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The Distribution of T-Cell Subsets and the Expression of Immune
Checkpoint Receptors and Ligands in Patients With Newly
Diagnosed and Relapsed Acute Myeloid Leukemia

Patrick Williams, MD, PhD"; Sreyashi Basu, PhD?; Guillermo Garcia-Manero, MD3; Christopher S. Hourigan, MD, PhD%
Karolyn A. Oetjen, MD, PhD% Jorge E. Cortes, MD?; Farhad Ravandi, MD?; Elias J. Jabbour, MD'; Zainab Al-Hamal, MD?;
Marina Konopleva, MD, PhD?; Jing Ning, PhD® : Lianchun Xiao, PhD? ; Juliana Hidalgo Lopez, MDE;

Steve M. Kornblau, MD3% Michael Andreeff, MD, PhD3; Wilmer Flores, BSc®; Carlos Bueso-Ramos, MD, PhD;
Jorge Blando, DVM?; Pallavi Galera, MD’; Katherine R. Calvo, MD, PhD’; Gheath Al-Atrash, DO, PhD?;

James P. Allison, PhD?; Hagop M. Kantarjian, MD?%; Padmanee Sharma, MD, PhD?; and Naval G. Daver, MD?®

BACKGROUND: Phenotypic characterization of immune cells in the bone marrow (BM) of patients with acute myeloid leukemia (AML)
is lacking. METHODS: T-cell infiltration was quantified on BM biopsies from 13 patients with AML, and flow cytometry was performed
on BM aspirates (BMAs) from 107 patients with AML who received treatment at The University of Texas MD Anderson Cancer Center.
The authors evaluated the expression of inhibitory receptors (programmed cell death protein 1 [PD1], cytotoxic T-lymphocyte antigen
4 [CTLA4], lymphocyte-activation gene 3 [LAG3], T-cell immunoglobulin and mucin-domain containing-3 [TIM3]) and stimulatory re-
ceptors (glucocorticoid-induced tumor necrosis factor receptor-related protein [GITR], OX40, 41BB [a type 2 transmembrane glyco-
protein receptor], inducible T-cell costimulatory [ICOS]) on T-cell subsets and the expression of their ligands (41BBL, B7-1, B7-2, ICOSL,
PD-L1, PD-L2, and OX40L) on AML blasts. Expression of these markers was correlated with patient age, karyotype, baseline next-
generation sequencing for 28 myeloid-associated genes (including P53), and DNA methylation proteins (DNA methyltransferase 3a,
isocitrate dehydrogenase 1[IDH1], IDH2, Tet methylcytosine dioxygenase 2 [TET2], and Fms-related tyrosine kinase 3 [FLT3]). RESULTS:
On histochemistry evaluation, the T-cell population in BM appeared to be preserved in patients who had AML compared with healthy
donors. The proportion of T-regulatory cells (Tregs) in BMAs was higher in patients with AML than in healthy donors. PD1-positive/
OX40-positive T cells were more frequent in AML BMAs, and a higher frequency of PD1-positive/cluster of differentiation 8 (CD8)-
positive T cells coexpressed TIM3 or LAG3. PD1-positive/CD8-positive T cells were more frequent in BMAs from patients who had
multiply relapsed AML than in BMAs from those who had first relapsed or newly diagnosed AML. Blasts in BMAs from patients who had
TP53-mutated AML were more frequently positive for PD-L1. CONCLUSIONS: The preserved T-cell population, the increased frequency
of regulatory T cells, and the expression of targetable immune receptors in AML BMAs suggest a role for T-cell-harnessing therapies in
AML. Cancer 2019;125:1470-1481. © 2018 The Authors. Cancer published by Wiley Periodicals, Inc. on behalf of American Cancer
Society. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which
permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifica-
tions or adaptations are made.
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INTRODUCTION

Immune checkpoint therapy has revolutionized the treatment of patients with cancer."? Checkpoint receptors and
their ligands play an important role in T-cell stimulation and exhaustion and are currently the focus of significant
efforts in understanding and modulating antitumor immune responses.” In hematologic malignancies, clinical ben-
efits have been observed with single-agent or combination checkpoint-based therapies in patients with Hodgkin
lymphoma*® and non-Hodgkin lymphoma”® and after allogencic stem cell transplantation (ASCT) patients with
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acute myeloid leukemia (AML).”"® Recent data suggest
that programmed cell death protein 1 (PD1) and cyto-
toxic T-lymphocyte antigen 4 (CTLA4) inhibitors, in
combination with hypomethylating agents (HMAs), may
be effective in patients who have relapsed AML and high-
risk myelodysplastic syndrome (MDS).""'* A random-
ized phase 3 study to evaluate the efficacy of combining
HMAs with PD1 blockade in the frontline setting for
elderly patients with AML has been initiated (clinicaltri-
als.gov identifier NCT03092674).

