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ACUTE MYELOID LEUKEMIA

Leukemia

W) Check for updates

AML/T cell interactomics uncover correlates of patient
outcomes and the key role of ICAM1 in T cell killing of AML
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T cells are important for the control of acute myeloid leukemia (AML), a common and often deadly malignancy. We observed that
some AML patient samples are resistant to killing by human-engineered cytotoxic CD4™" T cells. Single-cell RNA-seq of primary AML
samples and CD4™ T cells before and after their interaction uncovered transcriptional programs that correlate with AML sensitivity
or resistance to CD4" T cell killing. Resistance-associated AML programs were enriched in AML patients with poor survival, and
killing-resistant AML cells did not engage T cells in vitro. Killing-sensitive AML potently activated T cells before being killed, and
upregulated ICAM1, a key component of the immune synapse with T cells. Without ICAM1, killing-sensitive AML became resistant to
killing by primary ex vivo-isolated CD8" T cells in vitro, and engineered CD4™ T cells in vitro and in vivo. While AML heterogeneity
implies that multiple factors may determine their sensitivity to T cell killing, these data show that ICAM1 acts as an immune trigger,
allowing T cell killing, and could play a role in AML patient survival in vivo.
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INTRODUCTION

Acute myeloid leukemia (AML) affects ~20,000 new patients
annually in the US. Many patients relapse after standard-of-care
therapy [1], resulting in poor survival. Adult and pediatric AML
patients have only ~30% and ~70% 5-year overall survival (OS),
respectively [2, 3]. T cells play an important role in anti-tumor
immunity and the long-term survival of AML patients. Elevated
frequency of T cells in AML patient bone marrow correlates with
increased survival [4]. Peripheral T cells in AML patients can exhibit
dysregulated gene expression profiles, showing signs of activation
but defects in immune synapse formation [5], which is required for
tumor cell killing. Cytotoxic CD8" T cells are considered critical for
tumor control [6], but AML can cause CD8" T cell dysfunction
[7, 8]. T cell exhaustion and reduced CD4" T helper (Th) cell
activity have also been observed in AML [9].

While CD8" T cells recognize AML antigens via HLA class |
proteins, relapse in up to 40% of AML patients is driven by the loss
of HLA class Il [10, 11], which present antigens to CD4" T cells.
Antigen-activated CD4™ T cells secrete IL-2, IFN-y, and TNF-a that
activate CD8" T cells, helping them kill tumor cells [12]. IFN-y
secreted by CD4" T cells can restore HLA class Il expression on
AML [10, 11]. Finally, CD4" T cells can also become cytotoxic and

kill tumor cells directly [12], demonstrating their important role in
the immune response to AML. Yet, the interaction between AML
and CD4" T cells, and its effect on AML patient survival, remains
poorly understood.

Since primary human cytotoxic CD4™ T cells are rare, we opted
to study AML-CD4" T cell interaction using engineered cytotoxic
CD4™ T cells, CD4"'°, generated by lentiviral overexpression of
IL10 gene in human CD4" T cells [13-16]. Constitutive expression
of IL10 in CD4" T cells counteracts exhaustion [17] and induces
cytotoxic phenotype and functions [18]. CD4"'° cells kill AML cell
lines and primary AML samples in vitro [13-15, 19], and inhibit
leukemia progression in vivo [14].

While most primary adult [14] and pediatric AML cells are killed
by CD4"'° cells, some are resistant to killing [15]. We previously
showed that CD200 on resistant AML impairs the cytotoxicity of
CDA4"'° cells [15], while others described the same effect on CD8"
T cells [20] and NK cells [21]. However, the partial inhibitory effect
of CD200 was insufficient to explain AML resistance to T cell
killing. To better understand AML-T cell interactions leading to
AML killing, here we analyze killing-sensitive and -resistant
primary AML samples before/after co-culture with CD4"'® cells
using single-cell RNA-sequencing (scRNA-seq). We show that
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resistance-related programs are found in less differentiated, stem
cell-like AML, and in patients with worse survival. We also reveal
that killing-sensitive, but not killing-resistant AML, successfully
activate CD4""? cells in a process that involves ICAM1, which is
required for the immune synapse formation with T cells. Finally,
we demonstrate that ICAM1 expression is necessary for AML
killing by both CD4"'° cells and primary, ex vivo-isolated CD8*
T cells.

