active immunity against AML.

Introduction

Natural killer (NK) cells are innate lymphoid cells that play
a key role in the defense of the organism against viral infection,
early malignant transformation as well as metastatic tumor
dissemination.' ™ NK cell effector functions encompass potent
cytotoxicity against target cells,® as well as the secretion of
immunomodulatory cytokines that orchestrate additional
arms of the innate and adaptive immune response.” Such
functions do not emerge from the recognition of a specific
antigen, as in the case of CD8" cytotoxic T lymphocytes
(CTLs),> but are tightly regulated by the balance between
inhibitory and stimulatory signals that are conveyed to NK
cells by a large panel of membrane receptors upon interaction
with potential target cells.'®""

In line with the robust cytotoxic potential of NK cells, their
abundance as well as the relative levels of inhibitory and sti-
mulatory NK cell receptors have been attributed prognostic or
predictive value in a variety of oncological settings,"' includ-
ing acute myeloid leukemia (AML).">'* AML is a particularly
challenging malignancy for which hematopoietic stem cell
transplantation (HSCT) represents the primary therapeutic
approach.'® However, HSCT is curative only in a fraction of
patients with AML, calling for the implementation of

additional therapeutic strategies.'®'” Epigenetic modifiers
such as azacytidine and decitabine have been extensively inves-
tigated in HSCT-ineligible patients, with rather promising
results.'"® Conversely, immune checkpoint inhibitors (ICIs)
employed as standalone immunotherapeutic interventions or
combined with azacytidine failed to demonstrate robust clin-
ical activity so far."”*° This is at odds not only with the great
expectations raised by the successful implementation of ICI-
based immunotherapy in the clinical management of numer-
ous malignancies,”’** but also with experimental evidence
suggesting that co-inhibitory receptors suppress anticancer
immune responses in preclinical models of AML.>>"2®

Based on our previous findings in the ovarian
setting,”” we set to explore the potential role of co-
inhibitory receptors other than programmed cell death
1 (PDCDI1, best known as PD-1) and cytotoxic
T lymphocyte-associated protein 4 (CTLA4), which are
the main targets of currently available ICIs, in patients
with AML, with a specific focus on the NK cell com-
partment. Through flow cytometry and RNA sequencing
(RNAseq) analysis, we found that hepatitis A virus cel-
lular receptor 2 (HAVCR2, best known as TIM-3) is
particularly expressed by NK cells (as opposed to
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CTLs) in AML patients, correlating with a functionally
licensed NK phenotype, as well as improved cytotoxic
and secretory functions associated with superior disease
outcome.

Materials and methods
Patients

Seventy-five patients diagnosed with AML and treated at
the Institute of Hematology and Blood Transfusion in
Prague (Czech Republic) and at the Department of
Hemato-oncology of the University Hospital Pilsen
(Czech Republic) between December 2015 and
March 2018 were enrolled in this study. Informed con-
sent was obtained from all patients in accord with the
Declaration of Helsinki, and the study was approved by
local ethical committees. The main clinical and biologi-
cal characteristics of the patients are summarized in
Table 1. Peripheral blood samples were obtained before
the onset of chemotherapy.

Table 1. Main clinical and biological characteristic of patients with AML.