Patients with AML have an increased frequency
of regulatory T cells (Tregs) in their peripheral blood
(PB) that persists after achieving a complete remis-
sion and has been associated with an increased risk
of relapse.’>' Increased expression of (PD1) ligand
(PD-L1) was identified as an independent, negative
prognostic factor for survival among patients with
French-American-British classification M5 AML."
PD-L1 and PD-L2 upregulation in patients with
MDS and AML who received 5-azacitidine was cor-
related negatively with response and survival in com-
bination with HMAs.'® Patients who relapsed after
ASCT for AML had a higher frequency of PD1"/T-
cell immunoglobulin and mucin-domain containing-3
(TIM3)-positive T cells in their PB, and these T cells
exhibited evidence of exhaustion in response to clus-
ter of differentiation 3 (CD3)/CD28 stimulation."
In murine models, AML progression was associated
with increased PDI1 expression by CD8-positive T
cells and increased Treg infiltration into organs and
bone marrow (BM).'® The PD1-positive/CD8-positive
T-cell exhaustion was reversible with PD1 and PD-LI
blockade."”

Limited data have been published that compre-
hensively describe the composition of T cells in the BM
niche, the expression of clinically actionable checkpoint
receptors on different T-cell subsets, and the expres-
sion of checkpoint ligands by blasts in patients with
AML. Better defining the T-cell and immune check-
point landscape of human AML may be important in
guiding the selection, timing, and combinatorial part-
ners for T-cell-harnessing therapies in ongoing and fu-
ture clinical trials. In the current report, we attempt
to characterize the composition of different T-cell
subsets, the expression of several clinically actionable
checkpoint receptors on T cells, and the expression of
ligands on blasts isolated from BM aspirates (BMAs)
and to determine how these correlate with each other
and with clinical and molecular characteristics in 107
patients with AML.
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MATERIALS AND METHODS
Immunohistochemistry Staining and
Quantification of CD3-Positive Cells

BM core biopsies were obtained with informed con-
sent and were fixed in buffered formalin, decalcified,
paraffin-embedded, and cut into 4-pm sections, which
were stained with hematoxylin and eosin (H&E) to as-
sess BM cellularity. Immunohistochemistry (IHC) was
performed for CD3 (clone 2GV6) and CD34 (clone
QBEnd/10; both from Ventana Medical Systems, Inc,
Tucson, AZ) using a Ventana Benchmark Ultra auto-
mated staining instrument according to the manufactur-
er’s recommendations. The percentages of CD3-positive
cells and CD34-positive blasts in the core biopsies were
quantified by counting the number of CD3-positive cells
or CD34-positive cells divided by the total cells counted
in 10 microscopic fields at x200 magnification using a
x20 objective for each case to arrive at the average per-
centage of CD3-positive cells or CD34-positive blasts per
medium-power field (MPF). To arrive at a measurement
of absolute numbers of T cells per case, H&E-stained
and IHC biopsy sections were captured at x200 mag-
nification using an Olympus BX41 microscope with a
x20 objective, a DP72 Olympus camera, and Olympus
CellSens Entry software (Olympus Corporation, Tokyo,
Japan). Images representing single MPFs at x200 magni-
fication from 5 BM biopsies that had 100% cellularity
were used to calculate the average number of hematopoi-
etic cells contained in an MPF of BM with 100% cel-
lularity (4500 cells per MPF with 100% cellularity). On
the basis of Olympus software measurements, an MPF at
x200 magnification represented 350,000 pm?. Absolute
T-cell infiltrates from healthy donors (HDs) and patients
with AML were calculated by multiplying the percent
age CD3-positive cells with the overall cellularity of the
samples in each biopsy multiplied by the average num-
ber of cells contained in an MPF with 100% cellularity.
Formula: (X number of CD3-positive cells/100 cells =
% CD3-positive cells) * ([cellularicy * 350,000 pmz]/
1 MPF) * (1 MPF/350,000 pmz) * (4500 cells/1 MPF) =
number of CD3-positive cells/1 MPF.

Immunophenotyping of

Lymphocytes and Blasts

Between March 2015 and May 2017, we performed 17-
color, multiparameter flow cytometry (MFC) on BMAs
and PB mononuclear cells (PBMCs) from 107 patients
with AML (39 with newly diagnosed AML, 68 with re-
lapsed AML) and on 8 BMAs from HDs. These analyses
were performed on freshly collected BMAs and PBMCs
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(within 12 hours of collection) by The University of
Texas MD Anderson Cancer Center Immunotherapy
Platform using MFC panels previously validated at the
Immunotherapy Platform.” HD BMAs and PBMCs
were obtained from Lonza Walkersville Inc (Walkersville,
MD) and Key Biologics (Memphis, TN). All patients
provided written, informed consent. All research was per-
formed in accordance with the Declaration of Helsinki
and with The University of Texas MD Anderson Cancer
Center Institutional Review Board guidelines.