METHODS

Primary human cells and cell lines

De-identified pediatric AML bone marrow aspirates were obtained from
the Children’s Oncology Group (COG; CA, USA; protocol #AAML-18B2-Q,
Table S1). Each sample contained >=80% blasts (Table S1). Primary adult
AML samples were provided by Dr. Ravindra Majeti (Stanford University
Medical Center Institutional Review Board protocol # 6453). Primary human
CD4" and CD8" T cells were isolated from de-identified healthy donor
peripheral blood mononuclear cells (PBMC; Stanford Blood Center, CA,
USA) via magnetic beads (Miltenyi Biotec, Germany). CD4"'® cells were
generated from healthy donor CD4" cells and functionally tested as
described [15, 16]. U937 (CRL-1593.2, ATCC, VA, USA), K562 (CCL-243, ATCC,
VA, USA), and primary AML cells were cultured as before [15]. Cell lines
were routinely tested for mycoplasma contamination.

KiIIing and degranulation assays

CD4""° cells were co-cultured with target cells at a 1:1 effector to target
(E:T) ratio for 3 days (killing) or 6 h (degranulation) as described [15], unless
otherwise specified. Killing was calculated as % elimination efficiency (EE):
[1-(AML cell number cultured with T cells) / (AML cell number cultured
alone)] x 100 [15]. When indicated, LFA-1 inhibitors (BIRT377, BMS688571,
A286982 from Tocris Bioscience, UK; BMS587101 from MedChemExpress,
NJ, USA) were added at 0.1, 1, and 10 uM, and EE was measured 24 h after
co-culture. Killing assays with primary CD8" T cells are described
in Supplementary Methods.

Flow cytometry

Data was acquired on BD LSR Fortessa and BD FACS Aria Il (BD, NJ, USA),
and analyzed using FlowJo 10.8 (BD, NJ, USA). Antibodies are listed in
Table S2.

CRISPR/Cas9-mediated genome editing
CRISPR/Cas9 knock-outs were performed as before [22] with minor
optimizations (see Supplementary Methods).

scRNA-seq

Four cryopreserved primary AML samples with pre-determined suscept-
ibility to CD4'"“'° killing were thawed and rested for 2 h at 37 °C, then FACS-
sorted for live cells and aliquoted for scRNA-seq analysis on day 0. Fresh
resting CD4""° cells were also sorted for live cells and aliquoted for scRNA-
seq analysis on day 0. Remaining AML and CD4"'° cells were co-cultured
for 24 h at a 1:1 ratio, then stained with anti-NGFR and anti-CD33 mAb to
purify live CD4""° cells and AML cells, respectively, via FACS (CD4""° cells
overexpress truncated NGFR as a marker gene [14]). After sorting, cells
were re-adjusted to a 1:1 ratio to allow equal representation of AML and
CD4""° cells and analyzed by scRNA-seq (24h timepoint). This was
repeated twice, each AML sample was co-cultured with T cells from two
different donors. scRNA-seq was completed at Stanford Functional
Genomics Facility (SFGF) using the Chromium Single Cell Gene Expression
kit (10X Genomics, CA, USA) and Illlumina Novaseq (lllumina Inc, CA, USA)
sequencer following the manufacturer’s protocols.

Single-cell analysis

Raw counts output by CellRanger [23] were loaded into Seurat v4.0.5 [24]
according to the accompanying vignette; details and modifications from
default settings are listed in Supplementary Methods.

In vivo experiments
Described in Supplementary Methods.
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Statistical analysis

Performed in R 4.0.2 for scRNA-seq, and in GraphPad Prism 9.5.1 for other
experiments. Statistical tests used (a at 0.05) are indicated in Figure
legends. There was no assumption of normal distribution unless otherwise
specified. For the estimation of variation, the median and interquartile
range are shown.

RESULTS

Single-cell interaction analysis of primary AML and

CD4""° cells

To identify CD4"™'° killing-sensitive and -resistant primary AML
samples for scRNA-seq analysis, we performed killing assays
(“Methods” section) and determined that AML samples PARCEV
and PARCHW were sensitive (% Elimination Efficiency, EE, >50%),
while AML samples PATISD and PAPZCL were resistant to CD4"-'°
killing (% EE < 25%) (Figs. 1A and S1; Table S1) [15]. CD4""° cells
expressed the expected phenotype [15, 16], including CD2, CD18,
CD226, and other surface proteins (Fig. S2).

