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ABSTRACT

The inhibitory receptor TIGIT, as well as theectonucleotidases CD39 and CD73 constitute potential
exhaustion markers for T cells. Detailed analysis of these markers can shed light into dysregulation of
the T-cell response in acute myeloid leukemia (AML) and will help to identify potential therapeutic targets.
The phenotype and expression of transcription factors was assessed on different T-cell populations
derived from peripheral blood (PB, n = 38) and bone marrow (BM, n = 43). PB and BM from patients
with AML diagnosis, in remission and at relapse were compared with PB from healthy volunteers (HD)
(n = 12) using multiparameter flow cytometry. An increased frequency of terminally differentiated
(CD45R™CCR77)CD8" T cells was detected in PB and BM regardless of the disease state. Moreover, we
detected an increased frequency of two distinct T-cell populations characterized by the co-expression of
PD-1 or CD39 on TIGIT*'CD737CD8* T cells in newly diagnosed and relapsed AML in comparison to HDs. In
contrast to the PD-1"TIGIT'CD73~CD8" T-cell population, the frequency of CD39*TIGIT*CD73"CD8* T cells
was normalized in remission. PD-17- and CD39*TIGIT'CD737CD8" T cells exhibited additional features of
exhaustion by decreased expression of CD127 and TCF-1 and increased intracellular expression of the
transcription factor TOX.

CD8* T cells in AML exhibit a key signature of two subpopulations, PD-1"TOX*TIGIT'CD73~CD8"- and
CD39*TOX'TIGIT'CD737CD8" T cells that were increased at different stages of the disease. These results
provide a rationale to analyze TIGIT blockade in combination with inhibition of the purinergic signaling
and depletion of TOX to improve T-cell mediated cytotoxicity in AML.

Abbreviations:

AML: Acute myeloid leukemia; pAML: newly diagnosed AML; rAML: relapse AML; IrAML: AML in remission;
HD: healthy donor; PB: peripheral blood; BM: bone marrow; TIGIT: T-cell immunoreceptor with Ig and ITIM
domains; PD-1: Programmed cell death protein 1; CD73: ecto-5-nucleotidase; CD39: ectonucleoside
triphosphate diphosphohydrolase 1; ATP: adenosine triphosphate; ADO: adenosine; CD127: interleukin-
7 receptor; CAR-T cell: chimeric antigen receptor T cell; TCF-1: transcription factor T-cell factor 1; TOX:
Thymocyte selection-associated high mobility group box protein; NFAT: nuclear factor of activated T cells;
NA: Naive; CM: Central Memory; EM Effector Memory; EMRA: Terminal Effector Memory cells; FMO:
Fluorescence minus one; PVR: poliovirus receptor; PVRL2: poliovirus receptor-related 2; IFN-y: Interferon-
y; IL-2: interleukin-2; MCF: multiparametric flow cytometry; TNFa: Tumornekrosefaktor a; RT: room
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Introduction

Novel immunotherapeutic strategies based on enhancement of
T-cell function are constantly being developed for the treat-
ment of acute myeloid leukemia (AML)." These strategies
include vaccines, T-cell recruiting bispecific antibody con-
structs, chimeric antigen receptor (CAR) T cells and immune
checkpoint inhibitors.> However, apart from allogeneic stem
cell transplantation, the results of immunological approaches
to treat AML have been less encouraging compared to other
tumor entities.” It is becoming increasingly apparent that AML
is a heterogeneous disease with various immunosuppressive

mechanisms to overcome immune surveillance. Therefore,
a detailed knowledge of T-cell function during the course of
the disease, e.g. at diagnosis, relapse and at remission, is
essential.

Inhibitory receptors and their ligands such as programmed
cell death protein 1/programmed cell death 1 ligand (PD-1/
PD-L1) play a crucial role in the regulation of inflammatory
responses by inhibiting T-cell effector activity. During chronic
infection and cancer T cells are exposed to persistent antigen
stimulation, which are often associated with loss of T-cell
function and upregulation of multiple inhibitory receptors,
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a state called T-cell exhaustion.* We and others have recently
identified the coinhibitory receptor T-cell immunoglobulin
and immunoreceptor tyrosine-based inhibitory motif (ITIM)
domain (TIGIT) as a potential target for immunotherapeutic
strategies in AML.” TIGIT is expressed on (virus-specific)
CD8" and both conventional CD4" (conCD4") and regulatory
CD4" (regCD4™) T cells, as well as natural killer (NK) cells in
chronic infections and cancer.®’

The ectoenzymes CD73 (ecto-5'-nucleotidase) and
CD39 (ectonucleoside triphosphate diphosphohydro-
lase 1) are related to the purinergic signaling that reg-
ulates lymphocyte activation and function. Adenosine
triphosphate (ATP) released from cells under condi-
tions of stress, inflammation or by regulated secretion
is converted to adenosine (ADO) by sequential depho-
sphorylation by CD39 and CD73.®> ADO evokes predo-
minantly anti-inflammatory signals.® In cancer, CD73
and CD39 are upregulated in solid tumor cells and
increasingly recognized as promising targets for immu-
notherapeutical approaches.”'® Moreover, CD73 seems
to play a role as costimulatory molecule for T-cell
differentiation."’ CD39 is expressed on antigen-specific
(tumor-infiltrating) CD8" T cells, conCD4", regCD4"
T cells and NK cells.">™ "

The interleukin-7 receptor (CD127) and the transcription
factor T-cell factor 1 (TCF-1) are involved in the development
of long-living memory cells and self-renewal in T cell-
populations.”> CD127 is required for the establishment and
maintenance of memory CD4" and CD8" T lymphocytes.'®
TCF-1 identifies antigen-experienced murine and human
CD8" T cells that retain potential for lymphoid recirculation
and the ability for self-renewal.'”

