cancers

Article

Lymphocyte Exhaustion in AML Patients and Impacts of
HMA/Venetoclax or Intensive Chemotherapy on Their Biology

Dmitry Zhigarev 2, Asya Varshavsky 3, Alexander W. MacFarlane IV 1, Prathiba Jayaguru ¢, Laura Barreyro ¢,
Marina Khoreva 2, Essel Dulaimi 5, Reza Nejati 5, Christina Drenberg ¢ and Kerry S. Campbell +*

Citation: Zhigarev, D.;
Varshavsky, A.;

MacFarlane, A.W., IV; Jayaguru, P.;
Barreyro, L.; Khoreva, M.;

Dulaimi, E.; Nejati, R.; Drenberg, C.;
Campbell, K.S. Lymphocyte
Exhaustion in AML Patients and
Impacts of HMA/Venetoclax or
Intensive Chemotherapy on Their
Biology. Cancers 2022, 14, 3352.
https://doi.org/10.3390/can-
cers14143352

Academic Editor: Hiroshi Handa

Received: 30 April 2022
Accepted: 6 July 2022
Published: 10 July 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Blood Cell Development and Function Program, Institute for Cancer Research, Fox Chase Cancer Center,
Philadelphia, PA 19111, USA; dmz4001@med.cornell.edu (D.Z.); alexander.macfarlane@fccc.edu (A.W.M.IV)

2 Department of Inmunology, Pirogov Russian National Research Medical University,
Moscow 117997, Russia; mv@rsmu.ru

3 Department of Bone Marrow Transplant and Cellular Therapies, Fox Chase Cancer Center,
Philadelphia, PA 19111, USA; asyanina.varshavskyyanovsky@fccc.edu

4 Oncology Translational Research, Janssen R&D, Spring House, PA 19477, USA; pjayagur@its.jnj.com (P.].);
Ibarreyr@its.jnj.com (L.B.); cguttke@its.jnj.com (C.D.)

5 Department of Pathology, Fox Chase Cancer Center, Philadelphia, PA 19111, USA;
esse.al-saleem@towerhealth.org (E.D.); reza.nejati@fccc.edu (R.N.)

* Correspondence: kerry.campbell@fccc.edu; Tel.: +1-215-728-7761; Fax: +1-215-727-2412

t Current address: Jill Roberts Institute for Research in Inflammatory Bowel Disease, Weill Cornell Medicine,
New York, NY 10021, USA.

Simple Summary: Patients with acute myeloid leukemia (AML) are routinely treated with either
intensive chemotherapy or DNA hypomethylating agents (HMA) in combination with the Bcl-2 in-
hibitor, venetoclax. While both treatment regimens are highly cytotoxic to the aggressive AML tu-
mor cells, they are also toxic to immune cells. Therefore, we sought to establish the detrimental
impacts of these therapies on lymphocytes and their recovery over time in AML patients. Even prior
to treatment initiation, the patients were found to have exhausted lymphocytes in peripheral blood,
and additional signs of exhaustion were noted after treatment with HMA /venetoclax. In fact, the
lymphocytes were still suppressed for two to three months after the initiation of induction therapy.
Furthermore, T cells in a subset of patients subsequently found to be resistant to venetoclax therapy
exhibited a higher expression of perforin and CD39 and more pronounced IFN-y production.

Abstract: Acute myeloid leukemia (AML) is an aggressive malignancy that requires rapid treatment
with chemotherapies to reduce tumor burden. However, these chemotherapies can compromise
lymphocyte function, thereby hindering normal anti-tumor immune responses and likely limiting
the efficacy of subsequent immunotherapy. To better understand these negative impacts, we as-
sessed the immunological effects of standard-of-care AML therapies on lymphocyte phenotype and
function over time. When compared to healthy donors, untreated AML patients showed evidence
of lymphocyte activation and exhaustion and had more prevalent CD57*NKG2C* adaptive NK cells,
which was independent of human cytomegalovirus (HCMV) status. HMA/venetoclax treatment re-
sulted in a greater fraction of T cells with effector memory phenotype, inhibited IFN-y secretion by
CD8* T cells, upregulated perforin expression in NK cells, downregulated PD-1 and 2B4 expression
on CD4* T cells, and stimulated Treg proliferation and CTLA-4 expression. Additionally, we
showed increased expression of perforin and CD39 and enhanced IFN-y production by T cells from
pre-treatment blood samples of venetoclax-resistant AML patients. Our results provide insight into
the lymphocyte status in previously untreated AML patients and the effects of standard-of-care
treatments on their biology and functions. We also found novel pre-treatment characteristics of T
cells that could potentially predict venetoclax resistance.
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1. Introduction

Acute myeloid leukemia (AML) is a deadly malignancy of myeloid cell progenitors
with a high relapse rate [1]. In the US, the median age at diagnosis is 68 years, with 10—
15% 5-year survival for patients >60 years and 30-35% for younger patients [2]. About 80%
of younger patients can achieve complete response (CR) with timely treatment [3], but
most will eventually relapse without allogeneic hematopoietic stem cell transplantation
(allo-HSCT) [3,4].

Eligible AML patients for intensive induction chemotherapy receive the “7+3” treat-
ment regimen [2], consisting of seven days continuous infusion of cytarabine, along with
anthracycline during the first three days. This treatment scheme has some variations, no-
tably Vyxeos (CPX-351), which consists of liposome-embedded cytarabine and dauno-
rubicin and has improved overall survival (OS) in older patients with secondary AML
[5,6]. However, these treatments are still highly toxic, causing significant hematopoietic
cell depletion.

