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ype 1 regulatory (Tr1) T cells induced by enforced expression of
interleukin-10 (LV-10) are being developed as a novel treatment for
chemotherapy-resistant myeloid leukemias. In vivo, LV-10 cells do
not cause graft-versus-host disease while mediating graft-versus-leukemia
effect against adult acute myeloid leukemia (AML). Since pediatric AML
(pAML) and adult AML are different on a genetic and epigenetic level,
we investigate herein whether LV-10 cells also efficiently kill pAML cells.
We show that the majority of primary pAML are killed by LV-10 cells,
with different levels of sensitivity to killing. Transcriptionally, pAML
sensitive to LV-10 killing expressed a myeloid maturation signature.
Overlaying the signatures of sensitive and resistant pAML onto the public NCI TARGET pAML dataset revealed that sensitive pAML clustered
with M5 monocytic pAML and pAML with MLL rearrangement.
Resistant pAML clustered with myelomonocytic leukemias and those
bearing the core binding factor translocations inv(16) or t(8;21)(RUNX1RUNX1T1). Furthermore, resistant pAML upregulated the membrane
glycoprotein CD200, which binds to the inhibitory receptor CD200R1
on LV-10 cells. In order to examine if CD200 expression on target cells
can impair LV-10 cell function, we overexpressed CD200 in myeloid
leukemia cell lines ordinarily sensitive to LV-10 killing. Indeed, LV-10
cells degranulated less and killed fewer CD200-overexpressing cells compared to controls, indicating that pAML can utilize CD200 expression for
immune evasion. Altogether, the majority of pAML are killed by LV-10
cells in vitro, supporting further LV-10 cell development as an innovative
cell therapy for pAML.

Introduction
Pediatric acute myeloid leukemia (pAML) affects over 700 children in the US every
year. While pAML comprises only 25% of all pediatric acute leukemias, it accounts
for almost half of pediatric leukemia-related deaths. Five-year survival rates for
pAML have risen to over 60%, in part due to improved risk-stratification, supportive
care, and post-relapse treatment.1 However, between 30-55% of patients eventually
relapse,2,3 and relapse remains the most frequent cause of death. Current treatment
for relapsed or treatment-refractory pAML is allogeneic hematopoietic stem cell
transplantation (allo-HSCT).4 Unfortunately, allo-HSCT carries the significant risk of
inducing life-threatening graft-versus-host disease (GvHD) mediated by donorderived T cells. GvHD is the major cause of transplant-related morbidity and mortality, and the second leading cause of death in AML patients.5,6 GvHD can be treated
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with immunosuppressive drugs, but these treatments also
impair donor-derived cells from clearing residual leukemia
cells (graft-versus-leukemia effect [GvL]),7 thereby increasing
the risk of relapse. Thus, new treatments that preserve GvL
while preventing GvHD are urgently needed.
In order to address this need, we devised a novel cell therapy with engineered type 1 regulatory T (Tr1) cells, called
LV-10, made by lentiviral transduction of interleukin-10
(IL10) into peripheral CD4+ T cells. Tr1 cells are a FOXP3–
subset of peripherally inducible regulatory T cells8 that correlate with induction of peripheral tolerance in transplanted
patients9–12 and prevent xeno-GvHD in mice.13–16 In addition, Tr1 cells directly lyse and kill malignant myeloid cells
via perforin and granzyme B.13,14,17 This killing is not
dependent on T-cell receptor (TCR) engagement13,18 and
human leukocyte antigen (HLA) class II antigen presentation, but rather on the target cell expression of HLA class I
and several other molecules that facilitate target cell and Tcell interaction.13,14 Importantly, LV-10 Tr1 cells were shown
to kill primary adult AML blasts and to impair leukemia
progression in humanized mouse models of AML.13
The sensitivity of pAML to Tr1-mediated killing has not
been tested. pAML have significant genetic, epigenetic, and
molecular differences in comparison to adult AML.19–23
Understanding if pAML are also sensitive to Tr1-mediated
killing is thus a critical step in LV-10 cell therapy development. Herein, we used LV-10 Tr1 cells to test 23 primary
pAML blasts for their sensitivity to killing.13,14 We found
that over 80% of pAML could be killed by LV-10 cells, with
three levels of sensitivity to killing ranging from sensitive,
intermediate resistant, and resistant. Sensitive pAML were
enriched for gene signatures of leukocyte chemotaxis and
expressed mature myeloid markers including CD64 and
CD11c, suggesting a more mature phenotype. When analyzed together with the large National Cancer Institute
(NCI) Therapeutically Applicable Research to Generate
Effective Treatments (TARGET) sensitive pAML dataset,
pAML formed three clusters with TARGET samples,
including one enriched for sensitive pAML samples with
French-American-British (FAB) M5 acute monocytic
leukemia and pAML with mixed lineage leukemia (MLL)
rearrangement, while resistant and intermediate resistant
pAML clustered with pAML bearing core binding factor
translocations inv(16) or t(8;21)(RUNX1-RUNX1T1) cytogenetic abnormalities. In addition, we identified that resistant pAML may evade LV-10 killing by upregulating CD200,
which has been associated with poor prognosis of adult
AML.24,25 Overall, we determine that a majority of pAML
are sensitive to killing by LV-10 cells, and that resistance to
killing is associated with loss of a mature myeloid signature
and upregulation of CD200.