PBMCs or BMAs from patients and HDs were col-
lected in Vacutainer or Cell Preparation Tubes containing
sodium heparin (BD Vacutainer, Franklin Lakes, NJ).
Mononuclear cells were isolated from PB or BM As by cen-
trifuging the Cell Preparation Tubes at 2000 revolutions
per minute (863g) for 15 minutes at room temperature.
Samples were diluted 1:5 with phosphate-buffered saline
(PBS) and layered over 10 mL of Ficoll. The mixture was
centrifuged at 2000 revolutions per minute (863¢) for 20
minutes at room temperature with no brakes. The in-
terface cells were then harvested and washed twice with
PBS containing 10% fetal calf serum at 500g and 450g
for 10 minutes, respectively. Mononuclear cells were re-
suspended in PBS, and MFC was performed using fluo-
rescence-conjugated monoclonal antibodies (Supporting
Table 1). Cells were acquired using a Fortessa cell an-
alyzer (BD Biosciences, Heidelberg, Germany), and the
analysis was performed using Flow]Jo software (Tree Star,
Ashland, OR).

We evaluated the expression of clinically actionable
inhibitory checkpoint receptors (PD1, CTLA4, lympho-
cyte-activation gene 3 [LAG3], TIM3) and activating
checkpoint receptors  (glucocorticoid-induced tumor
necrosis factor receptor-related protein [GITR], OX40,
41BB [a type 2 transmembrane glycoprotein receptor],
inducible T-cell costimulatory [ICOS]) on the follow-
ing T-cell subsets: CD4-positive T-effector (Teff) cells
were defined as CD3—positive/CD4—positive/CD12710—
positive/forkhead box P3 (FoxP3)-negative; CD4-positive
Tregs were defined as CD3-positive/CD4-positive/
CD127-negative/FoxP3-positive; and CD8-positive cells
were defined as CD3-positive/CD8-positive in BMAs
and PBMC:s from 107 patients with AML. AML blasts
were assessed for the 41BB ligand (41BBL), B7-1, B7-2,
the ICOS ligand (ICOSL), galectin 9, PD-L1, PD-L2,
and the OX40 ligand (OX40L). Eight BMAs isolated
from HDs were used as controls for T-cell subsets and the
expression of checkpoint receptors on total CD3-positive
populations and on each T-cell subsets.
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A next-generation sequencing-based analysis for the
detection of somatic mutations in the coding sequences
of 28 myeloid-associated genes was performed on DNA
extracted from the BMAs. The methodology of our mu-
tation analysis panel and coverage by genes has been pre-
viously published* (Supporting Table 2).

We correlated the distribution of T-cell subsets and
the expression of immune checkpoint receptors on T-cell
subsets and the distribution of ligands on blasts with
each patient’s age, karyotype, and baseline next-gener-
ation sequencing for somatic mutations, including spe-
cifically tumor protein p53 (7P53), DNA methylation
proteins (DNA methyltransferase 3a [DNMTal], isoci-
trate dehydrogenase 1[/DHI], IDH2, Tet methylcytosine
dioxygenase 2 [TET?2]), and Fms-related tyrosine kinase
3 (FLT3).

Statistical Analysis

The compared groups were not of equal size and did
not follow a normal distribution; therefore, differences
between groups >2 were calculated using Kruskal-Wallis
I-way analyses of variance, and differences between
groups of 2 were calculated using 2-tailed Mann-
Whitney tests. Regression analyses and column dot plots
were generated in Prism (GraphPad Software Inc, San
Diego, CA). Data was reported as medians, and signifi-
cance was defined as P < .05. For each subset of data,
we evaluated the association between survival and each
T-cell subset and their individual checkpoint expression
through a univariate Cox proportional-hazards model.

RESULTS

T-Cell Infiltration in BM Biopsies Was
Comparable Between Patients With AML and
Healthy Donors

We did not observe a significant difference in the percent-
age of CD3-positive cells in BM biopsies from 13 patients
who had relapsed/refractory AML (mean age + standard
deviation, 52 + 14.9 years) and 14 age-matched HDs
(mean age + standard deviation, 54 + 13.6 years) (Fig.
1B, Supporting Table 3). When adjusting for overall cel-
lularity as described above (see Materials and Methods),
we also did not observe any significant difference in the
calculated absolute CD3-positive cell infiltration in per
MPF at x200 magnification (P = .14).