M1+ M2 M4+ M5 Total
Variable (n=41) (n=34) (n=75)
Age at diagnosis
< 50 years 16 (39%) 16 (47%) 32 (43%)
> 50 years 25 (61%) 18 (53%) 43 (57%)
Median (years) 57 52.5 53
Range (years) 21-69 21-69 21-69
Sex
Male 18(44%) 18 (53%) 36 (48%)
Female 23 (56%) 16 (47%) 39(52%)
Peripheral-blood white cell count
< 30.000/mm?® 28 (68%) 17 (50%) 45 (60%)
> 30.000/mm? 13 (32%) 17 (50%) 30 (40%)
Median (10° cells/l) 1050 28.75 17.4
Range (109 cells/l) 1,18-414,21 0,9-402,08 0,9-414,2
Blasts peripheral blood
Median (%) 59 15 42
Range (%) 2-95,5 0-91 0-95,5
De novo AML 40 (98%) 28 (82%) 68 (91%)
Secondary AML 1 (2%) 6 (18%) 7 (9%)
FAB classification
M1 16 (21%)
M2 25 (33%)
M4 20 (27%)
M5 14 (19%)
Cytogenetic risk group
Favorable 8 (19,5%) 4 (11%) 12 (16%)
Intermediate 24 (58,5%) 14 (41%) 38 (51%)
Unfavorable 8 (19,5%) 8 (24%) 16 (21%)
Missing data 1(2,5%) 8 (24%) 9 (12%)
ELN risk
Favorable 13 (32%) 10 (29,5%) 23 (30,5%)
Intermediate 16 (39%) 10 (29,5%) 26 (35%)
Unfavorable 11(27%) 12 (35%) 23 (30,5%)
Missing data 1(2%) 2 (6%) 3 (4%)
Molecular characteristics
FLT3-ITD 7 (17%) 6 (18%) 13 (17%)
FLT3 TKD 1(2%) 2 (6%) 3 (4%)
MLL aberation 1 (2%) 13%) 2 (3%)
PML/RARa 0 (0%) 0 (0%) 0 (0%)
CBFB/MYH11 2 (5%) 2 (6%) 4 (5%)
NPM1 9 (22%) 12 (35%) 21 (28%)
CEBPA 6(15%) 0 (0%) 6 (8%)
HSCT 20 (49%) 9 (26,5%) 29 (39%)

Cells and reagents

Peripheral blood mononuclear cells (PBMCs) were isolated by
Ficoll-Paque PLUS (GE Healthcare) gradient centrifugation.
Chronic myelogenous leukemia K562 cells (ATCC) were cul-
tured in IMDM (Gibco) containing 4 mM L-glutamine and
4500 mg/L glucose and further supplemented with 10% fetal
bovine serum (FBS, from PAA) and 100 U/mL penicillin plus
100 pg/mL streptomycin (Gibco).

Flow cytometry

PBMC:s isolated from AML patients were stained with multiple
panels of antibodies conjugated to fluorescent dyes to evaluate
the abundance, phenotype and function of multiple immune
cell subsets (Supplemental Table 1). Briefly, cells were incu-
bated with primary antibodies or appropriate isotype controls
for 20 min at 4°C. Flow cytometry data were acquired on the
LSRFortessa analyzer (BD Biosciences) and analyzed with
FlowJo v.10.6.2 (Tree Star, Inc.).

Isolation of NK cells and cytotoxicity assays

NK cells were isolated from AML patients before the initiation
of induction chemotherapy (n = 8) by negative PBMC selection
with the NK cell isolation kit (Miltenyi Biotec). NK cell purity
was increased by a two-step procedure based on the exclusion
of CD33" malignant blasts, with the EasySep human CD33
positive selection kit (STEMCELL Technologies), and the
exclusion of CD34" blasts, with the CD34 MicroBead kit
(Miltenyi Biotec). Freshly purified NK cells were labeled with
the Vybrant Dil cell labeling solution (Invitrogen) and main-
tained overnight in RPMI 1640 medium (Gibco) containing
10% AB human serum (Invitrogen) and supplemented with
200 U/mL IL-2 (PeproTech) for pre-activation. NK cells from
AML patients or healthy donors (HDs) were tested for their
capacity to kill NK cell-sensitive K562 cells. NK cells labeled
with Vybrant dye Dil were co-cultured with target DiD-labeled
K562 cells in RPMI 1640 medium containing 10% AB human
serum in 96-well U-bottom plates (Nunc) at effector:target cell
ratios (10:1). After 4 h, cells were harvested, washed by PBS and
co-stained with Annexin V and DAPL Viability of target DiD*
K562 cells was determined by flow cytometry.

Degranulation and IFN-y production

To assess NK cell functions in AML patients, fresh PBMCs
were stimulated with 50 ng/mL phorbol 12-myristate 13-
acetate (PMA, from Sigma Aldrich) plus 1 ug/mL ionomycin,
or with K562 cells at 10:1 PBMC:tumor cell ratio plus overnight
incubation with 200 U/mL IL-2 in the presence of anti-CD107a
-FITC monoclonal antibody (BioLegend) for 1 h, followed by
3 h incubation with brefeldin A (BioLegend). Cells were then
washed in PBS, stained with anti-CD45-PE (EXBIO), anti-CD3
-AlexaFluor700 (EXBIO), anti-CD4-ECD (Beckman Coulter),
anti-CD8-HV500 (BD Biosciences) and anti-CD56-PerCP-
Cy5.5 (BioLegend) antibodies, fixed in fixation/permeabiliza-
tion buffer (eBioscience), further permeabilized with permea-
bilization buffer (eBioscience) and intracellularly stained with



anti-IFN-y-PE-Cy7  (eBioscience) and  anti-granzyme
B-BrilliantViolet421 (BD Biosciences) antibodies.