Methods
Subjects
De-identified pAML bone marrow aspirates were collected
under written informed consent as part of a study approved by the
Stanford University Institutional Review Board (IRB, #11062 and
#11977) and obtained from the Stanford School of Medicine's Bass
Childhood Cancer Center (CA, USA) tissue bank. Patient demographics are listed in Table 1. Human peripheral blood mononuclear cells (PBMC) were obtained from de-identified healthy
donors (Stanford Blood Center, CA, USA) in accordance with IRB
guidelines.
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Table 1. Patient characteristics.
Age (months) (at sample acquisition)
% Female
Average white blood cell count
Risk stratification
High risk
Standard risk
Low risk
Average time of follow-up (months)
Progression to HSCT (%)
Overall survival (%)

137 (5-267)
43.50%
83.7 K/mL (0.4-347.6)
12/23
5/23
6/23
33.5
43.50
73.90

HSCT: hematopoietic stem cell transplantation.

Cytotoxicity assays
Killing assay was performed as previously described.13,14 Briefly,
target cells were co-cultured at a 1:1 effector to target (E:T) ratio for
3 days. For primary pAML, blasts were thawed and incubated for
2 hours (h) in complete X-VIVO15 supplemented with IL-3 (20
ng/mL, Peprotech, NJ, USA) and G-CSF (20 ng/mL, Peprotech).
After incubation, blasts were co-cultured for 4 days. Surviving cells
were enumerated by fluorescence-activated cell sorting (FACS)
using CountBright beads (Thermo Fisher, MA, USA). %
Elimination efficiency equals 1 minus (number of targets
remaining in LV-10 co-culture/number of targets remaining alone)
*100 with two to four LV cell lines per pAML.
Degranulation was measured as previously described.13,14
Briefly, T cells were co-cultured with target cells at a 10:1 E:T ratio
with anti-CD107a antibody. After 1 h, brefeldin A (3 mg/mL) and
monensin (2 mM) (eBioscience, CA, USA) were added and incubated for 5 h. Cells were stained for surface markers, fixed, permeabilized (BD Fixation/Permeabilization kit, BD Biosciences), and
stained for intracellular granzyme B as described in the Online
Supplementary Table S1. Data was analyzed by flow cytometry. For
CD200R1 blocking, 25 ug/mL of CD200R1 or isotype antibody
was added to T cells for 30 minutes at 37°C prior to co-culturing
with targets.

RNA sequencing
Complete computational methods for RNA sequencing (RNASeq) processing, analysis, and raw data are available at Gene
Expression Omnibus (GEO) under accession number GSE140960.
For differential gene expression, differential gene expression analysis (DESeq2) was used to normalize the counts and perform
exploratory analysis (e.g., clustering, principal component analysis).26 Genes with low expression across all samples, sum (gene)
<10 reads, were filtered out before performing differential gene
expression. The design matrix was defined as design = ~condition,
where the condition variable was composed of the following three
levels: sensitive, intermediate resistant, and resistant. Transcripts
were hierarchically clustered using Euclidean distance and complete linkage function. The heatmaps were created using
ComplexHeatmap v2.0.0.27 Gene ontology (GO) terms were collapsed using EnrichmentMap v3.2.128 in Cytoscape v3.8.0.
Correlation graph was plotted in R version 4.0.0. Enrichment
analysis was performed using a binomial test for a one-tailed
P-value, and Confidence Interval (CI) was calculated using
Wilson/Brown test.