To understand how sensitive and resistant AML cells as well as
CD4""° cells change after their interaction, we performed scRNA-
seq before (0h) and 24 h after (24 h) AML-CD4"'° cell co-culture
(Fig. S3A). AML and CD4"'° cells were sorted for live cells
immediately before single-cell capture to ensure high sample
quality (“Methods” section). Unlike in the 3-day killing assay
(Fig. S1), 24-h co-culture did not result in complete elimination of
sensitive AML cells by CD4"'° cells (Fig. S3B).

Following pre-processing, 72,095 single cells were considered
for downstream analysis. Of those, 47,521 cells were AML and
24,574 were CD4""° cells (Supplementary Methods; Table S3). AML
cells showed heterogeneity between patients, but not between
replicates (Fig. 1B), showing that sample processing introduced
minimal variability. CD4""° cells displayed less heterogeneity than
AML (Fig. 1B). Transcriptome of both AML and CD4“-"° cells
separated by timepoint, suggesting that in vitro incubation
induced transcriptional changes (Fig. 1B).

AML samples contain cells expressing four different
transcriptional programs

To resolve the heterogeneity of AML samples while mitigating
patient- and in vitro-induced differences, we employed a two-
tiered approach. We first clustered AML single cells within each
patient at each timepoint (Supplementary Methods; Fig. S4A), then
calculated the average transcriptome per cluster. The averages
were then clustered, revealing five AML cell transcriptional
programs shared across all patients and timepoints (Fig. S4B, C).
One of the programs was low quality (<200 overexpressed markers
and >20% of mitochondrial reads; Fig. S4D) and was removed from
the analysis.

The remaining four programs revealed AML transcriptional
heterogeneity (Figs. 1C, D, and S4E; Table S3). Program P1 was
enriched mostly in cells from killing-sensitive AML samples at 0 h.
Programs P2 and P3 were enriched in all samples and conditions,
while program P4 was found in cells mostly after 24 h of co-culture
(Fig. 1D). Top 5 genes encoding surface proteins per program are
depicted in Fig. 1E (complete list in Table S3). Cells enriched in
program P1 overexpressed genes associated with mature mono-
cytes or myeloid cells, such as S7100A8, S100A9, CD68, CD14,
integrin- and adhesion protein-encoding genes ITGAX and ITGB2,
ICAM1 (CD54), and cytokine or cytokine receptor-encoding genes
such as ILT0RA, TNFRSF1B, and IFNGR1. We did not find notable
immune-related genes in program P2. Cells enriched in program
P3 overexpressed CD34, which is found in hematopoietic stem
cells (HSC) and leukemic stem cells (LSC) [25]. AML cells enriched
in program P4 overexpressed genes encoding HLA class Il and
CD200, a glycoprotein found on AML and LSC [26] that mediates
AML resistance to CD4"'° killing [15] (Fig. 1E, Table S3).
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Fig. 1 Longitudinal single-cell analysis of primary AML cell/CD4""° cell interactions identifies AML transcriptional programs. A Each

aliquot of primary AML cells was co-cultured with CD4""° cells (n = 2) for 3 days in a 1:1 ratio, then enumerated using flow cytometry, and
killing expressed as % elimination efficiency (“Methods” section). The X-axis indicates AML sample ID and their sensitivity (S) or resistance
(R) to CD4"° cell killing. CD4'"'° killing-sensitive, monocytic myeloid leukemia cell line U937 was used as a positive control, while CD4""°
killing-resistant, erythroleukemic K562 cell line was used as a negative control in each experiment. B UMAP representation of scRNA-seq
data, showing AML (upper panel) and CD4"'° single cells (lower panel). C Workflow depicting the derivation of AML programs
(“Supplementary Methods” section). D Heatmap of the four AML transcriptional programs identified. Rows represent genes, columns
average expression of genes in sample-specific clusters, and colors indicate the relative expression of genes. E Top 5 genes encoding
surface molecules, ranked by log,-fold change, which are differentially expressed in each AML program (“Supplementary Methods”
section). Bubble size = the proportion of cells expressing the gene; bubble color =log,-fold change. F Relative differentiation of single
cells assigned to each AML program, across timepoints, using CytoTRACE. G Percentage of AML single cells assigned to each program at
0 and 24 h timepoints.
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Because AML programs contained genes associated with
hematopoietic cell maturation, we assessed the relative differ-
entiation stage of AML cells in programs P1-P4 using CytoTRACE
[27]. AML cells in program P1 had the highest, whereas AML cells
in programs P2-P4 had lower estimated differentiation (Fig. 1F).
Cells that survived 24 h culture, irrespective of the program,
displayed a less differentiated signature (p < 10~ ¢, Wilcoxon test;
Fig. 1F). For two samples with reported French-American-British
(FAB) AML classification [28] (Table S1), which is based on
morphology and differentiation stage, CytoTRACE differentiation
staging was in accordance with the FAB; sensitive PARCEV sample
was classified as myelomonocytic AML (FAB M4), while resistant
PAPZCL was classified as undifferentiated AML (FAB MO).