The transcription factor thymocyte selection-associated
high mobility group box (TOX) regulates terminal T-cell
exhaustion in chronic viral infections and cancer. Scott et al.
showed that TOX was highly expressed in human dysfunc-
tional T cells in melanoma, breast, lung and ovarian cancer.
Its expression was driven by chronic T-cell receptor stimula-
tion and activation of the NFAT (nuclear factor of activated
T cells) family of transcription factors.'®'” Further, the expres-
sion of TOX has been associated with failure of CD8" T-cell re-
invigoration upon inhibitory receptor inhibition."®

In this study, we provide a comprehensive analysis of the
expression of TIGIT, the ectonucleotidases CD39 and CD?73,
and of the transcription factors TCF-1 and TOX on CD8", and
conventional and regulatory CD4" T-cell populations in per-
ipheral blood (PB) and bone marrow (BM) samples from AML
patients at different stages of the disease.

Material and methods
Clinical cohorts

Peripheral blood (PB) of AML patients (n = 38) and
bone marrow (BM) of AML patients (n = 43) were
collected at diagnosis, relapse and in remission before
the start of intensive chemotherapy treatment as well as
from healthy volunteers (HD, n = 12) after written
informed consent in accordance with the Declaration

of Helsinki and approval by the local ethics board of
the Arztekammer Hamburg (PV3469). All samples were
taken from non-acute promyelocytic leukemia (APL)
AML patients.

PB and BM samples were available from patients with
newly diagnosed AML (pAML, PB, n = 20, median age
60 years; range 25-88 and BM, n = 24, median age
65 years; range 25-88), patients after chemotherapy-
induced complete remission (IrAML, PB, n = 10, med-
ian age of 67 years; range 51-80 and BM, n = 10; med-
ian age of 62 years; range 51-79) and patients with
relapsed AML (rAML, PB, n = 8, median age of
66 years; range 50-74 and BM, n = 9; median age of
66 years; range 48-77). Patients in remission were for
a median of 620 days (rang 89-894 days) in CR. Paired
PB and BM specimens were obtained from 17 patients
with pAML, from 5 patients with rAML and from 7
patients with IrAML. Three patients donated PB and
BM at diagnosis and at relapse, one patient donated
PB and BM at diagnosis and in remission. PB of 12
healthy volunteers (HD) (with a median age of
48.5 years, range 25-86 years) were obtained as controls
(Supplement 1).

Multiparameter flow cytometry, surface and intracellular
staining (ICS)

For intracellular staining and multiparametric flow
cytometry analysis (MCF), cryopreserved PB and BM
mononuclear cells from patients with CD33" AML
were thawed and counted. After washing with PBS and
FCR blocking PBMCs were stained with the LIVE/
DEAD™ Fixable Near-IR dye (Thermo Fisher) according
to the manufacturer’s protocol for exclusion of dead
cells. For surface staining, cells were incubated with

appropriate fluorochrome-conjugated antibodies,
including anti-CD3 (OKT3), anti-CD4 (RPA-T4), anti-
CD8 (RPA-T8), anti-CD25 (2A3), anti-CD127
(A019D5), anti-CD45RO (UCHL1), anti-CCR7
(G043H7),  anti-TIGIT  (A15153G),  anti-PD-1

(EH12.2H7), anti-HLA DR (L243), anti-CD39 (Al),
anti-CD73 (AD2) and anti-CD33 (P67.6), for 20 min
at RT in the dark. For intracellular staining, the cells
were subsequently fixed and permeabilized using the
Foxp3 Fixation/Permeabilization Buffer Set
(eBioscience) according to the manufacturer’s instruc-
tions. Subsequently, samples were stained with the
fluorochrome-labeled antibodies anti-TOX (TXRX10;
REA473) and anti-TCF-1 (7F11A10) and incubated for
45 min at 4°C in the dark. Antibodies were obtained
from Biolegend, ThermoFisher and BD Biosciences.
Samples were washed with permeabilization buffer and
then resuspended in PBS. Compensation controls were
measured using single-stained Comp Beads (Anti-
Mouse Ig,x/Negative Control Compensation Particles
Set, BD Biosciences). For live/dead compensation,
Comp Beads stained with anti-CD14 (APC Cy-7,
BioLegend) were applied. All samples were run on



a BD LSR Fortessa flow cytometer with FACS Diva
version 8 (BD Biosciences) on a PC.

Statistical analysis

All flow cytometric data were analyzed using FlowJo version
10.5.2. software (Treestar). Statistical analysis was carried out
using Prism 7.0 software (GraphPad Software). All groups were
tested for normal distribution with the Kolmogorov-Smirnov
test. For normally distributed data, parametric tests were applied:
for two groups t-tests, for more than two groups ANOVA multi-
ple comparison test. Data that was not normally distributed was
tested by the Mann-Whitney test for two unpaired groups, by the
Wilcoxon test for paired groups, or Kruskal-Wallis test for more
than two groups, respectively. Pearson’s correlation and
Spearman’s rank correlation coeflicient were applied for bivariate
correlation analysis. Frequencies in the text are described as
medians unless stated otherwise (as indicated in the figure
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legend). P-values smaller than 0.05 were considered significant,
where *, ** and *** indicate p-values between 0.01 to 0.05, 0.001 to
0.01 and 0.0001 to 0.001, respectively. Statistical analysis and
display of multicomponent distributions were performed with
SPICE v5.1.