IFN-y production after anti-PD-1, anti-TIM-3 and anti-
TIGIT cultivation and in vitro stimulation

PBMCs from AML patients were incubated with 10 mg/mL
anti-PD-1 (nivolumab, Bristol-Myers-Squibb), anti-TIM-3
(BioLegend) or anti-TIGIT (BioLegend) antibodies for
24 hours in 37°C and 5% CO,, followed by incubation with
50 ng/mL PMA and 1 mg/mL ionomycin for 1 hour plus
3-hour incubation with brefeldin A (BioLegend).
Unstimulated cells were used as control. Cells were then
washed in PBS, stained with anti-CD45-PE (EXBIO), anti-
CD3-AlexaFluor700 (EXBIO) and anti-CD56-PerCP-Cy5.5
monoclonal antibodies (BioLegend), fixed in fixation/permea-
bilization buffer (eBioscience), further permeabilized with per-
meabilization buffer (eBioscience) and intracellularly stained
with anti-IFN-y-PE-Cy7 antibodies (eBioscience).

NGS data analysis

Raw FASTQ sequencing files were aligned to human reference
genome (build h19) with bowtie2 (version 2.3.2) and tophat2
(version 2.1). Expression levels as raw “counts” were calculated
from aligned reads with mapping quality =10 using htseq-
count (version 0.6.0). Differential gene expression analyses
were performed using DESeq2 (version 1.24.0) in
R. Heatmaps with hierarchical clustering analysis were
assembled for DEGs using the ComplexHeatmap package in
R* based on the Pearson distance and average clustering
method. Functional and enrichment analysis of DEGs was
performed using the ClusterProfiler’’ and the web-based tool
REACTOME and METASCAPE.

Statistical analysis

Survival analyses were performed with log-rank tests upon
patient stratification into 2 groups based on median cutoft 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) and overall survival (OS).
Variables that were intrinsically correlated were not included
in multivariate Cox regressions. Fisher’s exact tests, Student’s
t tests, and the Wilcoxon and Mann-Whitney tests were used to
test for association between variables, p values are reported
(considered not significant when >0.05).

Results

Increased NK cell frequency correlates with improved
survival in M1 and M2 AML patients

To determine the impact of NK cells in the emergence
and progression of AML, peripheral blood samples of 41
AML patients with M1 or M2 disease (according to FAB
classification) as well as from 34 AML patients with M4
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or M5 disease at diagnosis (Table 1) were analyzed for
the frequency of total CD45"CD3"CD56" NK cells, as

well as for ' the relative abundanpe of
CD45"CD37CD56%™ and CD45'CD3 CD56°'8" NK
cells, which differ for «cytolytic and secretory

capacity,’” using flow cytometry (Figure 1A). PBMCs
from 5 HDs were also tested as control samples. The
frequency of circulating CD45"CD3 CD56" and
CD45"CD3 CD56%™ NK cells was comparable in
M1 + 2 AML patients and HDs, but significantly
reduced in patients with M4 + 5 AML (Figure 1B).
Conversely, circulating CD45"CD3~CD56"8" NK cells
were reduced in both M1 + 2 and M4 + 5 AML patient
subsets (Figure 1B).

To assess the prognostic impact of NK cells in our
cohort, we investigated RFS and OS upon stratifying
patients based on median abundance of circulating
CD45"CD37CD56" NK cells. In the M1 + 2 disease
subtype, patients with higher-than-median
CD45"CD37CD56" NK cells in the peripheral blood
(CD56" cells™) exhibited significantly longer RFS
(p = .01) and OS (p = .02) as compared with their
CD56" cells"® counterparts (Figure 1C). A similar
(although sub-significant) trend could be documented
upon stratifying M1 + 2 patients according to the med-
jan number of CD45'CD3°CD56%™ NK cells
(Supplemental Fig. 1A). Conversely, the frequency of
circulating CD45'CD3~CD56""'8" NK cells failed to
influence RFS and OS in patients with M1 + 2 AML
(Supplemental Fig. 1B). Along similar lines, we were
unable to identify any prognostic impact for circulating
CD45"CD3°CD56", CD45"CD3CD56%™ and
CD45"CD3 CD56" 8" NK cells in patients with
M4 + 5 AML (Figure 1D; Supplemental Fig. 1 C, D).
Moreover, univariate Cox proportional hazard analysis
failed to confirm the prognostic impact of
CD45"CD37CD56" NK cells in patients with M1 + 2
AML, potentially reflecting the limited size or follow-
up of this prospectively collected patient cohort (Tables
2 and Tables 3).