Statistical analysis
For the non-RNA-seq-derived data, analysis was performed
using GraphPad Prism 7. As applicable, center bars and whiskers
represent the mean with standard deviation, or median with
range/interquartile range. The data was analyzed using non-para-
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Table 2. Pediatric acute myeloid leukemia patient clinical characteristics

AML
ID
3209
186
646
3281
3514
335
263
612
3491.1

Response to Sample
LV-10
Timepoint

FAB
Subtype

Cytogenetics
Onset

%
WBC Age
Blast (103/mL) (M)

Risk
group

MRD

Onset
Relapse
Relapse
Onset
Onset
Onset
Onset
Onset
Onset

AML - NOS
M5a
46, XY, t(X;11)(5'MLL+)
AML - NOS
M5a
46, XY, MLL+
AML with MDS-related
M4Eo
46, XY, del(7q)(q22)
AML - NOS
M5b
46, XX
AML - NOS
M2 51, XY, +X, +9, +11, +14, +20
AML - NOS
M5a
46, XY, FLT3-ITD+
AML with mutated RUNX1 AML w/ MDS
46, XY
t(8;21); RUNX1-RUNX1T1
M2
46, XY, t(8;21)
APL with PML-RARA
M3
46, XX, t(15;17)

97
88
74
91
n/a
89
61
50
78

347.6
51.6
177
8.7
4
174
9.8
39.9
4.4

5
156
267
215
157
35
141
205
138

H
H
H
H
S
H
H
L
S

+
+
+
+
-

3123
1355
794
683
882
351

Relapse
Onset
Onset
Onset
Onset
Onset

1244

Onset

1563
3424
948
728

Onset
Relapse
Onset
Onset

MPAL
APL with PML-RARA
Inv(16); CBFB-MYH11
Inv(16); CBFB-MYH11
MPAL
t(8;21); RUNX1-RUNX1T1,
trisomy 21
AML with mutated RUNX1,
trisomy 21
t(8;21); RUNX1-RUNX1T1
t(9;11); MLLT3-KMT2A
AML with mutated NPM1
AML - NOS

Relapse
Onset
Onset

Inv(16); CBFB-MYH11
Inv(16); CBFB-MYH11
MPAL

3082
758
258

Sensitive

WHO
Classification

Intermediate
Resistant

Resistant

MPAL
M3
M2
M4Eo
MPAL
M2

46, XX, Complex karyotype
46, XY, t(15;17)
46, XX, Inv(16)
46, XY, Inv(16)
46, XY, t(7;14)(q21;q32)
47, XX, t(8;21), +21

81
75
89
89
72
75

102
2.1
43
56.1
180.1
0.4

134
119
28
190
176
194

H
S
L
L
H
S

+
+
+
+

M7

48, XY, +21, +Y

50

37

14

H

+

61
n/a
82
77

51.3
2.8
153.7
3.9

178
162
51
207

L
S
H
H

+
+
+

36
66
86

283
2.7
190

37
198
144

L
L
H

-

M2
M5a
M2
M1

46, XX, t(8;21)
46, XX, t(9;11)
46, XX, Complex karyotype
46, XY,
t(1;13)(p34~36;q13~14)[19]
M4Eo
46, XX, Inv(16)
M4Eo
46, XX, Inv(16)
MPAL
46, XY

AML: acute myeloid leukemia; MRD: minimal residual disease after first induction chemotherapy; WBC: white blood cell; H: high; S: standard; L: low risk group. Pediatric acute
myeloid leukemia (pAML) samples were grouped based on their sensitivity to LV-10-mediated killing. Sample timepoint,World Health Organisation (WHO) classification, FrenchAmerican-English (FAB) classification, cytogenetics, blast percentage, white blood cell (WBC) count at diagnosis, age in months, risk group stratification, and minimal residual
disease (MRD) status after first induction chemotherapy are displayed.

metric tests that do not assume equal variances between groups:
Mann-Whitney or Wilcoxon test for groups of two (unpaired or
paired samples, respectively), and Kruskal-Wallis or Friedman
ANOVA with Dunn’s post hoc test for >2 groups (independent or
dependent samples, respectively). Multiple testing correction was
applied. Linear regressions were plotted using linear regression
analysis in GraphPad Prism.