Results

Increased frequency of TIGIT' and CD73°CD8" T cells in
peripheral blood and bone marrow from patients with
newly diagnosed AML

The expression patterns of the coinhibitory molecules PD-1
and TIGIT and the ectonucleotidases CD73 and CD39 were
assessed on CD8", conCD4" and regCD4" T cells from the PB
and BM of patients with pAML (PB, n = 20 and BM, n = 24)
and PB from HDs (PB, n = 12).

A comparison of PB from HDs vs. patients with pAML
revealed no differences in the frequency of PD-1 on CD8",
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Figure 1. Expression of PD-1, TIGIT, CD73 and CD39 on CD8"* and conCD4* and regCD4* T cells in pAML and HDs. The expression of PD-1, TIGIT, CD73 and CD39 was
analyzed in peripheral blood (PB) from healthy donors (HD, white circles, n = 12) and from patients with newly diagnosed AML (pAML, PB, black circles, n = 20) as well as
in bone marrow aspirates (BM, black triangles, n = 24). The gating strategy is shown in Supplemental Figure 3. (A) Representative flow data showing the expression
levels of PD-1, TIGIT, CD73, and CD39 on CD8" T cells in the PB from HDs (gray) and PB from patients with pAML (red). (B) Frequencies of PD-1, TIGIT, CD73, CD39
expression on indicated T-cell subsets were shown in the PB from HDs and patients with pAML and in the BM. P values were obtained by the ANOVA and Kruskal-Wallis

test. *P < .05, **P < .01, ***P < .001.
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conCD4" or regCD4" T cells (Figure la-b). In contrast, we
observed an increased frequency of TIGIT" and CD39"CD8"
T cells and a decreased frequency of CD73"CD8" T cells in the
PB from patients with pAML in comparison to HDs (median
of 35.6% vs. 17.6%; p = .0018, median of 3.3% vs. 0.9%; p = .05
and median of 44.1% vs. 76.8%; p = .0041) (Figure la-b).
Comparison of CD8" T cells in BM vs. PB from patients with
pAML revealed similar frequencies of TIGIT"-, CD39"- and
CD73"CD8" T cells (Figure 1b). No differences in the fre-
quency of PD-1, TIGIT, CD73 and CD39 expressing cells
were found on conCD4" and regCD4" T cells between AML
and HDs (Figure 1b). In summary CD8" T cells in the PB and
BM from patients with pAML exhibited an aberrant expression
of TIGIT, CD39 and CD73 in comparison HDs.

Peripheral blood and bone marrow CD8" T cells of AML
patients show a shift toward a terminally differentiated
phenotype (CCR7 CD45R0O") regardless of the disease
status

CD8", conCD4" and regCD4" T cells in the PB and BM
from AML patients with different disease status or HDs
were further classified into the following subpopulations
on the basis of their expression of CCR7 and CD45RO:

Naive (NA = CCR7'CD45R0O7), Central Memory
(CM = CCR7*CD45RO"), Effector Memory
(EM = CCR7 CD45RO") and terminal Effector Memory
cells  expressing CD45RA  (EMRA,  defined as

CCR77CD45RO") (for gating strategy see Supplement 3).
In comparison to HDs the frequency of CD8" EMRA
T cells was increased (median of 37.8% vs. 8.9%;
p = .0013) whereas the frequency of the CD8" NA T cells
was decreased (median of 28.0% vs. 64.3%; p = .0021) in PB
from patients with pAML (Supplement 2). Comparison of
the CD8" T cells in PB vs. BM revealed similar frequencies
of CD8" NA and EMRA T cells in both compartments
(Supplement 2). Cross-sectional analysis of the PB and
BM compartment of AML patients with different disease
status showed a persistent increased frequency of the CD8"
EMRA T cells in the PB and BM from patients with pAML,
patients in IrAML and with rAML in comparison to HDs
(Supplement 2). Together our data show an increased
terminally differentiated effector memory subset of CD8"
T cells in the PB and BM from patients with AML, thus
providing a rationale to further analyze CD8" T cells
in AML.

Expression of PD-1, TIGIT, CD73 and CD39 is related to the
differentiation status of CD8" T cells in peripheral blood
and bone marrow from patients with newly diagnosed
AML

It has been shown that the expression of coinhibitory
receptors and ectonucleotidases varies according to the
differentiation status of the cell.'"?° Increased frequen-
cies of TIGIT" cells were observed in the CD8" EM
(p = .045) and CD8" EMRA T-cell populations
(p = .047) in PB from patients with pAML in contrast
to HDs (Supplement 4A-B). In the BM of patients with

pAML we found an increased frequency of TIGIT" cells
only in CD8" EM T-cell subset in comparison to HDs
(p = .06) (Supplement 4B). The decreased frequency of
CD73"CD8" T cells occurred in all four CD8" differen-
tiation stages in PB of patients with pAML in compar-
ison to HDs (NA: p = .0104 and CM: p = .008 and EM:
p = .09 and EMRA p = .023) (Supplement 4A-B).
Similar results were observed in the BM from patients
with pAML (Supplement 4B). The frequency of CD39"
cells was significantly higher in CD8" EM (p = .002) and
CD8" EMRA T cells (p = .0092) in PB with similar
results in the BM from patients with pAML in contrast
to HDs (Supplement 4A+B). Overall, the CD8" effector
memory and terminally differentiated effector memory
T-cell population in pAML showed increased expression
of TIGIT and CD39 whereas the frequency of CD73"
cells was reduced in this CD8" T-cell subsets in com-
parison to HDs.