As NK cell activation is modulated by the balance between
inhibitory and stimulatory signals delivered by a variety of cell
surface receptors, we next analyzed the levels of the inhibitory
receptors killer cell immunoglobulin like receptor, two Ig
domains and long cytoplasmic tail 1 (KIR2DL1, best known as
CD158a), killer cell immunoglobulin like receptor, two Ig
domains and short cytoplasmic tail 1 (KIR2DS1, best known as
CD158h), KIR2DL2 (best known as CD158b1), KIR2DL3 (best
known as CD158b2), KIR2DS2 (best known as CD158;j), killer
cell immunoglobulin like receptor, three Ig domains and long
cytoplasmic tail 1 (KIR3DLI, best known as CD158el), leuko-
cyte immunoglobulin like receptor B1 (LILRBI, best known as
ILT2) and killer cell lectin like receptor C1 (KLRC1, best known
as NKG2A), as well as of the stimulatory receptors CD69, CD226
(best known as DNAM-1), killer cell lectin like receptor K1
(KLRKI, best known as NKG2D), natural cytotoxicity triggering
receptor 1 (NCR1, best known as NKp46), NCR3 (best known as
NKp30), and killer cell lectin like receptor F1 (KLRFI1, best
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Figure 1. Prognostic impact of circulating NK cells in AML subtypes. (A and B) The percentage of circulating CD457CD3°CD56%, CD45*CD37CD56™ and
CD45*CD3~CD56%"9" NK cells from healthy donors (HD) (no = 5) or M1 + 2 (no = 41) and M4 + 5 (no = 34) AML patients before the induction chemotherapy
determined by flow cytometry. Boxplots: lower quartile, median, upper quartile; whiskers, minimum, maximum; ns, non significant. Relapse-free survival (RFS) and
overall survival (0S) of M1 + 2 (C) and M4 + 5 (D) AML patients stratified in two groups based on median percentage of circulating CD45"CD37CD56" NK cells. Survival

curves were estimated by the Kaplan-Meier method and differences between groups

were evaluated using log-rank test. Number of patients at risk is reported. (E) The

frequency of CD45*CD37CD56" NK cells staining positively for different NK cell receptors (namely CD69, DNAM-1, NKG2D, NKp30, NKp46, NKp80, CD158ah, CD158B1B2)j,
CD158e1, ILT2 and NKG2A) in HD (no = 5) compare to M1 + 2 (no = 41) and M4 + 5 AML (no = 34) subtypes determined by flow cytometry. ns, non significant. (F and G)
The percentage of IFN-y* and GZMB*CD45"CD37CD56" NK cells after PMA + lonomycin stimulation in HD or M1 + 2 and M4 + 5 AML patients prior to induction
chemotherapy. Patient samples were analyzed by flow cytometry. Box plots: lower quartile, median, upper quartile; whiskers, minimum, maximum; ns, non significant.

known as NKp80) (Supplemental Fig. 2A). We failed to detect
any difference in the percentage of CD45"CD3"CD56" expres-
sing CD158a, CD158h, CD158b1, CD158b2, CD158j, CD158el,
ILT2, CD69, NKG2D, and NKp46 across HDs and both subsets
of AML patients enrolled in our study (Figure 1E). Conversely,
the circulating CD45"CD3"CD56" compartment of AML
patients (irrespective of FAB subset) was enriched in cells
expressing the inhibitory receptor NKG2A or the stimulatory

receptor NKp30, whereas cells expressing the stimulatory recep-
tor NKp80 were reduced (Figure 1E). Moreover, patients with
M4 + 5 AML exhibited a decreased abundance of
CD45"CD3"CD56"DNAM-1" cells as compared to both HDs
and patients with M1 + 2 AML (Figure 1E). These findings
support the contention that NK cells from AML patients are
less sensitive to activation. Surprisingly, however, NKp30™ cells
were abundant in the circulating CD45"CD3 CD56"