The hypomethylating agents (HMAs), 5-azacytidine and decitabine, were FDA-ap-
proved for treating myeloid malignancies. Their mechanism of action remains unclear but
related to the inhibition of DNA methyltransferases, thereby hypomethylating DNA and
inducing expression of silenced gene loci, including tumor suppressor genes [7]. OS for
older AML patients undergoing HMA treatment is improved compared to intensive
chemotherapy (IC) [8,9]. Thus, HMAs are more commonly used to treat elderly or debili-
tated patients who cannot tolerate conventional IC [10]. Nonetheless, the high relapse
rates after “7+3” or HMA treatments demonstrate an urgent need for better therapeutic
strategies.

Several novel targeted agents were recently approved to treat AML, such as the B cell
lymphoma 2 (Bcl-2) inhibitor, venetoclax, which is commonly administered in combina-
tion with HMAs due to higher efficacy compared to HMAs alone [11,12].

Immunotherapy is another option to consider for treating AML, but immune status
is already compromised in untreated patients [13-15], and chemotherapies can further
negatively affect the activity, survival, and phenotypic features of immune cells [16-18].
Here, we assessed the phenotype and function of lymphocytes from peripheral blood of
AML patients before and at various times after treatment with either the combination of
HMA and venetoclax or IC. The data shed light on the baseline features of lymphocytes
in untreated AML patients and the impacts of standard treatments on these features. We
observed lymphocyte exhaustion and a high incidence of adaptive NK cells in untreated
AML patients, significant long-term depletion and changes in receptor expression in re-
sponse to both treatments, and novel characteristics of T cells in patients with venetoclax
resistance.

2. Materials and Methods
2.1. Donor Characteristics

We studied 32 AML patients prior to initial therapy or without prior anticancer ther-
apy for at least 2 years (details in Supplementary Table S1). In total, 17 patients were
treated with IC, mainly “7+3” or modifications, and 15 were treated with the combination
of HMA and venetoclax. Patient ages varied from 21-82 years (mean = 60.4 + 14.5), with
the average age of the HMA/venetoclax-treated group at 67.4 + 12.5 years and chemother-
apy-treated at 54.2 + 13.4 years (Supplementary Figure S1A), consistent with the use of
HMAs in older patients. Healthy donors (HDs; n = 11) with a similar age to the
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experimental group (mean = 63.5 + 7.1 years) were recruited. The study was conducted
according to the ethical standards of the Helsinki Declaration and approved by our insti-
tutional review board (#17-8010). Written consent was obtained prior to obtaining blood
samples, and samples were de-identified before release to the laboratory.

2.2. Patient Therapies and Blood Sampling

Peripheral blood was drawn into Vacutainer EDTA tubes (BD—Becton Dickinson,
Franklin Lakes, NJ, USA). The first sample was drawn before therapy and designated “be-
fore treatment”. This baseline sample was also compared with blood from HDs. Four pa-
tients were withdrawn after the first blood sample due to critical health conditions. Ther-
apeutic interventions began immediately after the first sample. Patients treated with IC
received an initial course of seven days cytarabine (100-200 mg/m?) and three days of ida-
rubicin (12 mg/m?). Vyxeos was given on days 1, 3, and 5 (daunorubicin 44 mg/m?, cytar-
abine 100 mg/m?). HMA/venetoclax patients were initially treated with five days decita-
bine (20 mg/m?) or five to seven days 5-azacytidine (75 mg/m?). A second blood sample
(“early recovery”) was obtained at the time of adequate lymphocyte recovery for analysis
(Supplementary Figure S1B). A previous report established median lymphocyte recovery
for IC at 18 days after the end of therapy (range = 12-29 days) [19], which is consistent
with the second blood sample in our IC-treated patients at a median of 20 days after the
end of induction therapy (range = 10-29 days; note that days after the first sample are
plotted on Supplementary Figure S1B). In the HMA/venetoclax-treated group, the second
blood sampling was drawn a median of 15.5 days after the end of the initial HMA cycle
(range = 1024 days). A third sample (“before 2nd treatment”) was drawn before the start
of the second therapy cycle or at a comparable time if patients did not receive a second
therapy (Supplementary Figure S1B). For patients treated with IC, the third sample was
drawn a median of 43 days after the first sample (range = 31-97 days); for HMA-treated
patients, the median was 35 days (range = 3346 days). The last blood sample (“after 2nd
treatment”) was obtained during long-term recovery after the second therapy, often just
before allo-HSCT (Supplementary Figure S1B). For the IC-treated group, this final sample
was drawn at a median of 69 days (range = 42-106 days) after the first sample, and the
median timepoint for HMA/venetoclax-treated patients was 60 days (range =46-71 days).

2.3. Peripheral Blood Mononuclear Cells (PBMCs) Isolation and Cell Culture

PBMCs from AML patients and HDs were isolated using Lymphoprep (StemCell
Technologies, Vancouver, Canada) density gradient centrifugation. The PBMC interface
was resuspended in Ca?/Mg?*-free Dulbecco’s phosphate-buffered saline, washed, and
adjusted to 10 x 106 cells/mL in RPMI-1640 medium without Phenol Red. The EBV-trans-
formed 721.221 target B cell line was cultured in RPMI-1640 medium with 15% heat-inac-
tivated fetal bovine serum (FBS), 2 mM L-glutamine, 10,000 U/mL streptomycin/penicillin,
and 10 mM HEPES in 7% CO: at 37 °C. The 7% CO:z level is standardly used in our labor-
atory to provide better culture conditions for NK cells.