Increased co-expression of CD39 and PD-1 in
TIGIT'CD73™CD8" T cells of patients with newly diagnosed
AML

In our analysis, the most significant differences between
newly diagnosed AML patients and HDs occurred in
TIGIT and CD73 expression on CD8" T cells in AML.
The frequency of the TIGIT'CD73°CD8" T-cell subset
was significantly increased in the PB and BM from patients
with pAML in contrast to HDs (Figure 2a). This specific
phenotype of CD8" T cells was located in the EM and
EMRA CD8" T-cell compartment (Supplement 5A+B).
Hence, we further investigated the co-expression of PD-1
and CD39 on CD73" and CD737, as well as on TIGIT* and
TIGIT"CD8" T cells in PB of AML patients. PD-1" and
CD39" cells were significantly enriched in CD73” and
TIGIT*CD8"* T cells in comparison to CD73* and TIGIT"
CD8" T cells (Supplement 6A-B). Moreover, highest fre-
quencies of PD-1" cells were observed in the
TIGIT*CD73 CD8"* T-cell subset in the PB and BM of
patients with pAML in comparison to PB of HDs (PB vs.
PB: 41.6% vs. 35.1%; p = .0494 and BM vs. PB: 44.2% vs.
35.1%; p = .0215) (Figure 2b). This was also true for CD39
within the TIGIT*CD73 CD8" T-cell subset (PB vs. PB:
median of 11.3% vs. 3.7%; p = .0063 and BM vs. PB:
13.9% vs. 3.7%; p = .0006) (Figure 2b). Of note, PD-1 and
CD39 were not co-expressed on TIGIT'CD73"CD8" T cells
in pAML or HDs (Supplement 7). Analysis by t-distributed
stochastic neighbor embedding (tSNE) confirmed that
expression of CD39 and PD-1 in AML patients largely
overlapped with TIGIT*CD73"CD8" T cells and clustered
within the CD8" EM and EMRA T-cell subsets (Figure 2c
+d). TIGIT expression correlated positively with CD39
expression and negatively with CD73 on CD8" T cells in
the PB from patients with pAML (r = 0.7; p = .003 and
r = 0.54; p = .001) (Supplement 5D and 6 C). In summary,
in pAML a significant increase of two CD8" T-cell popula-
tions was observable: the PD-1"TIGIT*CD73” and a CD39-
"TIGIT"CD73"CD8" T-cell subpopulation.
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Figure 2. Increased expression of PD-1 and CD39 on TIGIT*CD737CD8" T cells in pAML. Flow cytometric analysis of the co-expression of PD-1 and CD39 with TIGIT and
CD73 on CD8" T cells was performed. (A) Summary data of the frequency of TIGIT* and CD73* CD8" T-cell subsets in PB from healthy donors (HD PB, white circles, n
= 12) and patients with newly diagnosed AML (pAML PB, black circles, n = 18), and bone marrow aspirates from pAML patients (pAML BM, black triangles, n = 24). (B)
Summary data illustrating the frequency of PD-1* and CD39" cells on CD8" T cells expressing TIGIT and/or CD73 from PB of HDs and pAML patients, and BM aspirates
from pAML patients. (C) tSNE analysis showing a heat map of total CD8" T cells from PB samples of five patients with pAML (left graph) and the position of CD8* T-cell
differentiation stages (blue = naive; yellow = central memory; green = effector memory and red = terminal differentiated effector memory CD8" T cells) on the tSNE
map. (D) Distribution of TIGIT*CD73™ cells (green overlay), PD-1* cells (red overlay), and CD39" cells (violet overlay) on the tSNE map of CD8™ T cells (gray). P values were

obtained by ANOVA and Kruskal-Wallis test. *P < .05, **P < .01, ***P < .001.

PD-1*-, CD73™ and CD39*CD8" T cells are increased in PB
and BM of patients with a relapse in comparison to newly
diagnosed AML

As the expression of TIGIT, CD73, CD39, and PD-1 in pAML
was altered in comparison to healthy controls, we set out to
analyze their expression shortly after relapse and during stable
remission. MCF was performed on CD8" T cells isolated from
patients in remission after intensive chemotherapy (IrAML PB:
n = 10; BM: n = 10), and from patients with relapsed AML
(rAML PB: n = 8; BM: n = 9) before the start of re-induction
chemotherapy. In contrast to pAML the frequency of PD-
1"CD8" T cells was further increased in PB and BM from
patients with rAML (PB: median of 33.6% vs. 20.3%; p = .027
and BM: median of 42.4% vs. 29.4%; p = .018) (Figure 3a+b).