Results
Pediatric acute myeloid leukemia blasts have different
levels of sensitivity to LV-10 killing
In order to determine if pAML can be killed by LV-10
cells, we first generated LV-10 cells from healthy donorderived CD4+ T cells as described13,14 and verified their
transduction efficiency, purity, cytokine profile, and killing
capacity (Online Supplementary Figure S1). LV-10 cells had
high transduction efficiency, high IL-10 and low IL-4, as
well as high intracellular granzyme B expression at baseline
(Online Supplementary Figure S1A to E) in comparison with
effector T cell (Teff)-like control LV-GFP cells. LV-10 degranulation against target cells was also higher than LV-GFP
cells, especially against HLA-class I positive myeloid tumor
2590

cell lines U937 and ALL-CM (Online Supplementary Figure
S1F). LV-10 cells were able to potently eliminate U937 and
ALL-CM cells, but not HLA-class I negative erythroleukemic K562 cell line (Online Supplementary Figure
S1G). Target cell elimination was also observed in control
LV-GFP cells, which are not tolerogenic13 and thus are not
further explored for clinical use.
Next, we tested if LV-10 cells could eliminate pAML. We
obtained 23 pAML bone marrow aspirates, 18 at onset and
five at relapse, of various World Health Organization
(WHO)29 and FAB diagnoses (Table 2). Killing-sensitive
U937 and killing-resistant K562 cells were used as positive
and negative controls, respectively. In the killing assay (see
Materials and Methods), we observed three levels of pAML
sensitivity to LV-10 killing: sensitive (S, >70% median elimination efficiency [E.E.]), intermediate resistant (IR, 25-70%
median E.E.), and resistant (R, <25% median E.E.) (Figure
1A and B). Sensitivity or resistance was retested in nine
pAML samples, and sensitivity levels were reproducible
(not shown). Notably, all the pAML tested had high levels
of HLA class I (not shown).
Because primary pAML typically expand poorly in vitro
and can undergo spontaneous apoptosis, we examined if
sensitivity correlated with pAML survival when cultured
haematologica | 2021; 106(10)
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A

B

Figure 1. Pediatric acute myeloid leukemia have three levels of sensitivity to killing by LV-10 cells. (A) Primary pediatric acute myeloid leukemia (pAML) bone marrow
aspirates were co-cultured at a 1:1 ratio with LV-10 cells. After 4 days, residual pAML (CD3-) were enumerated by flow cytometry (killing assay). Elimination efficiency
(E.E.) was calculated for each LV-10 using the equation 1 - (AML remaining in LV-10 co-culture/AML remaining alone). U937 and K562 cells were included as positive
and negative controls, respectively, for killing. The solid line indicates the median elimination efficiency, while the box boundaries indicate the range. Each dot represents the E.E. determined by co-culture with one LV-10 cell line, n=2-4. (B) Left panel contains representative plots of remaining pAML after the killing assay with
or without LV-10; numbers on plots indicate the number of pAML cells normalized to the CountBright beads. Gating is set based on pAML cells cultured alone. Right
panel graphs the representative examples to show the absolute differences between the number of pAML cells cultured with LV-10 and alone. S: sensitive; IR (or Int.
Resistant): intermediate resistant; R: resistant.

without LV-10 cells. Survival of pAML cultured in medium
alone did not correlate with their sensitivity to killing when
cultured with LV-10 (Online Supplementary Figure S2A).
pAML sensitivity to killing also did not correlate with blast
percentage within the bone marrow aspirate (Online
Supplementary Figure S2B). Notably, pAML sensitivity to
killing did not depend on whether the sample was acquired
at onset or at relapse. Although our sample set was limited,
we observed that six of the seven pAML samples with corebinding factor (CBF) rearrangements (inv(16)(CBFBMYH11) and t(8;21)(RUNX1-RUNX1T1)), which are associated with a more favorable prognosis,4 were classified as
IR or R.
haematologica | 2021; 106(10)

Killing-sensitive pediatric acute myeloid leukemia
(pAML) have significantly different gene expression than
resistant pAML
In order to identify factors impacting pAML sensitivity to
LV-10 killing, we performed RNA-seq on 14 S, IR, and R
pAML. We found 335 differentially expressed genes (DEG)
between S and R pAML (absolute log2 fold change [FC] ≥2,
false discovery rate [FDR] <0.05) (Figure 2A; Online
Supplementary Table S2). Between the other groups, we
found 247 DEG between the S and IR pAML, while the IR
and R pAML were more similar, with only 27 DEG, (Online
Supplementary Figure S3A and B; Online Supplementary Tables
S3 and 4).
2591
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A