Next, we examined the representation of AML programs across
time. Program P1 was initially present in sensitive AML but
disappeared after 24h (Fig. 1G). Representation of AML cells
expressing program P2 was low, and decreased in some, but not
all samples after co-culture. The majority of AML cells expressed
program P3, which was stable over time, while the representation
of AML cells expressing program P4 increased after co-culture
(Fig. 1G). Thus, program P1 is associated with sensitivity, while
programs P3 and P4 are associated with resistance to CD4'-'° cell-
mediated killing.

AML transcriptional programs correlate with AML sensitivity
and patient survival

Next, we correlated the abundance of each AML transcriptional
program in bulk RNA-seq samples from our previously published
AML cohort (n = 14) [15], which had known sensitivity to CD4"'°
killing. In line with scRNA-seq results, the abundance of program
P1 positively correlated with killing, while the abundance of
programs P3 and P4 showed a significant negative correlation
with killing (Fig. 2A).

As tumor biology studies often utilize model cell lines, we
analyzed the enrichment of AML programs P1-P4 in commercially
available leukemia and lymphoma cell lines from the Cancer Cell
Line Encyclopedia (CCLE) RNA-seq dataset [29] (Fig. S5A-C,
Table S4). The cell lines enriched in program P1 included
monocytic THP-1 and U937, which we use as killing-sensitive
controls in CD4""° killing assays [13-15] (Fig. S5B, C). Other cell
lines, such as the killing-resistant K562 with undifferentiated/
erythroleukemic phenotype (negative control for CD4"'° killing),
exhibited low P1 but high P3 and/or P4 scores (Fig. S5B, C). Thus,
the relative AML program abundance in RNA-seq data of tumor
cell lines can indicate their sensitivity to CD4"'° cell killing.

We also evaluated the association of AML transcriptional
programs with the FAB classification [28], the WHO classification
[30], and risk groups in a large cohort of pediatric AML samples
from the National Cancer Institute (NCI) TARGET RNA-seq dataset
(Figs. 2B and S5D). Program P1, associated with sensitivity to
killing, was significantly (g < 0.05) depleted from FAB subtypes M1
and M2 (acute myeloblastic leukemia with minimal maturation or
with maturation, respectively), and significantly enriched in AML
subtypes M4 (acute myelomonocytic leukemia) and M5 (acute
monocytic leukemia) (Fig. 2B). P1 was also significantly enriched in
WHO subtype AML with KMT2A rearrangement (g < 0.05), acute
monocytic leukemia, and AML with CBFB::MYH11 fusion (Fig. 2B).
P1 program was not associated with risk groups, but it was
significantly depleted from samples with RUNX1:RUNX1T1 fusion
(Fig. 2B), which is associated with worse prognosis in pediatric
AML compared to patients without this mutation [31].

Program P2 (with undefined association to killing, Fig. 2A) was
significantly enriched in FAB subtypes M5 (g < 0.05) and M6 (acute
erythroid leukemia) and WHO subtypes AML with KMT2A, and
NUP98 rearrangement, which has a poor prognosis [32]. Program
P2 was significantly depleted from AML with CBFB:MYH11 fusion
(g <0.05), which is mainly associated with good survival [33];
significantly depleted from low-risk AML, and significantly
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enriched in AML with standard risk (Fig. 2B). Program P3,
associated with resistance to killing, was enriched in AML without
maturation, significantly (g < 0.05) enriched in high-risk AML, while
significantly depleted from low-risk AML. Program P4, also
associated with resistance to killing, was enriched in AML subtype
MO (undifferentiated acute myeloblastic leukemia) and M7 (acute
megakaryoblastic leukemia; Fig. 2B). Altogether, AML sensitivity-
associated program P1 was expressed in mature myeloid-like cells
with mutations linked to better survival, while AML program P2
and resistance-associated programs P3 and P4 were expressed in
less differentiated cells, and linked to higher risk AML.