Similar expression levels of TIGIT* and CD39" on CD8"
T cells were observed when we compared PB and BM from
patients with rAML with samples from patients with pAML
(Figure 3a+b). The frequency of CD73"CD8" T cells was
further reduced in PB and BM from patients with rAML in
comparison to patients with pAML (PB: CD73 median of
21.6% vs. 44.1%; p = .048 and BM: CD73 median of 12.8% vs.
32.5%; p = .028) (Figure 3a-b).

Next, we analyzed the co-expression of PD-1 and CD39 on
the TIGIT"CD73"CD8" T-cell subset in rAML. The frequency
of PD-1"TIGIT*CD73"CD8" T cells was further increased in
PB from patients with rAML in comparison to patients with
PAML and HDs (rAML vs. HD p = .0069; rAML vs. pAML
p =.0420) (Figure 3c). Similar findings occurred in the BM of
patients  with rAML (data not shown). The
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C) PD-1 and CD39 co-expression on TIGIT*CD73CD8* T cells in PB
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d) PD-1, TIGIT and CD39 co-expression on CD73*/CD73-CD8* T cells in PB
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Figure 3. Comparison of the expression of TIGIT, PD-1, CD73 and CD39 on CD8* T cells in pAML, rAML and IrAML. The expression of PD-1, TIGIT, CD73 and CD39 was

analyzed on CD8" T cells in PB (A) and/or BM samples (B) from patients with pAML

BM, blue triangles, n = 10), and rAML (PB, red circles, n = 8, BM, red triangles, n =9),

(PB, black circles, n = 20; BM, black triangles, n = 24), IrAML (PB, blue circles, n = 10;
and of healthy donors (HDs) (PB, white circles, n = 12). (C) Summary data are shown

comparing the frequency of TIGIT*CD737CD8™ T cells and the expression of PD-1 and CD39 on this population in PB from HDs, pAML, IrAML, and rAML patients. (D) Pie
Charts showing the distribution of subsets expressing combinations of TIGIT, PD-1, and CD39 on CD73* or CD73~ CD8* T cells from HDs, pAML, IrAML and rAML patients.
P values were obtained by ANOVA and Kruskal-Wallis test. *P < .05, **P < .01, ***P < .001.

CD39'TIGIT*CD73"CD8" T-cell population in PB from
patients with rAML was not different from pAML but
increased in comparison to PB from HDs (p = .0312) (Figure
3¢). As in pAML, TIGIT expression correlated with CD39
expression on CD8" T cells in PB from patients with rAML
(r =0.8; p <.01) (Supplement 8B).

As in rAML, patients with AML in remission showed
a significantly higher frequency of PD-1"CD8" T cells in PB
and BM than patients with pAML (PB: PD-1 median of 30.3%
vs. 20.25%; p = .0482 and BM: PD-1 median of 40.74% vs.
29.4%; p = .0408) (Figure 3a+b). The frequency of PD-1*CD8"
T cells in PB and BM from patients with IrAML was similar to



that from patients with rAML (Figure 3a+b). The TIGIT
expression tended to be higher in PB from patients with
IrAML in comparison to pAML (p = .06) (Figure 3a). In the
BM, we observed similar levels of TIGIT expression in all three
disease groups (Figure 3b). Patients with IrAML displayed
lower frequencies of CD397CD8" T cells than patients with
pAML or rAML, also CD73"CD8" T cells were decreased in
IrAML in comparison to patients with pAML (CD73 PB: 19.7%
vs. 44.1%; p = .05 and BM 20.4% vs. 32.5%; p = .0671 and CD39
PB 1.92% vs. 4.2%; p = .013 and BM: 1.37% vs. 5.0%; p = .0023)
(Figure 3a+b). Strikingly, the frequency  of
CD39"TIGIT*CD73"CD8" T cells in the PB of patients with
IrAML did not differ from that observed in HDs, in contrast to
the elevated frequencies seen in patients with pAML and rAML
(rAML vs. IrAML p = .05 and pAML vs. IrAML p = .031)
(Figure 3c+d). Our data indicates that we have two distinct
immunophenotypic CD8" T-cell subpopulations in AML. The
PD-1"TIGIT"CD73"CD8" T cells persisted in IrAML whereas
the CD39"TIGIT'CD73°CD8" T-cell subpopulation was
increased in pAML and rAML and then normalized in
IrAML to the frequencies found in HDs.

Decreased expression of CD127 and the transcription
factor TCF-1 in CD8" T cells in peripheral blood and bone
marrow of patients with AML