B

C

Figure 2. Sensitive and resistant pediatric acute myeloid leukemia have distinct gene expression profiles. (A) Two-dimensional heatmap of differentially expressed
genes (DEG) identified between sensitive (S) and resistant (R) pediatric acute myeloid leukemia (pAML). DEG with a false discovery rate (FDR) <0.05 and absolute
(log2 fold change [FC]) ≥2 were identified using differential gene expression analysis (DESeq2). Gene expression values were normalized with respect to the sensitive
pAML group, by subtracting the mean expression of sensitive pAML. (B) Gene set enrichment in sensitive pAML. Gene ontology (GO) term enrichment was performed
using Gene Set Enrichment Analysis and GO terms with FDR q<0.2 were visualized using EnrichmentMap in Cytoscape. Circle size is inversely scaled to the FDR qvalue. (C) Sensitive pAML have high expression of mature myeloid markers. Top panels show bulk RNA sequencing (RNA-seq) log2 counts, and the bottom panels
show the frequency of pAML expressing the indicated proteins, measured using clinical flow cytometry gated on blast cells. Error bars: median and interquartile
range. *P<0.05. IR: intermediate resistant.

We next examined GO term enrichment in sensitive and
resistant pAML using Gene Set Enrichment Analysis
visualized
the
results
using
(GSEA).30,31 We
EnrichmentMap28 to collapse the GO terms into sub-clusters. Sensitive pAML showed strong signatures of IFN-γ
related genes and monocyte chemotaxis (Figure 2B; Online
Supplementary Table S5). We also observed that the protein
expression of monocytic genes (CD64, CD11c, CD4,
CD15, and CD33) largely contributed to the observed variance amongst the clinical flow cytometry phenotypes of
pAML samples (Online Supplementary Figure S4). In order to
investigate this monocytic signature, we visualized the
gene expression of selected, established AML maturation
markers4 from the RNA-seq data (Figure 2C, top) derived
from the bulk bone marrow aspirate lysates, and matched
it to the corresponding proteins expressed on pAML blasts,
measured by clinical flow cytometry phenotyping (Figure
2C, bottom). CD11c and CD64 proteins, which are commonly observed in mature, monocytic AML32,33 were
expressed significantly higher in sensitive than in resistant
pAML blasts (Figure 2C).

2592

Pediatric acute myeloid leukemia (pAML) sensitivity and
resistance signatures observed in NCI TARGET pAML
transcriptome dataset
In order to determine if the gene expression signatures of
sensitivity and resistance we observed in our pAML samples can be found in a larger cohort, we analyzed our
dataset together with a 187-sample NCI TARGET pAML
dataset, the largest comprehensive pAML dataset publicly
available.19 Principal component analysis on the most variant genes showed that the Stanford pAML samples distributed among the TARGET pAML samples, indicating that
the sample source was not a dominant technical covariate
(Online Supplementary Figure S5A). Unsupervised analysis of
the combined Stanford and TARGET pAML datasets confirmed that Stanford pAML samples did not cluster independently (Online Supplementary Figure S5B). Interestingly,
out of the four major clusters, two clusters contained only
the S pAML while the other two clusters contained both
the IR and R pAML.
Next, we examined if the 335-gene signature discriminating between S and R pAML was present in the TARGET
dataset. Clustering of the combined pAML dataset based
haematologica | 2021; 106(10)
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Figure 3. Sensitive and resistant pediatric acute myeloid leukemia (pAML) signatures group TARGET pAML into three clusters. Euclidean clustering of the differentially expressed genes (DEG) between sensitive and resistant pediatric acute myeloid leukemia (pAML) (false discovery rate [FDR] <0.05, and absolute (log2 fold
change [FC]) ≥2) detected in sequencing data from our Stanford dataset and the Therapeutically Applicable Research to Generate Effective Treatments (TARGET)
pAML dataset. Measured LV-10 killing sensitivity, risk group, and French-American-British (FAB) diagnosis are matched to each pAML when applicable. The TARGET
dataset does not have associated LV-10 killing assay outcomes. Expression color is scaled per gene row. ND: not determined.

on their expression of the identified DEG grouped the samples into three primary clusters: two ‘sensitive’ clusters that
grouped with S pAML and 57% of TARGET pAML, and a
‘resistant’ cluster that grouped with the IR and R pAML and
43% of TARGET pAML (Figure 3). As we observed that
CBF pAML were highly represented in IR and R pAML, we
examined their distribution in the combined Stanford-TARGET dataset. Both pAML with t(8;21)(RUNX1-RUNX1T1)
and pAML with inv(16)(CBFB-MYH11) translocations were
enriched in the ‘resistant’ cluster (P<0.0001, P<0.0001
respectively). In line with our GSEA analysis results, one of
the ‘sensitive’ clusters was highly enriched for M5 monocytic pAML (P<0.0001), while the ‘resistant’ cluster was
enriched for M4 myelomonocytic pAML that also displayed rearrangement inv(16) (P<0.0001).

