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ABSTRACT Myeloid neoplasms arise from preexisting clonal hematopoiesis (CH); however, the

role of CH in the pathogenesis of acute lymphoblastic leukemia (ALL) is unknown. We
found that 18% of adult ALL cases harbored TP53, and 16% had myeloid CH-associated gene mutations.
ALL with myeloid mutations (MyM) had distinct genetic and clinical characteristics, associated with infe-
rior survival. By using single-cell proteogenomic analysis, we demonstrated that myeloid mutations were

present years before the diagnosis of ALL, and a subset of these clones expanded over time to manifest
as dominant clones in ALL. Single-cell RNA sequencing revealed upregulation of genes associated with
cell survival and resistance to apoptosis in B-ALL with MyM, which responds better to newer immunother-
apeutic approaches. These findings define ALL with MyM as a high-risk disease that can arise from ante-
cedent CH and offer new mechanistic insights to develop better therapeutic and preventative strategies.

SIGNIFICANCE: CH is a precursor lesion for lymphoblastic leukemogenesis. ALL with MyM has distinct
genetic and clinical characteristics, associated with adverse survival outcomes after chemotherapy.
CH can precede ALL years before diagnosis, and ALL with MyM is enriched with activated T cells that
respond to immunotherapies such as blinatumomab.

See related commentary by lacobucci, p. 142.

INTRODUCTION

Acute lymphoblastic leukemia (ALL) represents 20% of
adult leukemias (1). Although the cure rate of pediatric
ALL is >90%, older adults with ALL have inferior long-term
survival due to the adverse molecular characteristics of their
disease and the overall frailty that precludes the use of inten-
sive pediatric therapy (2, 3). It is imperative to understand
the unique leukemogenic pathways driving ALL in adults
in order to lessen the outcome disparity noted with increas-
ing age. Yet, existing data on the genetics of ALL are biased
toward ALL in children or young adults (<40 years) due to
the underrepresentation of older adults in prospective thera-
peutic trials (4-12).

Clonal hematopoiesis (CH) is characterized by the pres-
ence of somatic genomic alterations in the blood cells of
individuals without a hematologic malignancy (13, 14). The
most frequent somatic mutations involve genes that are
drivers of myeloid neoplasms (e.g., DNMT3A, TET2, ASXLI,
TPS3; ref. 15). CH is a well-characterized precursor lesion for
the development of myeloid neoplasms (15-19). Recently,
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a different set of somatic gene mutations, defined as lymphoid
CH, were shown to predict risk for lymphoid malignancies
such as chronic lymphocytic leukemia or lymphomas (20).
The prevalence of both myeloid and lymphoid CH increases
with aging, but their role in the pathogenesis of ALL is
unknown. We have previously shown that therapy-related
ALL arising after exposure to genotoxic therapies (i.e., chemo-
therapy or radiation used for the treatment of solid tumors
or autoimmunity) is enriched for mutations associated with
myeloid CH, similar to what has been observed in therapy-
related myeloid neoplasms (21). Based on these preliminary
data, we hypothesized that CH constitutes a fertile genomic
background for acute lymphoblastic leukemogenesis. Here,
we performed comprehensive genetic profiling of 400 adult
ALL cases and found that 18% of patients harbored TP53, and
16% of patients harbored at least one myeloid gene mutation.
Through a more detailed characterization of cellular sub-
types and clonal evolution with single-cell DNA and protein
multiomics analysis, we showed that myeloid CH mutations
were present in both myeloid cells and malignant lympho-
blasts. Single-cell transcriptomic profiling of pretreatment
samples revealed upregulation of genes associated with cell
survival and resistance to apoptosis in B-ALL with myeloid
mutations (MyM) when compared with B-ALL without MyM.
Clinically, ALL with MyM had lower remission rates after
cytotoxic chemotherapy, accounting for dismal survival rates.
Newer immunotherapy approaches (e.g., blinatumomab)
were more effective in B-ALL with MyM, which correlated
with the activated T-cell signatures that we identified in
single-cell studies.