Table 2. Univariate Cox proportional hazards analyses.
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Subtype M1 & M2

Subtype M4 & M5

0s RFS 0s RFS
Variable HR (95% CI) p HR (95% CI) p HR (95% CI) p HR (95% ClI) p
Age 1.10 (1-1.2) 0.01 1.00 (0.98-1.1) 0.23 1.01 (0.97-1.06) 0.06 1.00 (0.96-1.00) 0.87
Sex 0.91 (0.26-3.23) 0.88 1.23 (0.47-3.19) 0.67 2.34 (0.87-6.23) 0.09 1.06 (0.47-2.38) 0.89
Blasts in peripheral blood 1.00 (0.98-1.02) 0.99 1.00 (0.99-1.01) 0.42 1.00 (0.98-1.02) 0.64 1.00 (0.99-1.00) 0.96
HSCT 0.24 (0.06-0.94) 0.04 0.67 (0.26-1.74) 0.41 0.63 (0.24-1.64) 0.34 0.73 (0.32-1.66) 0.45
CD45"CD37CD56" cells 0.92 (0.82-1) 0.15 0.94 (0.86-1.00) 0.17 0.96 (0.88-1.04) 0.33 0.96 (0.89-1.00) 03
CD45"CD37CD56""9"" cells 0.92 (0.42-2.05) 0.84 0.82 (0.41-1.6) 0.57 1.17 (0.59-2.32) 0.64 0.54 (0.23-1.3) 0.15
CD45*CD37CD56%™ cells 0.91 (0.80-1.02) 0.1 0.93 (0.86-1.00) 0.11 0.95 (0.87-1.04) 0.27 0.96 (0.89-1.00) 0.34
CD45*CD37CD56"CD158a/h* cells 0.92(0.82-1.03) 0.15 0.99 (0.93-1.1) 0.87 1.03 (0.98-1.07) 0.25 1.00 (0.98-1.1) 0.35
CD45*CD37CD56"CD69™ cells 1.01 (0.95-1.1) 0.74 1.00 (0.97-1.00) 0.6 1.01 (0.98-1.04) 0.52 1.00 (0.97-1.03) 0.64
TIM-3*CD45*CD37CD56" cells 0.99 (0.97-1.00) 0.48 0.99 (0.97-1.00) 0.17 1.00 (0.98-1.02) 0.71 1.03 (0.97-1.09) 0.79
NK cells/TIM-3 status
NK-°/TIM-3"° 1 1 1 1
NK“°/TIM-3" 0.12 (0.01-0.97) 0.04 0.25 (0.07-0.94) 0.04 1.22 (0.34-4.36) 0.75 1.09 (0.34-3.44) 0.88
NK"/TIM-3° 0.12 (0.02-1.01) 0.05 0.28 (0.07-1.02) 0.05 0.84 (0.17-4.17) 0.82 0.53 (0.13-2.16) 0.37
NKH/TIM-3Hi 0.09 (0.01-0.75) 0.02 0.11 (0.02-0.53) 0.006 1.15 (0.37-3.58) 0.8 0.97 (0.35-2.65) 0.95
Table 3. Multivariate Cox proportional hazards analyses.
Subtype M1 & M2
0s RFS
Variable HR (95% Cl) p HR (95% Cl) p
Age 1.11 (1.00-1.24) 0.05 1.04 (1.00-1.08) 0.1
Blasts in peripheral blood 1.03 (0.99-1.07) 0.11 1.01 (0.98-1.03) 0.54
HSCT 0.11 (0.02-2.09) 0.15 1.09 (0.22-5.52) 0.9
TIM-3*CD45*CD37CD56" cells 1.07 (1.01-1.13) 0.03 1.03 (0.97-1.09) 0.34
NK cells/Tim3 status
NK°/TIM-3° 1 1
NK“°/TIM-3" 0.01 (0.00-0.4) 0.02 0.06 (0-0.79) 0.03
NK"/TIM-3"° 0.08 (0.00-2.11) 0.13 0.27 (0.03-2.34) 0.23
NK"/TIM-3 0.00 (0.00-0.4) 0.02 0.03 (0-0.91) 0.04

compartment of AML patients (irrespective of FAB subset)
(Figure 1E), pointing to a circuitry to circumvent the functional
defect potentially imposed by NKG2A upregulation coupled
with NKp80 and DNAM-1 downregulation. Moreover, the
only two NK cells subsets that were associated with an impact
on (0N by Kaplan-Meier estimation were
CD45"CD3"CD56"CD158a/h™ cells and
CD45"CD3"CD56"CD69", which correlated with superior and
inferior disease outcome, respectively, in M1 + 2 and M4 + 5
patients, respectively (Supplemental Fig. 2B,C). These findings,
however, could not be confirmed with univariate Cox regression
analysis.