Resistant pediatric acute myeloid leukemia express high
levels of CD200, which can impair LV-10
cytotoxicity
In order to identify genes linked with pAML sensitivity or
resistance to LV-10 cell killing, we correlated gene expression
to the median elimination efficiency for each pAML blast.
The expression of 2,181 genes significantly correlated to
killing with P<0.05 (Figure 4A; Online Supplementary Table
S6), 395 of which had an absolute R≥0.7 (Figure 4A, genes
haematologica | 2021; 106(10)

shown as red bars). We hypothesized that the resistant
pAML expressed inhibitory markers that protected them
from killing. Therefore, we overlaid the genes that significantly and negatively correlated with killing, R≤-0.7 (189
genes), with the genes that were overexpressed 4-fold or
more in the resistant pAML from the DEG analysis of sensitive versus resistant pAML (899 genes). We found 60 genes
that were both negatively correlated with killing and preferentially expressed in resistant pAML (Figure 4B). Since perforin and granzyme B-mediated killing requires cell-to-cell
interaction,17,34 we filtered this gene list for genes encoding
surface proteins35 and identified 10 genes (Figure 4B).
Next, we manually examined the functions of the ten
genes to uncover proteins that have known interacting
receptors expressed on T cells, and identified CD200, a type
1 membrane glycoprotein. CD200 is upregulated on resistant pAML (Figure 4C and D), and LV-10 express the CD200
receptor (CD200R1) (Figure 4E), an inhibitory receptor of
immunoglobulin superfamily.36 CD200 expression is associated with poor prognosis in adult AML.24,25 Moreover,
CD200R1 signaling has been previously shown to impair
mast cell37 and CD8+ T-cell degranulation.38
In order to determine if CD200 expression confers resistance to LV-10-mediated killing, we overexpressed CD200 in
killing-sensitive ALL-CM and U937 myeloid cell lines. For
2593
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B

D

E

F

G

H

Fìgure 4. Legend on following page.
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Figure 4. CD200 expression is upregulated in resistant pediatric acute myeloid leukemia and can impair LV-10-mediated degranulation and cytotoxicity. (A)
Expression of 395 genes positively or negatively correlating with pediatric acute myeloid leukemia (pAML) sensitivity. The Spearman correlation of the expression of
each gene to the median elimination efficiency (E.E.) of each pAML was calculated and plotted with genes represented as bars. 2,181 genes had a correlation with
P<0.05, 395 of which had an absolute (R) ≥0.7 (red bars). (B) Data-mining strategy to identify genes conferring pAML resistance to LV-10 killing. Genes expressed
4-fold or more in the resistant pAML from the differentially expressed gene (DEG) analysis between sensitive vs resistant and the list of genes negatively correlated
with E.E. with P<0.05 and R≤-0.7 were used to identify overlap in a Venn diagram. Genes appearing in both enriched in resistant and negatively correlated with E.E.
were overlaid with genes encoding surface proteins identified in the Cell Surface Protein Atlas,35 resulting in ten pAML genes encoding surface proteins. These genes
were manually annotated for potential interaction with T-cell surface proteins, identifying CD200. (C) CD200 gene expression in pAML blasts; log2 counts. Error bars:
median and interquartile range. (D) CD200 protein expression on pAML, flow cytometry. Left panel: representative plots for one sensitive and one resistant pAML
blast; right panel: cumulative data. Values from resistant (R) and intermediate resistant (IR) pAML are grouped, with IR pAML in red. Line represents mean. (E) CD200
receptor (CD200R1) is expressed on both LV-10 and LV-GFP cells. CD200R1 expression was measured in the CD3+CD4+NGFR+ population by flow cytometry, n=8.
Line represents mean; error bar standard deviation. (F) CD200 overexpression impairs LV-10 degranulation. LV-10 were co-cultured with target myeloid tumor cell
lines at a 10:1 E:T ratio for 6 hours. LV-10 cell line (n=7) degranulation, as measured by %CD107a+GZMB+ co-expression, was determined in co-culture with untransduced U937 and ALL-CM cells (No Vector), sorted GFP+ U937 and ALL-CM cells transduced with an empty vector (Empty Vector), or sorted GFP+CD200+ U937 and
ALL-CM cells transduced with CD200 (CD200 Vector). *P<0.05, **P<0.01, Friedman ANOVA with Dunn’s post hoc test. (G) Cumulative CD107a+GZMB+% degranulation of LV-10 against U937 overexpressing CD200 when pre-treated with isotype control or anti-CD200R1 blocking antibody prior to co-culture, n=6; *P<0.05,
Wilcoxon test. (H) CD200 reduces LV-10-mediated killing. LV-10 cells were co-cultured with empty vector- or CD200-overexpressing U937 or ALL-CM cells at a 1:1 E:T
ratio for 3 days. Surviving cells were enumerated by flow cytometry. Ratio of remaining pAML was calculated as: (# remaining cells in CD200-overexpressing AML
+LV-10/# remaining cells in CD200-overexpressing AML alone)/(# remaining cells in empty vector- AML +LV-10/# remaining cells in empty vector AML alone). (n=8,
*P<0.05, Wilcoxon test.) GZMB: granzyme B.