2.4. Flow Cytometry

Our panel included antibodies to more than 40 surface and intracellular markers, as
shown in Supplementary Table S2. PBMCs (1 x 106 cells/100 puL) were incubated with an-
tibodies for 20 min on ice and washed twice with washing buffer (Hanks’s Balanced Salt
Solution Ca?/Mg?* free (Fox Chase Cancer Center Cell Culture Facility, Philadelphia, PA,
USA), 1% Heat-Inactivated FBS, 0.9% NaNs), with propidium iodide (100 ng/mL) in the
last wash to detect dead cells. For intracellular protein staining, Ghost Red 710 Viability
Dye (TONBO Biosciences, San Diego, CA, USA) was added prior to permeabilization.
PBMCs (1 x 10¢ cells/100 pL) were then incubated with fixation/permeabilization buffer
(Invitrogen/ThermoFisher, Pittsburgh, PA, USA, #00-5523-00) for 25 min on ice. Then, an-
tibodies to intracellular biomarkers (perforin, FoxP3, Ki67, CTLA-4, and BLIMP-1) were
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added for 30 min on ice, and cells were rinsed twice with the kit wash buffer. Analysis
was performed on a 4-laser BD ARIA II flow cytometer using a configuration with 14 flu-
orescence channels, as previously described [20]. The cytometer was CLIA- and CAP-cer-
tified, and calibration of the cytometer was performed daily using BD CS&T Research
Beads in the same manner throughout the study. Compensation and PMT voltage settings
were consistent for acquisition of all samples, as optimized at the beginning of the project
based upon analysis of unstained, single-stained, and multi-stained PBMC samples. BD
FACSDiva software v.8.0.1 was used to record data, and .fcs files were processed using
Flow]Jo v10 Software (BD). Gating strategies and representative staining profiles of major
biomarkers are shown in Supplementary Figures S2-54. Distinct immune parameters
were quantified from each blood sample as the percent of a cell subset expressing a marker
or the geometric mean fluorescence intensity (GMFI) of expression. Data were represented
as a percentage of marker-positive cells when the composition of a given subpopulation
of cells expressing a marker(s) was studied (e.g.,, NKG2C+*CD57+ adaptive NK cells, KIR*
mature NK cells, or CD39* exhausted cells) and as GMFI when the focus of an experiment
was to investigate the expression level of a marker. Exceptions to this rule are 2B4, pre-
sented as a percentage on CD4* T cells due to the high statistical significance in the change
of the percentage of expressing cells, and NKp44, presented as a proportion of positive
NK cells due to a relatively low signal that limits detection of change using the GMFI
parameter.

2.5. IFN-y Secretion Assay

An IFN-vy secretion assay (Miltenyi Biotec, Bergisch Gladbach, Germany) was used
to assess T and NK cell function. Aliquots of PBMCs (1 x 106 in 100 pL) were treated with:
(1) CytoStim (Miltenyi; 2 uL/tube) + IL-2 (50 U/mL) to stimulate T cells; (2) 721.221 cells (1
x 100) + rituximab (1 pg/mL) to simulate ADCC conditions for NK cell stimulation; or (3)
IL-2 (50 U/mL); and (4) PBMCs alone as controls. Aliquots were incubated for 2.5 h in 7%
CO2 at 37 °C. Cells were washed with washing buffer and cultured 10 min on ice with 10
uL of bivalent anti-CD45/anti-IFN-y antibody (IFN-y Catch Reagent, Miltenyi) to capture
locally secreted IFN-y on leukocyte surfaces. RPMI-1640 medium (7 mL; 37 °C) was added
and shaken 45 min in 7% CO2 at 37 °C. Then, cells were stained with fluorophore-conju-
gated antibodies toward IFN-y, CD3, CD4, CD8, CD56, and NKp80, washed twice, and
stained with propidium iodide (100 ng/mL). Cytometric analysis and data processing
were performed as above. The results were presented as the percent of IFN-y-producing
cells, as suggested by the manufacturer.

2.6. Cytokine Multiplex Array

Plasma samples were collected and stored at —80 °C within 2 h after collection. Pro-
inflammatory cytokine (IL-2, IL-4, IL-10, IL-8, IL-6, IL-12p70, TNF-a, IL-13, IFN-vy, IL-1§3)
levels in plasma were measured using Meso Scale Discovery (MSD, Mesoscale Diagnostic,
Rockville, MD, USA) following the manufacturer’s protocol. Briefly, plasma samples and
calibrators were added to an MSD 96-well plate coated with the corresponding capture
antibodies in technical duplicates. Plates were incubated for 2 h, and unbound analyte
was removed using an automated plate washer (Biotek ELx405 with a Biostack 3 plate
stacker, Agilent, Santa Clara, CA, USA). SULFO-TAG-conjugated detection antibodies
were added to the plates, and plates were incubated for 2 h and then washed to remove
unbound detection antibody. Read buffer (manufacturer provided) was added, and plates
were analyzed with an MSD instrument (MesoTM Sector S 600). Cytokine levels were de-
termined using Mesoscale Discovery Workbench 4.0.

2.7. Human Cytomegalovirus (HCMV) Testing

Anti-HCMYV IgG ELISA Kit (Abcam, Cambridge, UK) was used to determine HCMV
serological status of patients. Frozen plasma samples were thawed at RT and diluted 1:100
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with a diluent reagent. All samples and controls were assayed in duplicate in accordance
with the manufacturer’s protocol. Samples were considered HCMV-seropositive if the ab-
sorbance value was greater than 10% over the cut-off value.

2.8. Statistical Analysis

Calculations, statistics, and plotting were performed using Excel (Microsoft 365, v.
2205, Redmond, WA, USA), GraphPad Prism 9 (GraphPad Software, San Diego, CA,
USA), MatLab v9.6 (MathWorks Inc., Natick, MA, USA), and R Studio v.1.3.1093-1 --
2021.09.0 (RStudio, PBC, Boston, MA, USA) software. The Wilcoxon signed-rank test was
used to establish statistical significance between parameters at different timepoints. The
nonparametric Mann-Whitney U test was used to compare sets of AML patients and HDs.
For correlation analysis, the Spearman correlation criterion was used. For all tests, p-val-
ues < 0.05 were considered statistically significant.