Representative photomicrographs of BM biopsies
stained in H&E and further stained for CD34 in blasts
and for CD3 in T cells are provided in Figure 1C. The
overall cellularity and CD3-positive cell percentage, as
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Figure 1. Immunochemistry (IHC) was used to quantify T-cell infiltration in bone marrow biopsies from healthy donors and
from patients with acute myeloid leukemia (AML). (A) No significant difference was observed in the percentage of cluster of
differentiation 3 (CD3)-positive (CD3+) cells per medium-power field (MPF) in bone marrow biopsies from patients with AML
(blue circles) and from age-matched, healthy donors (red squares). (B) There also was no difference in the absolute CD3-positive
cell infiltration per MPF (at 200 magnification; calculated by multiplying the average percentage of CD3-positive cells infiltrating
the biopsy per MPF by the cellularity of each sample) and the number of average total hematopoietic cells in a bone marrow
that had 100% cellularity (see Materials and Methods). (C) Representative photomicrographs of bone marrow biopsies are from

2 healthy donors and 2 patients with AML. H&E indicates hematoxylin and eosin staining.

well as age, for all 14 HDs and 13 patients with AML are
listed in Supporting Table 3.

Checkpoint Expression by T Cells in BMAs
Versus PBMCs

In total, 107 patients with AML (39 with newly diag-
nosed AML, 68 with relapsed AML) and 8 HDs were
evaluated by MFC. A representative MFC gating strat-
egy is illustrated in Figure 2A. We observed that our
data from PB was quite discrepant from the BMA find-
ings. We believed that focusing on the microenviron-
ment in the BM was more appropriate and more likely
to accurately reflect the immune status of the disease, as
has been demonstrated on numerous occasions in solid
tumor studies done on T cells isolated from the tumor
site, rather than from PB. We have included the data
comparing BM with PB among patients in Supporting
Figure 1 and Supporting Table 4. Henceforth, our cur-
rent discussions focus on the BMA findings, because we
believe that T cells from the tumor microenvironment
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(in this case, from BMAs) would provide more repre-
sentative information regarding changes in the immune
system among patients with AML.

Increased Frequency of Tregs in BMAs From
Patients With AML

We did not observe a significant difference in the CD3-
positive cell subset as a percentage of cellularity or as the
absolute CD3-positive cell infiltration per MPF by BM
IHC evaluation in age-matched patients with AML and
HDs, as noted above. All further MFC analyses are based
on the population of interest: the nonleukemic, CD45"
gated BMA population. Among the CD45" BMA popu-
lation, the CD3-positive cell subset was significantly
more frequent in BMAs from patients with AML (HDs
vs new AML vs relapsed AML: 60.3% vs 78% vs 81.1%,
respectively; P =.02), but this was not observed in the
total CD4-positive T-cell subset (HD vs new AML vs
relapsed AML: 32.3% vs 40.8% vs 42.6%, respectively;
P=1), the CD4-positive Teff cell subset (HD vs new
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Figure 2. T-cell subset distribution is illustrated in bone marrow aspirates from healthy donors, patients with newly diagnosed
acute myeloid leukemia (AML), and patients with relapsed AML. (A) The flow-cytometry gating strategy is illustrated. CD
indicates cluster of differentiation; FoxP3, forkhead box P3; SCC-A, side scatter area; Teff, Teff cells; Tregs, regulatory T cells.
(B) T-cell subsets are compared between healthy donors (blue circles), patients with newly diagnosed AML (red triangles), and
patients with relapsed AML (green squares).When gating on CD45-positive (CD43+) cells, there is an increase in the frequency
of total T cells, CD4-positive Teff cells, and Tregs in bone marrow aspirates from patients with AML compared with the aspirates

from healthy donors.

AML vs relapsed AML: 30.5% vs 37.7% vs 37.8%, re-
spectively; P = .2) or the CD8-positive T-cell subset (HD
vs new AML vs relapsed AML: 19.1% vs 27.9% vs 26.4%,
respectively; P = .3) (Fig. 2B).

There was a significantly higher frequency of Tregs
(HD vs new AML vs relapsed AML: 1.7% vs 2.1% vs
3%, respectively; P =.02) in patients with AML. It is
important to emphasize that these median values do
not reflect the skewed distribution for Tregs in BMAs
from patients with AML noted on plotting Treg values
for individual patients (Fig. 2B). When dividing pa-
tients with relapsed AML into first relapse versus >1 re-
lapse, we observed a trend toward a decreased frequency
of CD3-positive cells, CD4-positive Teff cells, and
Tregs, but not CD8-positive T cells, in patients with
AML who had >1 relapse (Supporting Fig. 2).

Checkpoint Receptors PD1, OX40, and

ICOS Are Expressed on T Cells in BMAs

From Patients With Newly Diagnosed and
Relapsed AML

When analyzing the expression of immune checkpoint
markers on different T-cell subsets, we observed that
PD1 and OX40 emerged as checkpoints of interest.
There was an increased frequency of PDI-positive
and OX40-positive T cells in BMAs from patients
with AML compared with HDs. PD1-positive/CD8-
positive T cells were significantly less frequent in
BMAs from HDs (12.1%) than in BMAs from patients
with newly diagnosed AML (27.3%), first relapsed
AML (25.5%), and >1 relapsed AML (34.7%)(P < .01).
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A similar but less pronounced trend was observed for
the frequency of OX40-positive/CD8-positive T cells
(HD vs new AML vs first relapsed AML vs >1 relapsed
AML: 0.6%, 0.9%, 2.3%, and 2.1%, respectively;
P = .08) (Fig. 3A).