RESULTS
ALL with MyM Is a Distinct Clinicopathologic
Entity with Adverse Outcomes

We studied the genetics and clinical outcomes of 400 adult
ALL cases (329 with B-lineage ALL and 71 with T-lineage ALL).
Using cytogenetic, fluorescence in-situ hybridization (FISH),
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DNA-seq, RNA sequencing (RNA-seq), and chromosome micro-
array analysis (CMA) data, we classified B- and T-lineage ALL
into different subtypes, as recommended by the 2022 World
Health Organization (WHO) and International Consensus
Classification (ICC) criteria, excluding provisional entities
that were not captured with our clinical assays (Supplemen-
tary Fig. S1; Supplementary Tables S1 and S2; refs. 22, 23).
Our cohort was enriched with older adults since 60% of
patients were >40 years of age (Supplementary Tables S3
and S4). Most common B-ALL subtypes included BCR::ABL1
(29%), BCR::ABLI-like (16%), low hypodiploid/near haploid
(LH/NH, <40 chromosomes; 10%), KMT2A-rearranged (4%),
and high hyperdiploid (>50 chromosomes; 3%), whereas 30%
of cases were classified as B-other (Supplementary Table SS5).
Most common T-lineage ALL subtypes included HOX-dysreg-
ulated (24%), TALI-rearranged (16%), and TLXI-rearranged
(6%) T-ALL, whereas 34% of cases were classified as T-other
(Supplementary Table S6). Bulk sequencing of pretreatment
blood or bone marrow samples identified somatic TP53 muta-
tions in 18% of B-ALL and 14% of T-lineage ALL cases. In addi-
tion, 13% of B-ALL and 27% of T-lineage ALL cases had at least
one mutation in 16 myeloid CH-associated genes (Fig. 1A and
B). Mutations involving lymphoid CH genes were detected in
7% of ALL cases (Supplementary Fig. S2). The median variant
allelic frequency (VAF) of myeloid mutations across all ALL
cases was 36% (Fig. 1C). Given the very high blast percent-
age of ALL diagnostic bone marrow samples (=45% blasts
in all cases, and >70% blasts in 80% of the cases), this high
VAF suggested that myeloid mutations were present in most
lymphoblasts (Supplementary Fig. S3). In contrast, muta-
tions involving signaling pathway genes showed considerably
lower VAFs, indicating that they were often present only in a
subpopulation of the sequenced cells. The most frequently
mutated myeloid genes were DNMT3A (5%), TET2 (4%), ASXL1
(3%), RUNX1 (3%), and IDH2 (2%; Fig. 1D and E).

We also performed a skin biopsy and fibroblast culture for
germline testing in 58 patients who had a clinical indication
(Supplementary Fig. S4A-S4F). The most frequently detected
pathogenic/likely pathogenic (P/LP) inherited variants involved
CHEK2 (n =8), MUTYH (n = 3), and BRCA2 (n = 2) genes (Sup-
plementary Table S7). Among 70 patients with TP53-mutated
ALL, only one was confirmed to have it in germline.

We investigated the associations of gene mutations occur-
ring in five or more patients with baseline clinical characteris-
tics, WHO/ICC subtype, and other gene mutations in B-ALL.
Myeloid mutations were more common in older adults and
patients with therapy-related B-ALL (Fig. 2A). In contrast,
mutations involving signaling pathways or transcription fac-
tors implicated in pediatric ALL were less common in older
adults and those with therapy-related B-ALL. Mutations in
RUNX1 and ASXLI co-occurred with BCR:ABLI positivity,
which was associated with the p210 transcript in 30% of
these cases (Fig. 2B and C). Among 32 patients with LH/
NH, 26 (81%) had concomitant TP53 mutation, but 57% of
TP53-mutated ALL cases did not have LH/NH (Fig. 2B and
D; Supplementary Fig. SSA and S5B). TP53 mutations fre-
quently cooccurred with mutations in TET2 and RBI genes.
B-ALL subtypes that were mutually exclusive with myeloid
mutations included ZNF384r, TCF3::PBX1, PAXS-alt and PAXS
P80R, CEBPr, iAMP21, and ETV6::RUNXI.