3. Results

3.1. Lymphocytes from Untreated AML Patients Show an Exhausted Phenotype Compared to
Healthy Donors

First, we compared baseline flow cytometry data from untreated patients (n = 32)
with that of healthy donors (HDs; n = 11) using the antibody panel and IFN-y secretion
assay described in Materials and Methods. While the distribution of percentages of dis-
tinct subpopulations (naive, central memory, effector memory, and effectors) within the
CD4+ and CD8* T cell compartments were tighter for HDs, we found no significant differ-
ences between AML patients and HDs, although some individual patients exhibited sub-
stantial shifts in ratios of T cell subsets (Figure 1A). The percentage of immature CD56brisht
NK cells among total NK cells was also similar in the AML patients compared to HDs
(Figure 1B). In contrast, we observed an increase in the proportion of
CD4+CD25hghCD127%w regulatory T cells (Tregs) among total CD4+* T cells in the periph-
eral blood of AML patients (Figure 1C).

Evidence for potentiated T and NK cell maturation was observed in the AML pa-
tients, where the surface expression of CD27 was decreased on both CD4* (significant) and
CD8* (trending) T cells compared to HDs (Figure 1D). Additionally, CD56¢™ NK cells in
patients showed greater expression of CD57, which marks terminal NK cell maturation
(Figure 1E).

AML patients also showed upregulated expression of CD39 (Figure 1F) on B, NK,
and CD4* T cells, which indicates their exhaustion or immunosuppressive function [21-
24]. Furthermore, various subsets of T and NK cells from AML patients expressed higher
levels of the inhibitory checkpoint markers, PD-1, TIGIT, 2B4, and CTLA-4 (Figure 1G).
Notably, TIGIT was increased in all CD4* T cell subsets, as was CD39, whereas PD-1 and
2B4 were more selectively upregulated in central memory CD4* T cells. Although the dif-
ference of TIGIT expression on NK cells was not statistically significant, the expression of
the activating receptor DNAM-1, which shares the same ligands as inhibitory TIGIT, was
downregulated on CD56dim NK cells in the AML patients (Figure 1H). To functionally test
the activity of T and NK cells, we performed an IFN-y secretion assay. The secretion of
IFN-y by CD56dim NK cells under ADCC-inducing conditions was significantly sup-
pressed in AML patients compared to HDs, again consistent with the exhausted pheno-
type (Figure 1I). Paradoxically, when stimulated with CytoStim, CD8* T cells from many
AML patients showed a trend toward more IFN-vy secretion compared to healthy donors,
although this was not statistically significant.
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Figure 1. Comparison of the characteristics of lymphocytes from untreated acute myeloid leukemia
(AML) patients and healthy donors. Lymphocytes of 32 AML patients and 11 healthy donors (HDs)
were examined to identify differences in their phenotype and function. (A) Percentages of subsets
of CD4* (left) and CD8* (right) T cells were measured by flow cytometry by staining CD45RA and
CD62L; medians are marked by red bars. HDs are represented by blue circles, AML patients by
purple squares. (B) Percentage of immature CD56%sht NK cells among total NK cells from HDs and
untreated AML patients. (C) Percentage of CD25MehCD127°w Tregs among CD4* T cells from HDs
and untreated AML patients. (D) Geometric Mean Fluorescence Intensity (GMFI) of CD27 expres-
sion on CD4* and CD8* T cells from HDs and untreated AML patients. (E) GMFI of CD57 expression
on CD564m NK cells from HDs and untreated AML patients. (F) Proportion of CD39 expressing
lymphocytes from HDs and untreated AML patients. The data are shown as a heatmap of median
percentage expression of CD39 with scale at the right. Rows represent different lymphocytic popu-
lations: CM —central memory, EM —effector memory, Eff —effector, N—naive. (G) Median percent-
ages of HDs and untreated AML patient lymphocyte subsets expressing immune checkpoint mole-
cules PD-1, TIGIT, 2B4, and CTLA-4, as described for panel F. (H) GMFI of DNAM-1 expression on
mature CD56%™ NK cells from untreated AML patients. (I) Comparison of the percentages of major
T and NK cell subsets secreting IFN-y from HDs and AML patients measured after 2.5 h of in vitro
stimulation. The reduced number of AML patients in both assays is due to inadequate numbers of
lymphocytes in some untreated blood samples. Mann-Whitney nonparametric U test was used for
statistical analysis. ns—p > 0.05; *—p < 0.05; *—p < 0.01; ***—p < 0.001 ; ***—p < 0.0001. Actual p-
value is specified in cases when it is close to 0.05.

3.2. Adaptive NK Cells Are Significantly Increased in Blood of AML Patients, Independent of
HCMYV Serotype

To assess adaptive NK cells, we gated CD3-NKp80*NKG2C*CD57* lymphocytes [25]
using the gating strategy shown in Figure 2A and representative examples from different
donors are shown in Supplementary Figure S5. These cells also expressed higher levels of
killer cell Ig-like receptors (KIRs) (Figure 2B and Supplementary Figure S1C), and the per-
centage of CD564m NK cells expressing KIRs negatively correlated with NKG2A expres-
sion (Supplementary Figure S1D), consistent with previous literature on the phenotype of
adaptive NK cells [26]. The percentage of adaptive NK cells was greater in the blood of
AML patients compared to HDs (Figure 2C), contributing to the increased CD57 expres-
sion (Figure 1E). Since the presence of adaptive NK cells was previously shown to corre-
late with human cytomegalovirus (HCMYV) status [25], we assessed the serological status
of the patients. In contrast to previous reports with non-cancer patients, ten out of fourteen
HCMV-seronegative AML patients had significant proportions of adaptive NK cells in
their blood (Figure 2D). Adaptive cells from AML patients also exhibited higher expres-
sion levels of CD56 and CD57, as compared to HDs, while levels of KIRs and DNAM-1
were significantly lower (Supplementary Figure S1E).
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Figure 2. CD57*"NKG2C* adaptive NK cells are prevalent in the peripheral blood of AML patients.
PBMCs from 30 untreated AML patients and HDs were assessed for adaptive NK cells. A reduced
number of AML patients is due to low numbers of NK cells in two untreated blood samples. (A)
Gating strategy for adaptive NK cells. First, single cells were selected in a forward scatter area (FSC-
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dot plot. NK cells were defined as CD3:NKp80* lymphocytes. Finally, CD57*"NKG2C* NK cells were
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resent medians. Mann-Whitney nonparametric U test was used for statistical analysis. ns—p > 0.05;
*—p <0.05; ****—p < 0.0001. A p-value is specified in cases when it is close to 0.05.
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3.3. Both IC and HMA/Venetoclax Aggressively Deplete Lymphocytes, and HMA/Venetoclax
Therapy Increases the Frequencies of T cells with an Effector Memory Phenotype