this, we constructed a bicistronic lentiviral vector containing CD200 together with ZsGreen1, a green fluorescent
protein (Online Supplementary Figure S6A). Both cell lines
transduced with the CD200-containing vector displayed
significant upregulation of CD200 protein compared to
empty vector-transduced cells (Online Supplementary Figure
S6B). First, we tested the impact of CD200R1 signaling on
LV-10 degranulation using CD107a degranulation assay
coupled with granzyme B intracellular staining.39 In comparison to the LV-10 cells co-cultured with control cell lines,
LV-10 co-cultured with CD200-overexpressing cell lines
degranulated significantly less (Figure 4F). In order to test if
we could rescue the reduction in degranulation induced by
CD200-overexpressing cells, we blocked CD200R1 on the
LV-10 with a neutralizing antibody prior to co-culture with
U937 or U937 CD200-overexpressing cell lines (Online
Supplementary Figure S7A). Blocking CD200R1 partially
restored LV-10 degranulation when co-cultured with
CD200-overexpressing U937 (Figure 4G), while it had a
non-significant effect on LV-10 degranulation when co-cultured
with
wild-type U937 (Online Supplementary Figure S7B). LV-10
degranulation was not fully restored to levels induced by
wild-type U937, likely because the CD200R1 neutralizing
antibody only blocked approximately 50% of available
CD200R1 (Online Supplementary Figure S7C).
We next tested if CD200 overexpression in myeloid
leukemia cell lines could confer resistance to LV-10 killing.
In comparison to the empty vector-transduced control cells,
CD200 overexpression significantly reduced killing of ALLCM cells, but not of U937 cells (Figure 4H). This may be
due to U937 cells’ increased robustness in vitro, as they have
an average 1.34-fold higher proliferation rate than ALL-CM
cells (not shown) that could compensate for killing in a 3-day
culture. LV-GFP degranulation and killing, which are less
potent than in LV-10 cells (Online Supplementary Figure S8),
was also impaired by CD200, indicating that the CD200R1
signaling-induced inhibition of cytotoxicity is not Tr1-specific. Altogether, these data suggest that resistant pAML can
evade LV-10 killing by impairing their degranulation via
CD200 expression.

Discussion
AML is a highly diverse hematopoietic cancer with over
20 different WHO sub-classifications,29 with suboptimal
responses to conventional therapy and an urgent need for
haematologica | 2021; 106(10)