Finally, we examined the association of AML programs with
patient survival using the same TARGET RNA-seq dataset [15]
(n=187). Patients with enrichment of sensitivity-associated
program P1 in their samples showed a non-significant trend
towards better survival (Fig. 2C). In contrast, AML patients with
enrichment of resistance-associated programs P3 and P4 had
significantly reduced overall survival (OS) and relapse-free survival
(RFS), respectively (Fig. 2C). These enrichments were also
consistent when considering the abundance of programs as
continuous variables in univariate Cox models, where program P2
was also found in patients with worse outcomes (Fig. 2D). After
adjusting the analysis to account for the high-risk patients, we still
observed the significant association of programs P2 and P4 with
worse survival (Fig. S5E).

Altogether, AML programs identified by studying the AML/T cell
interaction reinforce the importance of T cell response in AML
elimination, and suggest that the enrichment of T cell killing-
resistance programs in patient AML cells could indicate a risk of
poor outcome.

Only killing-sensitive AML cells activate CD4"™"° cells

We next analyzed the transcriptional changes in CD4"'° cells
after interaction with sensitive or resistant AML cells (Fig. 3A).
The transcriptome of CD4"'° cells co-cultured with sensitive
AML was markedly more perturbed than those with resistant
AML (1,646 vs. 343 differentially expressed genes). This suggests
that CD4"'° cells make more (or higher affinity) interactions with
sensitive AML compared to the resistant ones. CD4"-'° cells co-
cultured with sensitive AML upregulated T cell activation-
induced genes IL2RA (CD25) and TNFRSF4 (OX40), inflammatory
cytokines CSF1 (M-CSF), CSF2 (GM-CSF), IFNG, and LTA (lympho-
toxin A), metabolism-related genes FABP5 and PKM, and T cell
activation-induced co-inhibitory molecules HAVCR2 (TIM3) and
CTLA4, among others (Fig. 3A; full list in Table S5). Gene-set
enrichment analysis (GSEA) [34] revealed that CD4"'° cells co-
cultured with sensitive AML cells have a transcriptional signature
of activated memory CD4" T cells, while those co-cultured with
resistant AML have a signature of resting memory CD4" T cells
(Figs. 3B and S6A). These data suggest that sensitive AML cells
can engage and activate T cells, which facilitates their killing,
whereas the resistant AML cells do not activate T cells and
survive the interaction.

To identify potential receptor-ligand interactions between AML
and CD4"'° cells, we leveraged the CellChat database of receptor-
ligand pairs [35] (Supplementary Methods), analyzing the genes
upregulated in both AML and CD4""° cells after their interaction.
For AML sensitivity-associated program P1, some of the top
interacting pairs included AML genes IFNGR1 and TNFRSF1B, which
encode receptors for IFN-y, TNF-a and LTA, and CD4“" cell
cytokine genes IFNG, TNF and LTA. AML cells also upregulated
integrins ITGB2 (encoding CD18), ITGAL (CD11a), ITGAM (CD11b),
and ITGAX (CD11c), which can bind to ICAMT1 (encoding ICAM1,
also known as CD54) and ICAM2 (CD102) upregulated on D410
cells (Fig. 3C).

AML cells enriched in resistance-associated programs P3 and P4
displayed a less abundant interaction profile with CD4'"'° cells. For
AML program P3, the top interacting pair was between LGALS9
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Fig. 2 AML transcriptional programs that correlate with resistance to T cell killing also correlate with poor patient survival. A The
association of AML program abundance with sensitivity to CD4'"-'° killing across AML samples with known elimination efficiencies (n = 14) that
were analyzed by bulk RNA-seq’ (Supplementary Methods). B Heatmap of the log,o g-values of the enrichment of AML programs in AML
samples from the TARGET cohort (Supplementary Methods) with known French-American British (FAB) subtypes (top left), risk groups (bottom
left), and WHO subtypes (right). Enrichment was calculated by performing Wilcoxon tests between the program abundance of samples from
each subtype and the rest of the categories. * —-q < 0.05, - -q < 0.1. C Kaplan-Meier plots of the association of samples from the TARGET cohort
grouped by the dominant AML program with overall survival (top row) and relapse-free survival (bottom row). p - log-rank p-value, HR -
hazard ratio. Numbers in square brackets indicate the 95% confidence interval of the hazard ratio, and the numbers in round brackets indicate
the number of events. D The -log;o p-values of the association of AML program abundance with overall survival (left) and relapse-free survival
(right), calculated using univariate Cox models.
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Fig. 3 Killing-sensitive AML cells activate CD4"'° cells. A Heatmap of the genes significantly changing in CD4"“'° cells after co-culture with