We next followed the AML patients through the course of two distinct treatment reg-
imens: (1) 5-azacytidine or decitabine + venetoclax (“HMA/venetoclax” on figures) and
(2) IC (“chemotherapy” on figures). The timing of the samples is detailed in Materials and
Methods and shown in Supplementary Figure S1B.

To determine how these treatments affect the circulating lymphocytes of patients, we
first measured absolute numbers of major lymphocyte subtypes along the course of ther-
apy (Figure 3A). T, NK, and B cells were depleted in blood after initial therapy, especially
B cells (median from 76.9 cells/uL to 1 cell/uL). NK cells were somewhat less sensitive to
the therapies and showed some partial recovery by the final timepoint after chemother-
apy, consistent with published data on their early recovery after patients receive HSCT
[27]. The IC-treated patients selectively showed a significant increase in CD56right NK cells
by the final “after treatment” timepoint (Figure 3B), but these samples were acquired at
later timepoints than the final HMA/venetoclax samples (Supplementary Figure S1B).
HMA /venetoclax increased the proportion of both CD4* and CD8* effector memory T cells
at the expense of naive T cells (Figure 3C). IC did not significantly impact percentages of
T cell subpopulations, although CD4* effector memory T cells showed a trending increase
after the second treatment (Figure 3D).

3.4. HMA/Venetoclax Therapy Significantly Inhibits IFN-y Production by CD8* T Cells

To understand therapy impacts on T and NK cell function, we performed an IFN-y
secretion assay after stimulation with CytoStim or ADCC-inducing conditions, respec-
tively. We observed a strong inhibition of IFN-y production by CD8* T cells from patients
after initial HMA/venetoclax therapy, but not IC (Figure 4A). The percentage of IFN-y-
producing T cells consistently decreased in all patients after initial HMA/venetoclax treat-
ment and did not fully recover even by the last sample. A representative example of the
potent suppression is shown in Figure 4B. In stark contrast, the concentration of IFN-y in
the plasma of the HMA/venetoclax-treated patients increased after the initial HMA/ve-
netoclax treatment (Figure 4C). On the other hand, changes in production of IFN-y by NK
cells were highly variable between patients and not significant overall (Figure 4D).

3.5. Levels of Perforin Increase in NK Cells after HMA/Venetoclax Treatment

The intracellular level of perforin increased in cytolytic CD564m NK cells after initial
treatment with HMA/venetoclax, but not IC (Figure 4E). The levels of perforin mostly re-
turned to the baseline in subsequent timepoints. In contrast, levels of IFN-y were not sig-
nificantly altered in CD8* T cells by either treatment.

3.6. PD-1 and 2B4 Surface Exposure Is Lowered on CD4* T Cells from Patients Treated with
HMA/Venetoclax

We also examined the expression of the inhibitory checkpoint receptors in response
to the therapies. PD-1 expression was decreased after the initial HMA/venetoclax treat-
ment on all CD4* T cell subpopulations except naive (Figure 5A). In contrast, expression
of PD-1 was not changed on any CD4* T cell subset in IC-treated patients (Figure 5B).
Similarly, patients treated with HMA/venetoclax showed decreased expression of 2B4
checkpoint receptor on all CD4+ T cell subpopulations, especially on CD4+ effector T cells
(Figure 5C). Levels of 2B4 expression were also unchanged in the IC-treated group (Figure
5D). Interestingly, neither treatment impacted expression of either protein on CD8* T cells.