The frequency of PDI-positive/CD4-positive
Teff cells in BMAs was significantly greater in BMAs
from patients with AML than in those from HDs
(HD vs new AML vs first relapsed AML vs >1 relapsed
AML: 13.4%, 13.7%, 25.3% and 27.6%, respectively;
P<.01) (Fig. 3B). The frequency of OX40-positive/
CD4-positive T cells also was significantly greater in
BMAs from patients with AML (HD vs new AML vs
first relapsed AML vs >1 relapsed AML: 0.6%, 4.8%,
6.1% and 5.8%, respectively; P <.05). We also ob-
served a higher frequency of ICOS-positive/CD4-
positive Teff cells in AML BMAs (HD vs new AML vs
first relapsed AML vs >1 relapsed AML: 3.7% vs 4.8%
vs 6.3% vs 12.7%, respectively; P = .04).

When assessing checkpoint expression on Tregs,
we only noted a significant increase in the frequency of
OX40-positive Tregs in BMAs from patients with AML
(HD vs new AML vs first relapsed AML vs >1 relapsed
AML: 1.6% vs 7.4% vs 9.9% vs 12.1%, respectively;
P =.04) (Fig. 3C). The expression of individual immune
checkpoint receptors on each T-cell subset is illustrated
in Supporting Figure 3. We did not observe any clini-
cally meaningful associations between survival and the
distribution of T-cell subsets or the expression of individ-
ual immune checkpoint receptors on each T-cell subset
(Supporting Table 5).
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Figure 3. The expression of immune checkpoints (programmed cell death protein 1 [PD1], OX40, inducible T-cell costimulatory
[ICOS]) is illustrated on T-cell subsets in bone marrow aspirates from healthy donors (blue circles) and from patients with
newly diagnosed AML (red triangles), first relapsed AML (green squares), and multiple relapsed AML (purple diamonds). (A)
OX40-positive and PD1-positive cluster of differentiation 8 (CD8)-positive (CD8+) T cells; (B) ICOS-positive, OX40-positive, and
PD1-positive/CD4+ T-effector (Teff) cells; and (C) OX40-positive T-regulatory cells (Tregs) were noted more frequently in bone
marrow aspirates from patients with AML compared with the aspirates from healthy donors.

TIM3 and LAG3 Are Coexpressed More
Frequently With PD1 on T Cells Isolated From
AML BMAs

Previous results have indicated that PDI-positive/
TIM3-positive (double-positive) T cells represent highly
exhausted T cells within the immune microenvironment
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in murine models of AML and are associated with an
carlier relapse after ASCT in patients with AML."7#
Coexpression of PD1 with either TIM3 or LAG3 on
T cells also has been associated with immune exhaus-
tion in patients with solid cancers.”> We assessed the
frequency of each T-cell subset that co-expressed PD1
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with TIM3 or LAG3 in BMAs from HDs and patients
with AML.

When we compared the PDI-positive/TIM3-
positive expression gated on each T-cell subset, we
observed a trend toward increased frequency of PD1-
positive/ TIM3-positive/ CD8-positive T cells in BMAs
from patients with AML (HD vs new AML vs relapsed
AML: 0.75%, 1.36%, and 1.72%, respectively; P = .09)
and PDI-positive/ TIM3-positive/ CD4-positive  Teff
cells (HD vs new AML vs relapsed AML: 0.75, 2.2%,
and 2.8%, respectively; P =.16), but not for PDI-
positive/ TIM3-positive Tregs (HD vs new AML vs
relapsed AML: 0.75%, 1.6%, and 1.9%, respectively;
P =.35) (Fig. 4A). We observed a similar pattern for
PD1-positive/ LAG3-positive/CD8-positive T cells
(HD vs new AML vs relapsed AML: 2.71%, 4.69%,
and 8.98%, respectively; P < .01) and for PD1-positive/
LAG3-positive/CD4-positive Teff cells (HD vs new
AML vs relapsed AML: 2.71%, 14.3%, and 13.5%,
respectively; P = .05), but not for PD1-positive/ LAG3-
positive Tregs (HD vs new AML vs relapsed AML:
2.72%, 0.71%, and 3.06%, respectively; P =.15)
(Fig. 4B). However, the median frequencies of the dou-
ble-positive cells in the BMAs from HDs and from
patients with AML do not truly reflect the bimodal
distributions of the double-positive cells we noted in
different T-cell subsets, and subgroups of patients ap-
peared to have markedly higher frequencies of dou-
ble-positive T-cell subsets in their BMAs (Fig. 4).
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Age, Mutational Profile, and Karyotypic
Status Influence the Composition of T-Cell
Subsets and Immune-Checkpoint Ligand
Expression on AML Blasts
We assessed for correlations between molecular muta-
tions, karyotype, BM blasts, and age in patients with
AML with the frequencies of each T-cell subset, the
expression of individual immune checkpoint receptors
on each T-cell subset, and the expression of immune
checkpoint ligands on AML blasts. We observed that
BM blasts were more frequently positive for PD-LI
(6.95% vs 12.5%; P =.05) and for 41BBL (5.16% vs
13.65%; P = .01) in patients who had 7P53-mutated
AML (Fig. 5). There also was a trend toward increased
frequency of PD-L1-positive blasts in BMAs from pa-
tients who had AML with complex cytogenetics (6.2%
vs 10%; P =.09). We also assessed the percentage of
pretherapy BM blasts (both as a continuous variable
and as a binomial variable using blast cutoffs of 20%,
30%, and 50%) and did not observe any correlation
between the BM blast burden and BM Tregs, CD3-
positive cells, or CD8-positive cells in patients with
either new or relapsed AML.