sensitive or resistant AML cells (Supplementary Methods). Rows — genes, columns — CD4"' samples, colors — gene expression. B Gene-set
enrichment of the top 50 genes uniquely overexpressed in CD4"-'° after co-culture with sensitive AML cells (left) and with resistant AML cells
(right) (“Supplementary Methods”). C. Bubble plots representing the potential cell-cell interactions between AML cells expressing sensitivity-
related program P1 and CD4"'° cells co-cultured with sensitive AML (Supplementary Methods). Bubble sizes are proportional to the average
fraction of single cells in each population expressing the genes encoding the first and second interaction partners. Colors indicate the average
log, fold change of genes encoding the interaction partners in the AML program P1 relative to other AML cells and in the CD4'-'° cells after

culture with sensitive AML. The plus sign separates subunits of multi-subunit receptor complexes.

(galectin-9) on AML cells and CD44 on CD4"'° cells (Fig. S6B). For
AML program P4, the top interacting pair was between ICAM1,
here expressed on AML cells and ITGAL (CD11a) on CD4""° cells
(Fig. S6C). Notably, while ICAM1 expression increased in P4-
expressing AML cells after co-culture with CD4"'° cells, the overall
abundance of ICAM1 in resistant AML samples was very low
compared to sensitive AML samples (Fig. S6D).

Altogether, sensitive AML successfully activates T cells, likely by
making more cell-cell interactions, and are subsequently killed by
them; whereas resistant AML fail to activate T cells and escape T
cell killing.

ICAM1/LFA-1 interaction is required for AML killing by CD4"°
and CD8" T cells

Next, we knocked-out several highly expressed P1 genes identified
by the interaction analysis from the killing-sensitive AML cell line
U937 and quantified the knock-out effect on U937 sensitivity to
CD4""° cell killing (“Methods” section). Knockout of TNF-a receptor
(encoded by TNFRSF1B), IFN-y receptor (IFNGR1), or CD18 integrin
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(ITGB2) in U937 cells did not alter their sensitivity to killing
(Figs. 4A and S7A).

CD18 and CD11a are subunits of LFA-1 (lymphocyte function-
associated antigen 1). LFA-1 on T cells binds to ICAM1 on target
cells, enabling immune synapse formation and T cell-mediated
killing [36]. CD4"'° cells constitutively express high levels of CD18
[14] (ITGB2; Fig. S2) and CD11a [16] (ITGAL, Fig. S6E, F), which were
not further upregulated in CD4"'° cells interacting with killing-
sensitive AML cells, and thus not identified by interaction analysis
(Fig. 3C). However, ICAM1 is one of the top overexpressed genes in
sensitivity-associated program P1 (Table S3). Therefore, we also
knocked out ICAM1 on U937 cells (U937-ICAM1-KO). ICAM1 knock-
out significantly decreased U937 sensitivity to CD4"'® killing
(Figs. 4A and S7A). Thus, ICAM1 expression on AML is necessary for
AML killing by CD4"'° cells.

To test whether ICAM1/LFA-1 interaction governs AML killing by
primary CD8" T cells, which mediate anti-AML immunity in vivo
[36, 37], we co-cultured human CD8™ T cells with K562 cells, wild-type
U937 cells, or U937-ICAM1-KO cells. Like CD4"'° cells, CD8" T cells did
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not degranulate and kill resistant K562 cells (“Supplementary Meth-
ods” section, Fig. S7C). To bypass the endogenous TCRs on primary
human CD8" T cells, we treated U937 cells, which express Fc
receptors, with soluble anti-CD3 antibody. These treated U937 cells
provide a non-specific TCR stimulus together with their own co-
stimulatory signals to primary CD8™ T cells. CD8" T cells degranulated
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and killed almost all wild-type U937 cells, whereas degranulation and
killing of U937-ICAMI-KO cells by primary CD8" T cells was
significantly impaired (Fig. 4B, C). Thus, ICAM1 expression on AML
is necessary for AML killing by primary CD8" T cells.