3.7. Treg Proliferation and CTLA-4 Expression Are Enhanced after HMA/Venetoclax Therapy

To assess the status of Tregs, we measured their expression of Ki67 and CTLA-4 at
different stages of treatment. We found that HMA/venetoclax enhanced the proportion of
Tregs expressing Ki67, indicating that more of these immunosuppressive cells are
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proliferating (Figure 5E), although the percentage and absolute counts of Tregs were un-
changed in the blood of the same cohort. The expression of CTLA-4 on Tregs was also
increased after initial treatment with HMA/venetoclax (Figure 5F).
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Figure 3. Both treatments deplete lymphocytes, and HMA /venetoclax therapy shifts T cells toward
the effector memory phenotype. AML patients with >1 sample collected were divided into two
groups based on the treatment scheme: (1) combination of HMA/venetoclax (“HMA”, blue circles)
and (2) IC (“Chemotherapy”, pink circles). Red bars represent medians. (A) Changes in absolute
numbers of lymphocytic populations over the course of treatments. (B) Percentage of immature
CD56Prisht NK cells among total NK cells during the courses of treatment with HMA (left) or IC
(right). (C) Parts-of-whole diagrams showing changes in the median proportions of CD4* (left) and
CD8* (right) T cells during the HMA treatment course. T cell subsets are: CM—central memory
(orange), E—effector (green), EM —effector memory (pink), naive (blue). Rows show timepoints
from the top (“before treatment”) to the bottom (“after treatment”). (D) As in panel C, part-of-whole
diagram showing changes in the proportion of T cell subsets during the course of intensive chemo-
therapy. Wilcoxon signed-rank test was used for statistical analysis. ns—p > 0.05; *—p < 0.05; **—p
<0.01.
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Figure 4. HMA/venetoclax treatment inhibits IFN-y production by T cells and enhances perforin accumulation in cytotoxic lymphocytes. AML patients were
divided into treatment groups: (1) HMA/venetoclax (“HMA”, blue circles, n =12 for T cell assay, n =10 for NK cell assay) and (2) IC (“Chemotherapy”, pink circles,
n =14 for T cell assay, n = 13 for NK cell assay). All patients with >1 sample collected were included in the plots. (A) Dynamics of % IFN-y-secreting CD8* T cells
during HMA/venetoclax (left) and IC (right) treatments. (B) Representative flow cytometry dot plots of changes in frequencies of IFN-y-secreting CD8* T cells
before treatment (left) and after the induction of HMA/venetoclax therapy (right) from patient #28 (see Supplementary Table S1). The clusters of cells displayed
at the bottom of each panel are CD4*, and top clusters are CD8*. Numbers are percentages of total CD4* and CD8* T cells. (C) Dynamics of IFN-y level in plasma
from AML patients treated with HMA/venetoclax (left) and IC (right). (D) % IFN-y-secreting CD56%™ NK cells during the courses of HMA /venetoclax (left) and
IC (right). (E) Change in CD564™ NK cell perforin GMFI under HMA/venetoclax treatment (left) and IC (right). Red bars represent medians. Wilcoxon signed-
rank test was used for statistical analysis. ns—p > 0.05; *—p < 0.05; **—p < 0.01.
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Figure 5. Initial course of HMA/venetoclax treatment reduces expression of checkpoint molecules PD-1 and 2B4 and enhances Treg proliferation and CTLA-4
expression. GMFI of PD-1 expression on CD4* T cell subpopulations during treatment with HMA/venetoclax (A) or IC (B). (C,D) The changes in % CD4* T cell
subpopulations expressing 2B4 when treated with HMA/venetoclax (C) or IC (D). (E) Dynamics of the proportions of Ki67* Tregs during the treatments. (F) GMFI
of CTLA-4 expression on Tregs during the treatments. Red bars represent medians. Data are from patients with >1 sample collected. Blue circles are HMA/veneto-
clax, and pink circles are chemotherapy. Wilcoxon signed-rank test was used for statistical analysis. ns—p > 0.05; *—p <0.05; **—p < 0.01. Actual p-value is specified
in cases when it is close to 0.05.
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3.8. NK Cells Become Activated and Alter Receptor Expression after Treatments

We also focused on monitoring a wide variety of NK cell biomarkers in the antibody
panel. Expression of the activation marker CD69 increased on mature CD564m NK cells
after either initial HMA/venetoclax or IC treatments (Figure 6A). Upon assessing natural
cytotoxicity receptors (NCRs; NKp30, NKp44, NKp46 [28]), we found that the percentage
of NKp44+ immature CD56right NK cells increased after the initial HMA/venetoclax treat-
ment, but not IC (Figure 6B). Expression of NKp46 was upregulated on mature NK cells
after initial HMA/venetoclax treatment and increased for both groups through the second
treatment period (Figure 6C), whereas expression of NKp30 was unchanged by either
treatment.

Mature NK cells from patients treated with HMA/venetoclax also showed enhanced
expression of the activating receptor DNAM-1 in the early recovery period (Figure 6D),
while expression of the inhibitory checkpoint receptor TIGIT, which shares the same lig-
ands as DNAM-1, was unchanged in both groups of patients (Figure 6E). Expression of
the inhibitory checkpoint receptor LAG-3 increased on these mature NK cells in both treat-
ment groups after initial therapy (Figure 6F).

We also observed significant changes to NK cell phenotype that were specifically re-
stricted to the IC-treated group. IC induced a higher expression of the inhibitory receptor
NKG2A on mature NK cells after consolidation treatment (Figure 6G). The treatment also
increased expression of the related activating receptor NKG2C after induction therapy
(Figure 6H).

KIRs are stochastically expressed on individual CD564im NK cells, and their expres-
sion is strongly modulated by DNA methylation within promoters [29]. The percentages
of CD56dm NK cells expressing particular members of the KIR family can differ between
individuals but are consistent within an individual over time [20,30]. In vitro treatment
with HMA significantly enhances KIR expression through demethylation [31]. However,
we found no statistically significant change in the percentage of CD56d™ NK cells express-
ing various KIRs in the blood of patients throughout the course of HMA/venetoclax ther-
apy (Figure 6I-K). In contrast, significant and markedly wider shifts in percentages of NK
cells expressing various KIRs on CD56¢™ NK cells were observed in the IC-treated group
across the four timepoints, presumably due to significant depletion and regeneration of
the overall NK cell population. The distribution of KIR expression through therapy course
for individual patients is also shown in Supplementary Figure S1F.
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Figure 6. Expression levels of various NK cell surface receptors before and after HMA/venetoclax and cytotoxic therapies. Blue circles are HMA/venetoclax (left
panels), pink circles are chemotherapy (right panels), and red bars represent medians. Data are from patients with >1 sample collected. (A) CD69 expression on
mature CD564™ NK cells. (B) Percent of NKp44* immature CD56P1isht NK cells. (C) NKp46 expression on mature CD564™ NK cells. (D) DNAM-1 expression on
mature CD564™ NK cells. (E) TIGIT expression on mature CD564™ NK cells. (F) LAG-3 expression on mature CD564™ NK cells. (G) NKG2A expression on mature
CD564m NK cells. (H) NKG2C expression on mature CD564™ NK cells. (I) Change in % CD56%™ NK cells expressing KIR2DL1/51/S3/S5. (J) Change in % CD564im
NK cells expressing KIR2DL2/L3. (K) Change in % CD564™ NK cells expressing KIR3DL1. Wilcoxon signed-rank test was used for statistical analysis. ns—p > 0.05;
*—p <0.05; **—p < 0.01. A p-value is specified in cases when it is close to 0.05.
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3.9. Venetoclax-Resistant Patients Exhibit a Distinct T Cell Phenotype