To extend these observations, we investigated the impact of
disease subtype on NK cell effector functions. Specifically, we
evaluated granzyme B (GZMB) and interferon gamma (IENG,
best known as IFN-y) production upon nonspecific stimulation
with PMA and ionomycin, harnessing a common flow cytome-
try-assisted approach (Figure 1F). We detected a significant
decrease in the frequency of NK cells responding to stimulation
with IFN-y synthesis in patients with M4 + 5 AML as compared
to HDs, whereas their M1 + 2 counterparts exhibited relatively
competent IFN-y responses (Figure 1G). Similar results were
obtained with GZMB synthesis (Figure 1G). The percentage of
CD45"CD3"CD56" cells expressing IFN-y upon stimulation had

no impact on RFS and OS based on Kaplan-Meier survival
estimation (Supplemental Fig. 3A, B).

Altogether, these findings point to a quantitative decrease
and functional impairment in the circulating NK cell compart-
ment of AML patients, especially in the context of M4 + 5
disease, which potentially explains why the abundance of NK
cells has no prognostic impact in this setting (at odds with
M1 + 2 disease).

TIM-3 expression levels correlate with a mature NK cell
phenotype and improved effector functions

To elucidate the role of clinically targetable co-inhibitory
receptors on the phenotype of NK cells from AML patients,
peripheral blood samples from our cohort were analyzed for
the expression of PD-1, TIM-3 and T cell immunoreceptor
with Ig and ITIM domains (TIGIT) by flow cytometry
(Supplemental ~ Figure  4). The  abundance  of
CD45"CD3°CD56" NK cells expressing PD-1, TIM-3 or
TIGIT levels was heterogeneous across AML samples and did
not differ across AML subtypes (Figure 2A). Furthermore, we
were unable to identify statistically significant differences in the
frequency of TIM-3" and TIGIT" CD45"CD3 CD56" NK cells
between patients with AML and HDs. Conversely, the
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frequency of PD-1* NK cells was significantly increased in the
peripheral blood of AML patients (irrespective of disease sub-
type) as compared to HDs (Figure 2A). Importantly, while
circulating PD-1" and TIGIT" cells in AML patients were
significantly enriched in CD45'CD3'CD8" CTLs over
CD45°CD3°CD56" NK cells, the majority of TIM-3" cells
from the peripheral blood of HDs and AML patients (irrespec-
tive of FAB subtype) were CD45"CD3"CD56" NK cells (Figure
2B). Of note, the CD45"CD3"CD56" NK cell compartment of
AML patients with a higher-than-median percentage of
CD45"CD3"CD56"TIM-3"* NK cells (TIM-3" NK cells™) was
enriched for cells expressing the stimulatory receptor NKp80,

as well as numerous inhibitory receptors from the CD158
family, which are commonly expressed by mature NK cells,
as compared the CD45"CD37CD56" NK cell compartment
from TIM-3* NK cells"* patients (Figure 2C). Thus, TIM-3
expression is associated with functionally licensed NK cell
phenotype in AML patients.

Driven by the potential implication of TIM-3 in NK
cell effector functions, we selected 7 TIM-3* NK cells"°
patients and compared the transcriptional profile of
their PBMCs with that of the PBMCs from 7 TIM-3"
NK cells™ individuals (Supplemental Table 2).
identified 449 genes that were significantly
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overrepresented in samples from TIM-3" NK cells™
relative to their TIM-3" NK cells"® counterparts
(Figure 3A; Supplemental Table 3), and functional stu-
dies revealed a strong association between such differ-
entially expressed genes (DEGs) and NK-cell mediated

cytotoxicity (Figure 3B, Supplemental Figure 5).
Moreover, as compared with their TIM-3* NK cellsL"_
counterparts, the PBMCs from TIM-3* NK cells™

patients exhibited an overrepresentation of gene sets
specific for antigen processing and presentation as well
as T cell activation and differentiation, as determined by
clusterProfiler R package (Supplemental Table 3).