To understand whether the ICAM1 receptor on T cells, LFA-1, is
equally important as ICAM1 for AML sensitivity to killing, we
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Fig. 4 ICAM1/LFA-1 interaction is essential for AML killing by CD4""° and ex vivo-isolated CD8" T cells. A Elimination efficiency of U937
cell line after CRISPR/Cas9-mediated knock-out (KO) of selected genes by CD4'' cells; each dot represents a CD4'"'° donor (n = 3). WT = wild
type; U937 WT: positive control, K562 WT: negative control. Representative FACS plots from one donor against U937-/TGB2-KO and U937-
ICAM1-KO are shown on the right; numbers indicate the percentage in the AML gate. B Degranulation of CD8" T cells, expressed as %
CD8"CD107a" cells within live singlet CD3" T cells, against U937 WT and U937-ICAM1-KO cells; each circle represents a CD8" T cell donor
(n = 7). Representative FACS plots from one donor are shown on the right; numbers indicate percent degranulating CD8™" T cells. C Elimination
efficiency of U937 WT and U937-ICAM1-KO cells by CD8* T cells (n = 10). Wilcoxon test, p < 0.05. Representative FACS plots from one donor are
shown on the right; numbers indicate the percentage in the AML gate. D Elimination efficiency of U937 cell line 24 h after treatment with LFA-
1 inhibitors at indicated concentrations; each line represents a CD4'-'® donor (n = 3); circles are color-coded by the inhibitor as indicated.
Dunn’s post hoc test results are shown, following Friedman ANOVA (p < 0.0001). E CD8™ T cells were co-cultured for 24 h with indicated target
cells; activation was measured as a percent of CD69CD25 "~ cells within the live CD8" T cell gate. F Elimination efficiency of indicated target
cell lines and primary AML cells by CD8™ T cells after 3 days of co-culture in the absence or presence of LFA-1 inhibitor BMS587101 (10 pM).
G Spearman correlation of percent activation of CD8" T cells and the elimination efficiency of target cells. H Timeline of mice injections; n = 10
mice per group. | Graphs showing total flux (log normalized) obtained from imaging data on days 8 and 12. 1-way ANOVA with Bonferroni

multiple comparison test; p = n.s. at day 8, p =0.0075 at day 12.

added small molecule inhibitors of LFA-1 or ICAM1/LFA-1
interaction to the AML/CD4""° cell co-culture. All four inhibitors
significantly increased the resistance of wild-type U937 cells to
CD4"'° killing in a dose-dependent manner (Fig. 4D), further
confirming the role of ICAM1/LFA-1 interaction for effective AML
killing by T cells.

Furthermore, we showed that only the killing-sensitive, wild-
type U937, but not resistant U937-ICAM1-KO cells, potently induce
primary CD8" T cell activation, measured by frequency of
CD697CD25"~ CD8% T cells after 24h co-culture (Figs. 4E
and S7D). We also co-cultured CD8" T cells with primary adult
(SU540, SU555) and pediatric (PAPVET, PATLIG) AML samples,
which we previously categorized as sensitive to CD4"™'° killing. Out
of these AML samples, two induced strong CD8" T cell activation
(Figs. 4E and S7D), and three were killed by CD8" T cells (Fig. 4F).
Sample PATLIG expressed low CD64 and ICAM1, either of which
could explain its resistance to killing, as low CD64 expression is
likely insufficient to cross-link the anti-CD3 antibody (Fig. S8A, B).
When ICAM1 was expressed on AML, LFA-1 inhibitor significantly
impaired primary CD8" T cell killing of primary AML (Figs. 4F, S7D,
and S8A, B). Accordingly, we also observed a positive correlation
between the degree of CD8" T cell activation at 24 h and AML
killing (Fig. 4G).

Finally, we injected U937-WT-Luciferase (Luc)" or U937-ICAM1-
KO-Luc™ cells into NSG mice. Five days later, we administered
CD4'"'° cells into half of the U937-treated mice, and imaged them
to follow tumor progression (Figs. 4H, | and S9). On days 8 and 12,
we observed a reduction in tumor burden in CD4"“'°-treated
U937-WT, but not in the ICAM1-KO group; the reduction on day 12
was statistically significant (Fig. 4l). Thus, ICAM1 expression on
killing-sensitive AML cells contributes to AML clearance by CD4"-'°
cells in vivo. Altogether, these data suggest that ICAM1/LFA-1
interaction is important in AML elimination by cytotoxic CD4* and
CD8™ T cells, which could influence AML control in vivo.

DISCUSSION
In this study, we leveraged longitudinal single-cell transcriptomics
to understand the determinants of AML sensitivity or resistance to
T cell killing. We found that transcriptional programs P3 and P4,
enriched in AML cells resistant to CD4"™'° cell killing, were
significantly associated with poor patient survival. Providing this
association is validated in independent cohorts, genes in
programs P3 and P4 could be derived into useful biomarkers to
identify high-risk patients suitable for a more aggressive
therapeutic approach. Genetic aberrations with well-defined risks
are not present in all patients [38], leaving many AML patients
without prognostic biomarkers [39, 40].