Venetoclax therapeutic resistance is an important clinical problem that significantly
lowers the efficacy of HMA/venetoclax treatment [32]. Evaluation of venetoclax resistance
was performed based on the results of bone marrow biopsy after the first two cycles of
treatment. Venetoclax resistance was observed in five of fifteen patients treated with
HMA /venetoclax. Therefore, we searched for immune phenotypes and functions that may
predict resistance by comparing biomarker expression in pre-treatment samples from ve-
netoclax-resistant vs. responsive patients. First, pre-treatment intracellular perforin ex-
pression was significantly higher in all CD4* T cell subpopulations of venetoclax-resistant
patients compared to those that responded (Figure 7A), suggesting an enhanced cytolytic
potential of the CD4* T cells [33] in the resistant patients. Baseline perforin expression was
also higher in the CD8* T cell subpopulations of some venetoclax-resistant patients but
only reached the threshold of statistical significance in the central memory subset (Figure
7B). Within the venetoclax-resistant patients, CD4* effector and CD8* effector memory T
cells also expressed higher levels of the exhaustion marker CD39, and the same trend was
observed for CD4* effector memory T cells (Figure 7C). When we stimulated T cells with
CytoStim, a significantly higher proportion of CD8* T cells produced IFN-y from veneto-
clax-resistant patients (Figure 7D). In stark contrast, we observed a reverse relationship
between the increased percentage of CD8* T cells capable of producing IFN-y in vitro and
the lower level of IFN-y in patient plasma (Figure 7E). These findings identify new phe-
notypical features of T cells in baseline peripheral blood of patients that subsequently ex-
hibit venetoclax-resistance, which could be potential biomarkers to identify resistant pa-
tients prior to the onset of initial therapy.
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Figure 7. Distinct characteristics of T cells from venetoclax-resistant patients. The 15 patients treated
with the combination of HMA/venetoclax were compared for different biomarker expression pro-
files. Five patients were venetoclax-resistant (VEN resistant), and ten were venetoclax-sensitive
(VEN sensitive). One venetoclax-resistant patient (#14) lacked memory T cell subpopulations, so
plots of effector memory and central memory T cells have four data points. (A) Intracellular GMFI
expression of perforin by CD4* T cells. (B) Intracellular GMFI expression of perforin by CD8* T cells.
Two patients in panels A and B were not assayed due to technical error. (C) Proportion of effector
memory and effector T cells expressing CD39. (D) % IFN-y-producing CD8" T cells after in vitro
stimulation with CytoStim. Three patients were not assayed due to low PBMC availability. (E) The
level of IFN-y in plasma from venetoclax-resistant and venetoclax-sensitive AML patients.
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MesoScale-based analysis was performed for 11 HMA/venetoclax-treated patients. Red bars repre-
sent medians. Mann-Whitney nonparametric U test was used for statistical analysis. ns—p > 0.05;
*—p <0.05; **—p < 0.01. A p-value is specified when it is close to 0.05.

4. Discussion

Two current standard-of-care treatments for AML are cytotoxic IC and HMAs, with
the latter most often administered to older patients in combination with the Bcl-2 inhibitor
venetoclax. Our primary goal was to assess the impacts of these frontline therapies on
lymphocyte phenotypes and functions to consider whether a follow-up course of immu-
notherapy could be considered. In the course of our studies, we also compared the im-
mune cell phenotypes and functions of these previously untreated AML patients with
HDs. Finally, we explored specific features of lymphocytes from venetoclax-resistant pa-
tients.

Our observations of immune status in the untreated AML patients were consistent
with increased lymphocyte exhaustion, as previously reported [13-15], including en-
hanced PD-1 immune checkpoint expression [34], decreased DNAM-1 activating receptor
expression on NK cells [35], and potent upregulation of the exhaustion and immunosup-
pressive marker CD39 on B, NK, and CD4* T lymphocytes. Our findings revealed a shift
to more mature lymphocyte differentiation in patients with decreased CD27 expression
by T cells and increased CD57 expression on NK cells. We showed a reduced capacity to
stimulate IFN-y production in vitro by NK cells, but not T cells, from AML patients. Fi-
nally, AML patients had a higher prevalence of CD57*"NKG2C* adaptive NK cells than
HDs, and many of these patients were surprisingly HCMV-seronegative. In contrast,
adaptive NK cells in the peripheral blood of otherwise healthy donors are classically as-
sociated with HCMYV infection [36,37].

HMA treatment is considered to be milder than IC and causes toxic effects only in
high doses [38,39]. However, the overall toxicity of HMA/venetoclax combination therapy
toward lymphocytes did not differ from IC in our study. Severe B lymphopenia was es-
pecially pronounced. NK cells were the only lymphocytes showing slight recovery fol-
lowing IC at the final timepoint, with notably increased expansion of immature CD56Prisht
NK cells. These results suggest subsequent immunotherapeutic approaches targeting NK
cells could be more beneficial earlier than therapies targeting T or B cells, but significant
lymphocyte loss was still evident two to three months after original induction therapy.
The shift to a greater percentage of effector memory T cells could be the result of increased
differentiation in this direction or lower sensitivity of this subpopulation to the toxic ef-
fects of HMA therapy. It should also be noted that the HMA/venetoclax-treated patients
were about 13 years older, on average, which may have impacted sensitivity to their
course of treatment.