Expression of TCF-1 identifies antigen-experienced CD8"
T cells that retain the ability for self-renewal while producing
differentiated effector cells.'” We analyzed TCF-1 expression in
subsets of patients with pAML (PB, n = 7 and BM, n = 8),
rAML (PB, n = 4 and BM, n = 4), and HDs (PB, n = 5)
(Supplement 9A). The frequency of TCF-1" cells was reduced
in CD8" T cells in PB and BM from patients with pAML
compared to HDs (median of 54.0% vs. 78.1%; p = .03 and
median of 34.2% vs. 78.1%; p = .0014) (Figure 4a). The reduced
frequency of TCF-17 cells was particularly prominent in the
TIGIT'CD73°CD8" T cells, with the greatest reduction
observed in PB and BM of patients with pAML in comparison
to HDs (median of 33.9% vs. 67.7%; p = .080 and median of
25.5% vs. 67.7%; p = .0261) (Figure 4b). Furthermore, expres-
sion of TCF-1 was inversely correlated with TIGIT expression
in PB of patients with pAML (r = —0.87, p < .01) (Figure 4c).
CD127 is expressed on long-living antigen-independent
memory CD8" T cells. Loss of CD127 expression is associated
a diminished ability to form long-living memory cells.”! We
therefore analyzed the expression of CD127 on CD8" T cells of
patients with pAML (PB, n = 20 and BM, n = 24), rAML (PB,
n = 8 and BM, n = 6), and from HDs (PB, n = 12). The
frequency of CD127°CD8" T cells was significantly reduced
in BM from patients with pAML compared to PB of HDs
(median of 33.3% vs. 66.0%; p = 0.037, respectively) but not
in PB of pAML patients (Figure 4a). TIGIT'CD73°CD8"
T cells were predominantly CD127 in PB and BM of patients
with pAML in contrast to HDs (PB vs. PB: median of 14.5% vs.
46.6%; p < .0001 and BM vs. PB: median of 25.4% vs. 46.6%;
p = .0110) (Figure 4b). Expression of CD127 also correlated
with CD73 expression in pAML (r = 0.6; p = .01) (Figure 4c).
In the PB and BM from patients with relapsing AML, the
frequency of CD127"CD8" T cells was reduced in comparison
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to HDs and patients with pAML (p = .05, p = .0037) (Figure
4a). As in pAML, CD127" cells were especially reduced in the
TIGIT'CD737CD8" T-cell subset in PB and BM in patients
with rAML in comparison to HDs (p = .0036 and p = .0388)
(Figure 4b). However, although the frequency of TCF-1"CD8"
T cells was reduced in BM from patients with rAML compared
to HDs (p = .0635) (Figure 4a), we observed no difference in
the frequency of TCF-17 cells in the TIGIT'CD73 CD8"
T cells in rAML or pAML (Figure 4b). Taken together, the
frequency of TCF-1" and CD127°CD8" T cells was reduced in
pAML and rAML. Moreover, we observed an inverse associa-
tion between the expression of TCF-1 and with TIGIT, and
a positive association between CD127 and CD73 on CD8"
T cells.

Increased expression of the transcription factor TOX in
CD8" T cells in peripheral blood and bone marrow from
AML patients

To further evaluate the exhaustion state of the CD8" T cells in
AML, we analyzed the expression of the transcription factor
TOX. Expression has been associated with loss of the capability
for T-cell re-invigoration upon checkpoint blockade.*”
Intranuclear TOX expression was assessed in CD8" T cells of
patients with pAML (PB, n = 14 and BM, n = 13), rAML (PB,
n = 8 and BM, n = 6), and HDs (PB, n = 10) (Supplement
9A+B).

We detected a significantly increased frequency of CD8"
T cells expressing TOX in PB of patients with pAML compared
to HDs (median of 47.9% vs. 26.2%; p = .0224) (Figure 5a). This
upregulation of TOX was predominantly found in the
TIGIT'CD73°CD8" T-cell population in AML whereas in
HDs no upregulation could be observed (PB vs. PB: 69.0% vs.
26.8%; p = .0152 (Figure 5a). Further co-expression analysis
revealed an increased frequency of TOX" cells in the PD-1%-
TIGIT'CD73™ and the CD39"TIGIT"CD73"CD8" T-cell sub-
sets in PB from pAML patients compared to HDs (median of
24.1% vs. 12.2%; p = .0471 and median of 7.2% vs. 2.4%;
p = .05) (Figure 5b). However, in BM from patients with
PAML, the frequency of TOX" cells was increased only in the
CD39'TIGIT*CD73"CD8" T-cell subset in comparison to
HDs (median of 9.1% vs. 2.4%; p = .0415) (Figure 5b).

In rAML, the frequency of TOX'CD8" T cells further
increased in PB and BM of the patients in contrast to HDs
(median of 81.5% vs. 26.2%; p = .0008 and median of 80.5% vs.
26.2% p = .0039) (Figure 5a). At even higher levels than in
pAML in rAML the frequency of TOX" cells was increased in
the TIGIT*CD73"CD8" T-cell population in PB and BM in
contrast to HDs (PB vs. PB: median of 83.0% vs. 26.8%;
p = .0036 and BM vs. PB: median of 74.5% vs. 26.8%;
p = .0278) (Figure 5a). TOX was dominantly increased in the
CD39'TIGIT*CD73"CD8" T-cell subsets in rAML in contrast
to HDs (PB vs. PB: median of 22.7% vs. 2.4%; p = .0053 and BM
vs. PB: CD39 median of 32.8% vs. 2.4% p = .0034) (Figure 5b).
TOX correlated positively with expression of TIGIT (r = 0.7;
p <.01), and negatively with CD73 (r = -0.6; p = .03) and TCF-
1 (r=-0.9; p = <0.01) (Figure 5c¢). In conclusion, we observed
an increased expression of TOX in the CD8" T cells in active
AML in comparison to HDs. Moreover, expression of TOX in
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Figure 4. Reduced frequencies of TCF-1""and CD127* CD8* T cells in pAML and rAML vs. HDs. The expression of TCF-1 and CD127 was analyzed on total CD8" T cells (A)
and TIGIT*CD73~ CD8™ T cells (B) from PB and/or BM of HDs (white circles, n = 5), patients with pAML (PB, black circles, n = 7 and BM, black triangles, n = 8), and patients
with rAML (PB, red circles, n = 4 and BM, red triangles, n = 4). P values were obtained by ANOVA and Kruskal-Wallis test. *P < .05, **P < .01, ***P < .001. (C) Correlative
analysis of the expression of TCF-1 and CD127 with TIGIT and CD73 in PB from patients with pAML. Pearson’s test was used to test for correlations.
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TOX expression in TIGIT*CD73-
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Figure 5. Increased TOX expression in pAML and rAML in comparison to HDs. The frequency of cells expressing TOX among (A) total CD8* T cells and TIGIT*CD737CD8"
T cells was analyzed by flow cytometry in PB and/or BM samples from healthy donors (white circles, n = 10), pAML patients (PB, black circles, n = 14; BM, black triangles,
n = 13) and rAML patients (PB, red circles, n = 8; BM, red triangles, n = 8). (B) Summary data are shown for the co-expression of TOX with PD-1 or CD39 among
TIGIT*CD737CD8* T cells. P values were obtained by ANOVA and Kruskal-Wallis test. *P < .05, **P < .01, ***P < ,001. (C) Correlative analysis of the expression of TOX with
that of TIGIT, CD73 and TCF-1 on CD8™ T cells in PB from patients with newly diagnosed AML. Pearson’s test was used to test for correlations.
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CDS8" T cells was associated with the PD-1"TIGIT*CD73 -
CD8"- and CD39"TIGIT"CD73 CD8" T-cell population.