Next, we set to investigate the impact of TIM-3 on
NK cell effector functions in AML patients. To this aim,
we quantified the fraction of CD457CD37CD56" cells
expressing IFN-y and GZMB in TIM-3" vs. TIM-3~
NK cells from 10 M1 + 2 and 10 M4 + 5 AML patients
by flow cytometry (Figure 4A). TIM-3* NK cells exhib-
ited significantly improved effector functions as com-
pared to their TIM-3" counterparts in both samples
from AML patients irrespective of FAB subtype
(Figure 4B and Figure 4C). Conversely, the expression
of PD-1 and TIGIT failed to impact the ability of NK

cells from AML patients to synthesize IFN-y and GZMB
in response to stimulation (Figure 4B and Figure 4C).
Moreover, NK cells from TIM-3" NK cells' patients
had superior cytotoxicity against NK cell-sensitive
human chronic myelogenous leukemia K562 cells as
compared to their counterparts from TIM-3* NK
cells* patients (Figure 4D and Figure 4E).
Importantly, at odds with the generally immunosup-
pressive role of TIM-3, blocking TIM-3 (but not PD-1
or TIGIT) suppressed the ability of NK cells to secrete
IFN-y in response to stimulation (Figure 4F).

These data are consistent with the notion that TIM-3
expression correlates with improved NK cell effector functions
in AML patients, and point to an unsuspected stimulatory role
for TIM-3 in this setting.

TIM-3 expression by NK cells correlates with improved
disease outcome in AML patients

To evaluate the prognostic impact of TIM-3 expression by NK
cells, we investigated RFS and OS upon stratifying 41 patients
with M1 + 2 AML and 34 patients with M4 + 5 AML based on
median percentage of TIM-3" cells within the circulating
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CD45*CD3"CD56" compartment. TIM-3" NK cells'" patients
with M1 + 2 AML exhibited prolonged OS (p = .02) and RFS
(p = .01) as compared with their TIM-3" NK cells"® counter-
parts (Figure 5A and Figure 5B). Similar findings could not be
documented in AML patients with M4 + 5 disease
(Supplemental Fig. 6A, B). Since both NK cell frequency and
the relative abundance of TIM-3" cells in the circulating
CD45"CD37CD56" compartment influence disease outcome
in patients with M1 + 2 AML, we assessed RFS and OS upon
stratifying patients into four subsets (NK cells"/TIM-3" NK
cells'™, NK cells"*/TIM-3" NK cells™, NK cells™/TIM-3* NK
cells™ and NK cells*°/TIM-3* NK cells"). In this context, the
relative abundance of TIM-3" cells in the circulating
CD45"CD3°CD56" compartment failed to ameliorate the
prognostic value of NK cell frequency in NK cells™ patients
(Figure 5C and Figure 5D). Conversely, NK cells"*/TIM-3" NK
cells™ AML patients with M1 + 2 disease had improved OS
(p =.01) and RFS (p = .02) as compared with their NK cells™/
TIM-3* NK cells*® counterparts (Figure 5C and Figure 5D).
Univariate Cox regression confirmed the positive prognostic

impact of TIM-3 expression by CD45"CD3 CD56" cells in
M1 + 2 AML patients (RFS: HR = 0.25, 0.07-0.94; p = .04;
OS: HR =0.12, 0.01-0.97; p = .04; Table 2) and the significance
was further corroborated by multivariate Cox regression (Table
3). Consistent with previous results, these findings did not hold
true in patients with M4 + 5 AML (Supplemental Fig. 6 C, D).

Taken together, our data indicate that the concomitant
assessment of NK cell frequency and relative abundance of
TIM-3" cells in the circulating CD45"CD3 CD56" com-

partment conveys robust prognostic information in
patients with M1 + 2 AML. Both univariate and multi-
variate Cox regression analyses confirmed such

a prognostic impact in individuals affected by M1 + 2
AML (Tables 2 and Tables 3).