Treatment with HMA/venetoclax also strongly inhibited in vitro IFN-y production
by CD8* T cells and increased perforin expression in mature NK cells. We stimulated T
cells with CytoStim (Miltenyi), which crosslinks the TCR, suggesting that TCR signaling
is impaired in the CD8* T cells of AML patients. Despite the suppressed IFN-y response
by CD8* T cells, IFN-y was paradoxically increased in the plasma of the same AML pa-
tients. Although the source of circulating IFN-y is unknown, it could be inducing PD-L1
expression to drive CD8* T cells into an exhausted state [40]. The increased perforin ex-
pression could be due to HMA exposure since in vitro activation of human CD8* T cells
in the presence of decitabine has been shown to upregulate perforin and granzyme B [41].

We also found decreased surface expression of immune checkpoint receptors PD-1
and 2B4 on CD4* T cells after HMA/venetoclax, but not IC, therapy. In contrast, some
studies suggested that HMAs induce PD-1 expression, which prompted several clinical
trials of combination HMA + PD-1-blocking therapies [42-45]. However, most of these
studies measured increased PDCD1 mRNA levels in cell lines or blast cells, usually in
vitro. Orskov et al. [43] showed that some, but not all, 5-azacytidine-treated patients ex-
hibited PDCD1 promoter demethylation in T cells, and only two of these patients were
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studied to show parallel modest increases in PD-1 protein expression on T cells. However,
we did observe increased CTLA-4 expression on Treg cells after treatment with HMA/ve-
netoclax, consistent with a previous report of increased CTLA-4 mRNA expression in
HMA-treated patients [44]. In addition, Ki67 was increased in immunosuppressive Tregs
after the initial HMA/venetoclax treatment, indicating their proliferation, which already
constituted a more prevalent fraction of total CD4+ T cells prior to treatment of these pa-
tients.

In searching the literature, we noted that increased expression of the B lymphocyte-
induced maturation protein 1 (Blimp-1) transcription factor could similarly regulate many
of the phenotypic changes induced by HMA/venetoclax in our AML patients. In addition,
Blimp-1 expression can be upregulated by in vitro treatment with HMAs [46,47]. For ex-
ample, Blimp-1 was reported to be overexpressed in CD62L- effector and effector memory
T cells and was required for effector T cell differentiation [48,49], and we observed an
increased percentage of effector memory T cells in treated patients. Blimp-1 also inhibits
IFN-y secretion by T cells [50] and increases their perforin and granzyme B expression
[51-53]. While there are contradicting reports on the impact of Blimp-1 on PD-1 expres-
sion, Zhu et al. have demonstrated that a high expression of Blimp-1 in CD4+* T cells is
associated with a higher frequency of blasts in AML [54,55]. Finally, Blimp-1 deficiency
impairs proliferation of Treg cells [56]. Therefore, we hypothesized that demethylation of
the Blimp-1 promoter by HMAs may contribute to the phenotypic and functional changes
we observed. To test this hypothesis, we were able to stain PBMCs from three of the AML
patients for Blimp-1 protein before and after treatment and observed strong upregulation
in B, T, and NK cells after HMA/venetoclax therapy (Supplementary Figure S1G,H). The
analysis of more patients and more mechanistic studies are required, but our preliminary
results suggest that HMA-induced demethylation of the Blimp-1 promoter may contrib-
ute to some of the immune impacts observed in treated patients.

Although NK cell expression of the CD69 activation marker was increased in re-
sponse to either therapy, only HMA/venetoclax treatment upregulated NK cell expression
of activating DNAM-1 receptor, which was reduced in untreated AML patients compared
to HDs. Moreover, HMA/venetoclax potentiated the expression of NKp44 and NKp46 ac-
tivating receptors on NK cells. In contrast, IC increased levels of inhibitory NKG2A,
thereby shifting the balance toward inhibitory signaling. Notably, we were surprised by
a stable KIR expression on NK cells in HMA/venetoclax-treated patients, despite several
reports that in vitro treatment with HMAs increases KIR expression [31].

Lastly, we found several unique T cell signatures that were enriched in pre-treatment
blood of patients that ultimately exhibited venetoclax resistance. T cells from the veneto-
clax-resistant patients exhibited a higher baseline perforin expression that was most pro-
nounced in CD4 cells, enhanced CD39 expression, and more robust production of IFN-y
when stimulated in vitro. Although the increased perforin in CD4* T cells was unexpected,
recent work has shown the importance of anti-tumor responses by cytolytic CD4* T cells
[33]. Despite the enhanced capacity to produce IFN-y, however, venetoclax-resistant pa-
tients had lower concentrations of IFN-y in plasma at the time of initial diagnosis.

5. Conclusions

Our data shed light on the immune status of AML patients, provide new insights on
the effects of HMA/venetoclax and IC therapies on their lymphocytes, and identify pre-
treatment immune biomarkers that may predict venetoclax-resistant patients. Key find-
ings include: (1) Untreated AML patients had numerous signs of lymphocyte exhaustion,
particularly in CD4* T and NK cells, as well as a greater incidence of adaptive NK cells
that was independent of HCMV serum titer. (2) Both HMA/venetoclax and IC therapies
dramatically reduced lymphocytes for up to three months, with only NK cells showing
modest signs of recovery in the final blood samples. (3) HMA/venetoclax was more im-
pactful than IC on lymphocyte phenotype and function, including reducing IFN-y pro-
duction upon stimulation of CD8* T cells, increasing expression of perforin, CD69, and
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several receptors in NK cells, decreasing PD-1 and 2B4 expression on CD4* T cells, and
increasing proliferation of and CTLA-4 expression by Tregs. (4) Finally, AML patients
with higher pre-treatment levels of perforin in T cells, higher in vitro IFN-y response by
CD8* T cells, and lower plasma levels of IFN-y went on to exhibit venetoclax resistance.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/cancers14143352/s1, Figure S1: Additional characteristics of AML
patients; Figure 52: General scheme of the gating strategy used in the study; Figure S3: Representa-
tive staining of various biomarkers; Figure S4: Representative staining of various biomarkers on NK
cells; Figure S5: Representative staining of adaptive NK cells; Table S1: Patient characteristics; Table
52: Antibody panel.
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