CD4"M cells recognize and kill most primary AML cells in vitro
independent of antigen recognition via TCR [13-15], and inhibit
leukemia in vivo [14]. These properties make them useful to study
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T cell-AML interaction, bypassing the requirement to isolate rare
AML antigen-specific T cells from AML patients [41]. CD200-
mediated AML resistance to T cell killing was observed both on
CD4"M"° cells and primary human CD8" T cells, and we show
herein that ICAM1 expression on AML has a comparable effect on
CD4"M"° cell and primary, ex vivo-isolated human CD8" T cell
function. Thus, CD4"'° cells are a relevant model to study AML-T
cell interaction.

Moreover, CD4"'° cells can be developed as an immunother-
apy for patients with killing-sensitive AML. Post allo-HSCT
(allogeneic hematopoietic stem cell transplantation), CD4'°
cells would inhibit graft vs host disease (GvHD) via secretion of
IL-10, while boosting graft vs leukemia (GvL). Also, CD4"'° cells
could be a less toxic alternative to 2nd round of consolidation
chemotherapy in high-risk patients pre-HSCT. Currently, there is
an effort to develop therapeutic strategies for leukemias that
increase overall T cell function but do not solely depend on
a single antigen recognition [42]. CD4""® cells meet these
requirements thanks to their antigen-independent Kkilling.
Importantly, top-upregulated genes in CD4™'° cells co-cultured
with sensitive AML included IFN-y, which counteracts the loss of
HLA class Il expression observed in AML relapse [10, 11]. Besides
IFN-y, CD4"™'° cells co-cultured with sensitive AML produced pro-
inflammatory TNF-a and LTA. These data illustrate that, despite
constitutive expression of IL10, CD4"'® cells predominantly
activate their effector rather than immune regulatory functions
when interacting with AML.

We also show herein that a key interaction that defined AML
sensitivity to killing by CD4"' cells and primary human CD8™ T cells
is mediated by ICAM1, which facilitates immune synapse formation
with T cells. These data add a mechanistic basis to existing studies
showing that functional T cell responses are important for AML
patient survival [4, 5]. AML cells in patients refractory to HSCT
downregulate the HLA Il genes [10, 11], and deregulate co-
stimulatory molecules [11], both of which are critical to activate
CD4™ T cells that help CD8" T cells. In AML patients that relapse
after HSCT, memory T cells appear exhausted [43]. AML patients that
do not respond to chemotherapy have senescent T cells [7], which
diminishes their capacity to kill autologous AML cells [8]. CD8"
T cells from AML patients did not make functional immune
synapses, thus failing to kill AML [5].

Our study also has some limitations. The size of our longitudinal
scRNA-seq sample set is limited and analysis of additional AML
samples may reveal other mechanisms of AML sensitivity. Never-
theless, our scRNA-seq includes over 40,000 single AML cells and
longitudinal analysis that led to novel results, increasing our
understanding of AML/T cell interactions and identifying potential
therapeutic approaches. Another limitation is the sample size of
the public dataset used in the outcome analysis, which did not
permit detailed patient stratification according to treatment
regimens and other clinical data.
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In summary, we reveal that AML cells express transcriptional
programs associated with sensitivity or resistance to T cell killing.
Sensitivity-associated programs are found in mature myeloid-like
AML, while resistance-associated programs are found in stem cell-
like AML and linked to poor survival. Moreover, we show that killing-
sensitive, but not resistant AML cells, activate CD4"'® cells and
primary CD8" T cells. Disruption of only one interaction, between
ICAM1 on sensitive AML cells and LFA-1 on T cells, is sufficient to
increase AML resistance to killing both in vitro and in vivo by CD4"-"°
cells, and in vitro by primary CD8" T cells. ICAM1 thus acts as an
immune trigger, with an opposing function to immune checkpoint
proteins, and it is possible that a therapeutic enhancement of
ICAM1/LFA-1 interaction between AML and T cells could enable T
cell activation and tumor control. Overall, this study highlights the
importance of AML-T cell interactions in AML immune escape,
suggesting that the ability of AML tumor cells to productively
engage T cells is important for AML patient survival.

DATA AVAILABILITY

scRNA-seq data have been deposited in the Genome Expression Omnibus, accession
number GSE254282.
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