We observed a decreased frequency of CD4-positive
Teff cells (32.2% vs 41.8%; P = .03) in BMAs from pa-
tients who had AML with adverse cytogenetics. There
was a higher frequency in the total CD4-positive T-cell
subset (44.6% vs 36.2%; P = .03) in BMAs from patients
with AML that harbored somatic mutations in certain
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Figure 4. Thefrequency of programed cell death 1(PD1)/T-cellimmunoglobulinand mucin-domain containing-3(TIM3) (PD1TIM3)
double-positive T cells and of PD1/lymphocyte-activation gene 3 (LAG3) (PDILAG3) double-positive T cells is illustrated in
bone marrow aspirates from healthy donors (blue circles), patients with newly diagnosed acute myeloid leukemia (AML) (red
triangles), and patients with relapsed AML (green squares). (A) There is an increased frequency of PD1/TIM3 double-positive
cluster of differentiation 8 (CD8)-positive T cells and PD1/TIM3 double-positive CD4-positive T effector (Teff) cells in bone
marrow aspirates from patients with AML compared with aspirates from healthy donors. (B) There is an increased frequency of
PD1/LAG3 double-positive CD8-positive and CD4-positive Teff cells in bone marrow aspirates from patients with AML compared
with aspirates from healthy donors.
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Figure 5. Programmed cell death 1 ligand (PD-L1) expression is illustrated according to the percentage of positive blasts in
patients with acute myeloid leukemia (AML). (A) PD-L1-positive blasts were noted more frequently in bone marrow aspirates
from patients who had tumor protein 53 (TP53)-mutated AML versus those who had non-TP53-mutated AML. (B) PD-L1-
positive blasts are compared between patients who had AML with adverse (Adv) cytogenetics versus those who had nonadverse

cytogenetics.

DNA methylation pathways (DNMT3A, IDHI, IDH2,
TET2), driven by an increase in the frequency of the
CD4-positive Teff-cell subset (43.2% vs 32%; P < .01).
We did not observe any other significant differences
in the composition of the BMA T-cell subsets by age,
cytogenetic subgroup, or somatic myeloid-associated
mutations. A detailed distribution of all evaluated check-
point ligands on AML blasts in BMA by mutation, cyto-
genetics, and age is provided in Supporting Figure 4; and
distribution by the same variables for T-cell subsets and
individual checkpoint receptor expression on each T-cell
subset are provided in Supporting Figure 5.

DISCUSSION

Previous investigators have evaluated the function of
T cells in patients with AML.***> PB-derived and BM-
derived T cells did not appear to be functionally impaired
in patients with AML compared with HD controls on
CD3/CD28 activation studies.”**® The current study is
1 of the first to broadly examine T-cell frequencies, T-cell
subset distribution, and the expression of checkpoint
receptors in a large population of patients with AML
(N = 107) to better understand the T-cell and immune
checkpoint landscape of AML, to trigger additional re-
search in this area, and to identify ideal targets and scenar-
ios for the introduction of immune checkpoint blockade
and T-cell-harnessing strategies in patients with AML.
The novelty of this study lies in the size of our study pop-
ulation and in the number of markers interrogated in the
analyses. We realize and accept that this is not a compre-
hensive summary of the entire immune biology, including
the impact of tumor microenvironmental factors, such as
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myeloid-derived suppressor cells, mesenchymal stem cells,
monocytes, and dendritic cells. Such studies are ongoing
in multiple institutions.