novel treatments.40 Our previous study revealed that four of
eight primary adult AML were sensitive to LV-10 cell killing.
Importantly, LV-10 cells could inhibit myeloid leukemia progression in vivo while preventing the induction of GvHD
when co-injected with CD4+ T cells,13 suggesting that LV-10
cells can represent an innovative cell therapy for AML. Since
pAML differ substantially from adult AML at the molecular,
epigenetic, and genetic levels,19-23 herein we determined the
pAML sensitivity to LV-10 killing, characterized the sensitive
and resistant pAML molecular profiles, and identified
CD200 expression as one of the mechanisms of pAML
resistance to LV-10 killing.
While previously tested adult AML had only two levels of
sensitivity to LV-10 killing,13 resembling the intermediate
resistant and resistant pAML we measured, we also
observed a subset of pAML that were highly sensitive to
elimination by LV-10 cells. This additional sensitivity category may reflect the intrinsic genetic and epigenetic differences between adult and pediatric AML,19-23 which could
affect expression of markers required for LV-10-mediated
killing. Interestingly, we observed that the expression of
CD13, CD54, or CD112, which positively correlated with
sensitivity to LV-10-mediated killing in adult AML,13 did not
correlate to pAML sensitivity to killing (data not shown), further supporting the hypothesis that pediatric and adult AML
interact differently with LV-10 cells.
The range of sensitivities we observed in pAML was
underscored by significant differences in gene expression
and cytogenetics. These analyses revealed that sensitivity
to killing was linked to differentiation status. Sensitive
pAML resembled more mature differentiated myeloid
cells, with an enrichment of monocytic genes and high
levels of CD64 and CD11c protein, which are frequently
described on more differentiated AML subtypes.32,33,41,42
Conversely, resistant pAML did not have as distinct a gene
signature. We found the maturation signature we
observed in our sensitive subset present in the 187-sample
NCI TARGET-pAML dataset.19 Whether we clustered the
combined Stanford and TARGET data sets using only the
top variably expressed genes or with our filtered S v R
DEG list, the S pAML independently clustered away from
the IR/R pAML. This was partially because the top 10%
variability expressed genes in the combined Stanford and
TARGET pAML datasets incorporated around half of the
335 DEG discriminating S v R pAML, yet this also suggests that the S v R DEG may represent underlying distinguishing features among pAML. In addition to the genes
driving the clustering, cytogenetic abnormalities, specifi2595
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cally the core binding factor translocations
t(8;21)(RUNX1-RUNX1T1) and inv(16), were consistently
overrepresented within the IR and R pAML containing
cluster. Despite the typically more favorable prognosis for
pAML with core binding factor translocations,4 these
pAML could evade T-cell killing in vitro. While the role of
core binding factor translocations in immune evasion is
not well understood, it has been observed these lesions
can impair naural killer (NK) cell surveillance of target cells
through downregulation of CD48, an NK cell ligand.43
Conversely, in the S containing cluster, there was enrichment of patients with MLL rearrangements that historically have intermediate to poor outcome. MLL rearrangements account for 15-20% of all pAML cases,44 but only
3% of adult AML,45 which suggest that LV-10 cells may be
uniquely suited for the treatment of a common pAML
subset. Further analysis of the sensitivity of specific subsets of pAML to LV-10 mediated killing may improve our
ability to identify key genes responsible for the sensitivity
of these pAML subsets.
We also identified CD200 as upregulated on IR and R
pAML. CD200 has previously been associated with poor
patient outcomes in adult AML.24,25 CD200 is a membrane
glycoprotein that induces an inhibitory signal upon binding
to its cognate inhibitory receptor CD200R1, and impairs
degranulation in mast cells and CD8+ T cells.37,38 CD200R1 is
expressed on both LV-10 and control LV-GFP cells. CD200
has negligible baseline expression on killing-sensitive ALLCM, U937, and THP-1 myeloid cell lines (data not shown). We
found that the overexpression of CD200 on ALL-CM and
U937 cell lines led to a significant impairment in LV-10
degranulation, and in one cell line, CD200 overexpression
also increased AML survival in the killing assay. CD200
effect on LV-10 degranulation was specific to
CD200/CD200R1 interaction, as the degranulation increased
upon CD200R1 blockade. Interestingly, CD200 expression
also impaired the response of the Teff-like control LV-GFP
cells. These results, together with reports showing that
CD200 expression on AML can impair CD8+ T-cell function,38 support the role of CD200 signaling in the impairment
of cytotoxic T-cell degranulation. Notably, LV-10-mediated
degranulation and killing of CD200-overexpressing AML cell
lines were only impaired, not completely abolished, again
suggesting that resistant pAML express multiple genes that
contribute to their evasion of LV-10 killing.
Our observation that LV-10 cells can eliminate a large subset of pAML, together with our previously published data
showing their ability to eliminate AML cell lines in vivo, support their use as a novel therapy for high-risk pAML patients
receiving allo-HSCT.13 We foresee the two potential uses of
LV-10 cells in the clinic. First, donor-derived LV-10 cells could
be used alongside allo-HSCT, acting early to prevent GvHD
and combat residual AML. Alternatively, LV-10 can be used
for their GvL effect when the patients’ own immune cells
are depleted. Patients who are minimal residual disease positive after induction chemotherapy have an abysmal prognosis, with only 10% disease-free survival.46 In those
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