Discussion

Co-inhibitory receptors expressed on T cells play a major role
in the establishment of clinically relevant immunosuppression
in a variety of human malignancies.*>** Consistent with this
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notion, ICIs that hinder the binding of the co-inhibitory recep-
tors PD-1 and CTLA4 with their cognate ligands have been
successfully implemented in the clinical management of an
ever-growing list of human neoplasms.”’***> Moreover,
experimental evidence indicates that ICIs can enable superior
CD8" CTL functions in preclinical models of AML.*>"*®
However, ICIs targeting PD-1 and CTLA4 signaling have
demonstrated poor clinical activity against AML so far,"”°
pointing to the existence of alternative mechanisms of cancer-
driven immunosuppression.

NK cells are key players of anti-AML immune
responses'>'**® and express several co-inhibitory
receptors that are commonly considered as prerogative
of CTLs, including PD-1,>” TIM-3°* and TIGIT.>>*°
Inspired by our previous findings pointing to TIM-3 as
the main co-inhibitory receptor that suppresses antic-
ancer immunity in patients with ovarian carcinoma,29
we therefore set to investigate the impact of TIM-3 on
NK cell functions and disease progression in

a prospectively collected cohort of 75 patients with
AML. We found that the circulating abundance of NK
cells conveys positive prognostic value in individuals
with M1 + 2 AML, but not among patients with
M4 + 5 disease, correlating with markers of dysfunction
that are aggravated in the M4 + 5 disease subtype
(Figure 1). Whereas TIM-3 expression on NK cells
does not appear to change across HDs and AML
patients (irrespective of disease subtype), the circulating
TIM-3" compartment of subjects with AML is highly
enriched in NK cells, and patients with higher-than-
median TIM-3" NK cells exhibit various markers of
functional competence across multiple immune cell
population (Figures 2 and Figure 3). Moreover, TIM-
3" NK cells from AML patients are more responsive to
stimulation than their TIM-3" counterparts, a feature
that could be partially inhibited with TIM-3, but not
PD-1 or TIGIT, blockers. This is at odds with the
established immunosuppressive role of TIM-3 in
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various oncological disorders,*! but in line with pre-
vious findings demonstrating that TIM-3 blocking anti-
bodies suppresses the activation of NK cells driven by
NKD2D agonism.*> Consistent with a beneficial effect
for TIM-3 expression on NK cells, the relative abun-
dance of TIM-3" cells within the circulating NK com-
partment improved the prognostic power of circulating
NK cell levels in patients with M1 + 2 (but not M4 + 5)
AML (Figure 5).

These apparently inconsistent findings might be
explained by the fact that the cytoplasmic domain of
TIM-3 lacks a definable inhibitory signaling motif, and
hence might act as a co-stimulatory receptor, potentially
depending on the activation status of other signaling
pathways.*> Supporting this possibility, TIM-3*CD8"
T cells have been shown to display superior cytotoxicity
in the presence of dendritic cells expressing lectin,
galactose binding, soluble 9 (LGALS9) in mouse models
of fibrosarcoma.'”**™*® Moreover, TIM-3 appears to be
expressed by mature resting CD56”"™ NK cells and to
undergo robust upregulation in the context of cytokine-
driven NK cell activation.*” Moreover, TIM-3 blockade
in peripheral NK cells from melanoma patients has been
shown to reverse NK cell dysfunction.38 Thus,
a functional threshold influencing the ability of TIM-3
to mediate stimulatory vs inhibitory effects in different
setting may exist.

Taken together, our data identify an unexpected ben-
eficial function for TIM-3 expression by NK cells for
patients with M1 + 2 AML, which could not be identi-
fied in patients with M4 + 5 AML. Most likely, this
observation reflects the existence of a fully dysfunc-
tional NK cell compartment in the latter (but not in
the former) patient subset, as demonstrated by lower
circulating NK cell levels, a surface receptor profile
polarized toward immunosuppression, and reduced
responsiveness to stimuli (Figure 1). Ultimately, these
results suggest that blocking TIM-3 with monoclonal
antibodies may be detrimental for AML patients, and
that the potential benefits of other NK cell-stimulatory
interventions, such as the NKG2A-targeting agent
monalizumab,*® may be restricted to patients with
M1 + 2 disease. As NK cells are considered an attractive
option for adoptive cell transfer in patients AML,* it
will be important to identify novel immunomodulatory
pathways that can be actioned to improve or predict NK
cell activity in these individuals. Additional work is
required to elucidate the actual therapeutic and predic-
tive value of TIM-3 in this setting.
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