We used IHC on BM slides rather than bead
counting on BMAs to quantitatively compare T-cell
infiltration in BM samples from age-matched HDs and
from patients with AML, because IHC allowed us to
accurately calculate both the cellularity of the sample as
well as the percentage of T cells per MPF. IHC on BM
slides also was less likely to be impacted by hemodilu-
tion with blood than BMAs. We did not observe any
difference in the percentage of CD3-positive cells per
MPF or in the absolute number of CD3-positive cells
per MPF in the BM biopsies of age-matched HDs and
patients with AML. Indeed, these findings, although
apparently counterintuitive, are in line with previously
published data demonstrating that the absolute T-cell
numbers in PB were either within the same range in
patients with AML and in HDs*” or were increased in
patients with AML compared with HDs.”® We could
not identify any prior studies that specifically compared
T-cell distribution or multiple checkpoint receptor ex-
pression in BM samples from HDs with samples from
patients who had AML. Our data indicating preserva-
tion of the T-cell population in AML BM is important
and is in line with the recently demonstrated clinical
efficacy of therapies that depend on a preserved BM
T-cell population to generate response, such as bispe-
cific antibodies, immune checkpoint inhibitors, and
autologous chimeric antigen receptor therapies.”' ">

When we assessed for how this population of T
cells was divided into different subsets by MFC gating
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on CD45", nonleukemic cells, we observed that the fre-
quency of CD8-positive/CD4-positive Teff-cell and Treg
subsets in BMAs from patients with AML were higher
compared with those from HDs. Consistent with previ-
ously published data from solid tumors,”'
demonstrate that the distribution of T-cell subsets and
the expression of immune checkpoint receptors in PB

our findings

were not representative of the findings in BM among pa-
tients with AML. This suggests that BMAs/BM biopsy
samples, and not PB samples, should be used for moni-
toring immune markers in immune-based clinical trials.
We noted an increased frequency of OX40-positive and
PD1-positive/CD8-positive T cells and CD4-positive
Teff cells in BMAs from patients with AML compared
with BMAs from HDs. OX40 also was expressed more
frequently on Tregs in BMAs from patients with AML.

PDI1, CTLA4, TIM3, and LAG3 are co-inhibitory
receptors that, when activated, dampen the function
of Teff cells. Blockage of these receptors by antagonist
antibodies enhances T-cell function by “removing the
brakes.” OX40, ICOS, GITR, and 41BB are costimu-
latory receptors that, when activated, enhance Teff-cell
activation. Activation of these receptors by agonist anti-
bodies enhances T-cell function by “pressing the acceler-
ator.” The expression of OX40, PD1, TIM3, and LAG3
by T cells in the BM from patients with AML, as noted
in the current study, suggests that antigen-experienced
T cells are infiltrating the AML BM. Increased ICOS
expression on CD4-positive and CD8-positive cells in
patients with relapsed AML further indicates that BM
infiltration activates T' cells, because ICOS is a marker
of activation.

Several of these immune markers are clinically tar-
getable with available or emerging agents. OX40 and
PD1 are expressed by T cells after CD28 activation and
are being evaluated as therapeutic targets in clinical tri-
als or already have been approved in solid and hemato-
logic malignancies.”*” Targeting PD1 in combination
with other checkpoints, particularly CTLA4, may be
attractive because of the potential for synergy with dual
checkpoint blockade, as has been demonstrated clini-
cally in melanoma and renal cell carcinoma.*®*° Dual
checkpoint inhibitor therapy with PD1 and CTLA4 in-
hibition before ASCT (NCT02397720) and after ASCT
(NCT03600155 and NCT01822509) in relapsed and
high-risk AML, and with PD1 and TIM3 inhibition
(NCT03066648) in relapsed AML, are being evalu-
ated in clinical trials for patients with AML. There is
preclinical™? and early clinical®® evidence that sig-
naling through OX40 promotes CD4-positive and
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CD8-positive T-cell survival while concomitantly inhib-
iting the differentiation and function of Tregs by prevent-
ing FoxP3 expression,“'46 making OX40 an attractive
therapeutic target.43’47 OX40 was differentially expressed
in relapsed/new AML compared with HDs and demon-
strated a bimodal distribution, with significantly higher
expression of OX40 on CD8-positive T cells and Tregs
in some patients, suggesting that these patients may ben-
efit most from OX40 agonists. A clinical trial evaluating
the OX40 agonist PF-04518600 as a single agent and in
various combinations with hypomethylating agents, PD1
antibodies, and 41BB agonists in patients with AML is
ongoing (NCT03390296).