Discussion

Persistent antigens in the tumor environment can promote
T-cell exhaustion.* Up to now, characterization of T cells in
AML has yielded heterogeneous results with regard to whether
immune exhaustion is characteristic of T cells in AML.>»**

Analysis of the differentiation status in our cohort con-
firmed that the frequency of CD8" terminal differentiated
(CD45R0"CCR77) T cells was increased in the PB and BM
regardless of the disease status. TIGIT', CD39" and
CD73°CD8" T cells were increased in the PB and BM of
patients with pAML and rAML in comparison to HDs.
Moreover, TIGIT'CD737°CD8" T cells co-expressed PD-1 or
CD39 in AML. During relapse, the PD-1"TIGIT"CD73 CD8"
T-cell subpopulations further increased and persisted after
reaching stable disease remission while the frequency of
CD39'TIGIT'CD73°CD8" T cells returned to the levels
found in HDs. CD8" T cells especially the PD-1"- and
CD39'TIGIT*CD73"CD8" T-cell subsets in pAML and
rAML exhibited further features of exhaustion as manifested
by decreased expression of the surface molecule CD127 and
increased intracellular expression of the transcription factors
TOX combined with low levels of TCF-1. Correlation analysis
of the multi-receptor expressing CD8" T-cell subsets with blast
counts, relapse or long-term remission as well as correlations
with molecular or cytogenetic aberrations did not reach sig-
nificant results due to the small numbers of patients, especially
within the subgroups.

In agreement with other studies, we found that the frequency
of PD-17 cells was increased in patients during leukemia relapse,
but also in remission.”> In pAML, however, we observed
a significant elevation only for TIGIT on CD8" T cells.® TIGIT
expression was explicitly related to the CD8" effector memory
T-cell subsets indicating that its expression is part of antigen-
experience. TIGIT is expressed by dysfunctional T cells after
chronic antigen stimulation in chronic infections and cancer.”*®
Regarding solid neoplasms, Chauvin et al. have demonstrated
TIGIT upregulation on tumor antigen specific CD8" T cells in
the PB and tumor tissue of patients with advanced melanoma.*
Functionally, inhibition of the TIGIT or its ligands poliovirus
receptor (PVR) and poliovirus receptor-related 2 (PVRL2) in
T cells significantly enhanced in vitro cytotoxicity, and pro-
longed survival in AML mouse model in vivo.” Importantly,
high expression of PVR and PVRL2 was associated with
a poorer prognosis in two independent AML patient cohorts,
implying immune evasion in these patients.” TIGIT*CD8"
T cells produced reduced levels of effector cytokines but showed
a high proliferation and a high susceptibility to apoptosis, which
were partially reverted by TIGIT knockdown.® These results
suggest that the TIGIT pathway is prominent in newly diag-
nosed AML, whereas multiple suppressive pathways contribute
to leukemia relapse.

The expression of CD73 was significantly reduced on CD8"
T cells in PB and BM from patients with pAML in all four
differentiation stages: naive-, central memory-, effector mem-
ory- and terminally differentiated effector memory CD8"

T cells. These data are in line with a previous report and
indicate that the reduced frequency of CD73™ T cells in AML
is not only explained by variances in the differentiation status
of cells.”® In oncology CD73 has been identified as a novel
target of interest since its expression was shown to be upregu-
lated in response to oncogenic signals, e.g. hypoxic
microenvironment.”” High CD73 expression was associated
with poor prognosis in the majority of these studies,”® " but
with a better clinical outcome in others.”** In our study
CD737CD8" T cells showed characteristics of exhaustion (e.g.
increased expression of PD-1, TIGIT, CD39 and TOX).
Functionally, Kong et al. showed that CD73"CD8" T cells
displayed features of exhaustion such as a reduced capacity
for cytokine production.”® These data support the hypothesis
that loss of CD73 on CD8" T cells in AML is associated with
T-cell dysfunction and exhaustion.