PD1-positive/ TIM3-positive and ~ PD1-positive/
LAG3-positive cell populations have been associated with
immune exhaustion and relapse post-ASCT in patients
with AML""** and appear to annotate an antigen-expe-
rienced population in patients with AML.” Together,
these data suggest that a proportion of the T cells that
infiltrate the AML BM may be doing so as part of an en-
dogenous immune response against leukemia. This dou-
ble-positive T-cell population was particularly evident in
the BMAs from patients with multiply relapsed AML,
likely because of advanced immune exhaustion from
persistent antigen stimulation or multiple prior AML
therapies.'”** Although blocking PD1 and TIM3 has
demonstrated promise in animal models of AML,*>30
to date, there is no clinical evidence that TIM3 block-
ade can enhance or rescue resistance to PD1 blockade
in patients with solid and hematologic malignancies. On
the basis of our experience, we believe that there are 2
populations of patients with AML: those who have an in-
flamed/exhausted immune microenvironment and those
who do not, as depicted in Figure 4 by the presence of
2 populations of exhausted T cells that coexpress LAG3
or TIM3 with PD1 on the surface of their Teff cells in
some patients with AML, but not in others. It is likely
that patients with a higher frequency of double-positive
T cells are those who are less likely to respond to single
immune checkpoint inhibition, because they probably
have immune exhaustion at multiple levels, which may
be difficult to overcome with PD1 and/or CTLA-4 ther-
apy alone. Such “exhausted” patients either may not be
ideal candidates for T-cell harnessing immunotherapies
or, alternatively, may require dual checkpoint blockade
or dual immune modality therapy to overcome immune
exhaustion.

We observed that the frequency of Tregs in BMAs
from patients with AML was significantly higher than
that in BMAs from HDs. The frequency of Tregs in
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AML BMAs progressively increased with the number of
relapses. We also noted that the frequency of PD-L1-pos-
itive blasts was higher in patients who had 7°53-mutated
AML compared with those who had 7P53 wild-type
AML. It is known that 7P53 loss induces PD-L1 ex-
pression indirectly, because p53 induces microRNA-34
(miR-34) expression and miR-34 binds to the 3"-untrans-
lated region of PD-L1 to inhibit PD-L1 expression,*® In
a study that targeted miR-34 in a syngeneic nonsmall
cell lung cancer model, the authors demonstrated that
p53 loss induced PD-L1 expression and that restoring
miR-34 restored immunogenicity by reducing PD-L1
expression, with resulting CD8-positive T-cell infiltra-
tion and increased circulating interferon-y.*® Likewise,
eliminating miR-34 resulted in PD-L1 expression in
AML.* We believe that this may be a possible expla-
nation for the increased PD-L1 in patients with 7P53-
mutated AML. P53 is known to induce the expression of
ERAP1 (endoplasmic reticulum aminopeptidase 1), a key
protein involved in antigen processing, as well as major
histocompatibility class I; and cells infected by HPV are
known to be resistant to interferon signaling.”® These are
key mechanisms that have been associated with acquired
resistance to immune checkpoint blockade in patients. It
remains to be determined in clinical trials whether or not
the increased expression of PD-L1 in patients with 7P53-
mutated AML will translate into higher sensitivity and
better responses to PD1/PD-L1-based therapies.

To overcome the multilayered immune suppression
observed seen in AML, patients may need combinations
of immune checkpoint antibodies, checkpoint antibod-
ies with BiTE (bi-specific T-cell engager) antibodies or
HMAs, or strategies that include external supplemen-
tation with activated T cells, such as chimeric antigen
receptor (CAR)-T cells. One such strategy that has been
evaluated in the clinic with early encouraging results is
combining HMAs with immune checkpoint inhibitors
in patients who have MDS/AML.'"'>>!

Our current study has limitations. This was a set of
107 nonselected patients who received different modal-
ities of treatment, such as HMA-based, cytotoxic, tar-
geted therapies and investigational therapies. The study
included frontline and relapsed patients with AML.
Therefore, the presence or absence of MRD during and
after therapy varied based on the treatment modality re-
ceived by individual patients. Furthermore, the immune
profiling was only done at 1 time point, and not sequen-
tially, in these patients. Because of these Treg factors, an
assessment for correlations between Treg frequency and
MRD status in these patients was not possible. Another
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limitation of our study was that the data focused on
checkpoint receptor and ligand expression on T lym-
phocytes and AML blasts in BMAs from patients with
AML. Possible contributions by natural killer cells and
other myeloid subsets, such as macrophages, monocytes,
myeloid-derived suppressor cells, or other components of
the tumor microenvironment, were not analyzed for this
report, but these efforts are underway in our institution
and in other groups using mass cytometry approaches.
We evaluated how the distribution of T-cell subsets, the
expression of individual checkpoint receptors on total
CD3-positive and T-cell subsets, and the expression of
individual ligands on AML blasts could have an impact
on the survival of patients, and we did not identify any
clinically meaningful associations. This result must be
interpreted cautiously, because our data only provide
a snapshot in time without longitudinal follow-up on
these patients. Therefore, we cannot conclusively de-
termine whether the increased frequency of Tregs or
PD1/TIM3 double-positive T-cell subsets facilitated an
AML relapse or indeed represented secondary changes
in T-cell biology as a consequence of the relapse. In ad-
dition, the patients received various different therapies
on different clinical trials ongoing at our institution in
that timeframe. Thus, as we learn more about the as-
sociations between the immune microenvironment and
AML biology, the information gained may help guide
treatments and potentially allow for the personalized se-
lection of immune checkpoint pathways to target in a
given patient with AML.
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