Tumor-specific CD8" T cells express high levels of CD39 in
human cancer. These findings were also reported by independent
groups for solid tumors and hematological malignancies.”> > It
has been demonstrated that T-cell receptor engagement in the
presence of IL-6 and TGF-f induces CD39 upregulation.”
Moreover, CD39"CD8" T cells were found not only to be
enriched in the tumor microenvironment, but also in invaded
lymph nodes and metastases compared to healthy tissues.
Expression of CD39 on CD8" T cells was associated with
increased co-expression of PD-1, TIM-3, and LAG-3 as well as
with decreased production of TNF, IL-2 and IFN-y thus generat-
ing a characteristic phenotype of dysfunctional CD8" T cells.'>*
In previous studies it has been demonstrated that inhibition of
CD39 expressed by CD8", CD4" effector T cells and NK cells
enhance proliferation, effector functions including anti-tumor
cytotoxicity, and promote conversion from could to “hot” tumors
with high immune infiltrates. Moreover, inhibition of CD39 on
macrophages and myeloid-derived suppressor cells increased the
inflammatory cytokine secretion and maturation of antigen-
presenting cells.”®* The reduced expression of CD39 in remis-
sion might be explained by an altered immune milieu, decreased
inflammatory cytokines, reduced oxidative stress and hypoxia in
remission.”

One of the most important features of T-cell dysfunction seem
to be the co-expression of multiple inhibitory receptors.** We
observed increased frequencies of the PD-1"TIGIT*CD73 CD8"-
and CD39'TIGIT*CD73"CD8" T-cell subsets in PB and BM
from patients with newly diagnosed and relapsed AML. These
data strengthen the hypothesis that inhibitory immune pathways
might be heterogeneric and specific for different disease stages.
Co-expression of immune-suppressive targets e.g. PD-1, CD39
and TIGIT also provide a rationale for combinatorial targeting of
different pathways to create effective leukemia therapeutics.”

Moreover, TIGIT and PD-1 are being evaluated as thera-
peutic targets in clinical trials or have already been approved
for solid and hematologic malignancies.”>*"*** To date, there
are several clinical trials investigating the potential of TIGIT
alone or in combination with PD-1/PDL-1 inhibition to treat
various advanced or metastatic solid malignancies.*” In addi-
tion, a specific CD39 inhibitor significantly enhanced the anti-
tumor activity of anti-PD-1 and anti-CTLA-4 monoclonal
antibodies in a NK cell and IFN-y dependent manner in
a lung metastasis models."*



CD127 and TCF-1 expression is associated with genera-
tion of CD8" memory T-cell responses and long-term
maintenance of an effective protective immunity."
Overexpression of TCF-1 diminishes the expression of
coinhibitory receptors e.g. PD-1.** TCE-1"PD-1"CD8*
T cells have been recently identified as a terminally differ-
entiated exhausted T-cell subset. In chronic viral infection
it has been demonstrated that only TCE-1"PD-1'°"CD8*
T cells can be re-invigorated by blockade of the PD-1/PD-
L1.** Moreover, ectopic TCF-1 expression promotes the
generation of a stem-like program in exhausted CD8"
T cells, thereby enhancing viral and tumor immunity.*’

In our study the expression of TCF-1 correlated negatively
with TOX expression in CD8" T cells. In contrast to the reduced
TCF-1 levels, we observed increased expression of TOX in CD8"
T cells in the PB and BM of patients with AML. TOX" cells were
significantly enriched in TIGIT'CD73"CD39°CD8" T cells in
PAML, and even more so in relapsed AML. Our findings under-
score the reports that expression of TOX is induced in terminal
exhausted CD8" T cells. Overexpression of TOX boosts expres-
sion of PD-1 and additional inhibitory receptors and suppresses
effector functions.'®" These findings indicate that TOX is neces-
sary for preventing over-activation of antigen experienced CD8"
T cells by induction of exhaustion.'® Expression of TOX also
hampered re-activation of exhausted memory CD8" T cells
upon coinhibitory receptor blockade and led to fixation of the
dysfunctional phenotype.'”*® As a central regulator of T-cell
exhaustion, TOX is of great interest as a therapeutic target in
immuno-oncology. Seo et al. showed that expression of TOX
correlated with PD-1 expression and diminished effector cytokine
production. Moreover, the partial knockdown of TOX improved
the functionality of CAR-T cells directed against a tumor model,
while Khan et al. showed that heterozygous deletion of TOX
strengthens the anti-tumor T-cell responses.'>*’

Conclusions

In our study CD8" T cells in the PB and BM from patients with
AML exhibit a key signature defined as TIGIT*CD73 CD8"
T cells. These cells can be further subdivided into two popula-
tions, the PD-1"TIGIT*CD73 CDS8"- and the
CD39"TIGIT*CD73 CD8" T-cell subset. The frequency of
PD-1"TIGIT*CD73"CD8" T cells increased over progression
of the disease and persisted in remission whereas the
CD39"TIGIT*CD73"CD8" T-cell population was normalized
in remission to levels similar to HDs. These results provide
a rationale to combine different immunotherapeutical
approaches in AML. In our study, TOX expression was asso-
ciated with TIGIT and CD73 expression on CD8" T cells. TOX
might regulate the expression of TIGIT, CD39, PD-1 and TCF-
1 in the course of chronic antigen stimulation and thus provide
an additional potential target to improve T-cell mediated cyto-
toxicity in AML.
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