Given the high frequency of TP53 mutations in adults
with ALL, and its role as both a CH mutation and a com-
mon cancer tumor suppressor gene, we stratified patients
with ALL into three categories: TP53-mutated ALL, ALL with
MyM, and ALL without MyM/TPS53. In univariable analysis
of overall survival (OS) in B-ALL, age, therapy-related B-ALL,
low hypodiploidy, BCL/MYC subtype, TP53 mutation status,
presence of MyM, and RBI mutation were associated with
lower OS (Supplementary Fig. S6A). In multivariable Cox
regression analysis, age (HR for each year: 1.02 with age as a
continuous variable; 95% CI, 1.01-1.03), TP53 mutation (HR:
1.95; 95% CI, 1.2-3.1), and MyM (HR: 1.95; 95% CI, 1.1-3.3)
were independent predictors of poor OS in B-ALL (Fig. 2E).
When stratified based on age 240 or 260 years, older adults
with B-ALL and MyM had worse OS than patients without
MyM/TP53 (Supplementary Fig. S6B and S6C). Given the
association between TP53 mutation and LH/NH, we fur-
ther divided TP53-mutated B-ALL into LH/NH and no LH/
NH subgroups. Both TP53-mutated B-ALL groups (with or
without LH/NH), and B-ALL with MyM had inferior survival
when compared with patients without MyM/TP53 (Fig. 2F
and G). The adverse prognostic impact of TP53 and MyM was
observed in Ph-negative B-ALL patients treated with different
chemotherapy regimens (Supplementary Fig. S7TA-S7D). The
independent prognostic significance of age, TP53, and MyM
was evident in multivariable analysis after adjusting for the
type of treatment received (Supplementary Table S8).

In patients with T-lineage ALL, MyM were observed in 27%
of cases, and most common mutations involved DNMT3A
(13%), ASXLI (7%), RUNX1 (7%), and IDH2 (7%) genes (Fig. 1B).
These mutations often coexisted, and were more prevalent
in older adults and patients with therapy-related T-lineage
ALL (Fig. 3A-C). TP53 and MyM were seen in 30% of HOX-
dysregulated T-lineage ALL cases, but the majority of these
cases were classified as T-other (Fig. 3D). T-lineage ALL with
MyM had lower rates of complete remission (CR) without
measurable residual disease (MRD) and OS (Supplementary
Fig. S8A-S8D). Mutations in TP53 and myeloid genes were
independent predictors of poor OS, whereas T-lineage ALL
patients without MyM/TP53 had better OS (Fig. 3E and F).

Clonal Architecture of ALL with MyM

Based on the data showing high allelic frequency of MyM
in ALL, we next investigated whether these mutations were
present in the dominant (or founder) clone. Using simultane-
ous single-cell DNA and protein sequencing, we investigated
the distribution of mutations in different cellular subsets in
five different ALL samples (Supplementary Table S9). For
these analyses, cells were stained with the oligo-conjugated
antibody panel, and sequenced with the Tapestri Myeloid
Panel (Methods). Cells were clustered by immunophenotype,
and pathogenic mutations were overlayed onto individual
cells of these clusters (Fig. 4A). For example, data from 4,180
cells of B-ALL1 were clustered based on surface marker
expression, and two pathogenic mutations involving IDH2
and PTPNI11 genes were overlayed onto the cells of 8 clusters
(Fig. 4B and C; Supplementary Fig. S9A). Most of the mature
lymphoid cells residing in T-, B-; and NK-cell clusters were
wild-type, whereas B-lymphoblasts and myeloid cells shared
the IDH2 p.R140Q mutation (Fig. 4D). PIPN11 mutation was
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Figure 1. Myeloid mutations are frequent in adult patients with ALL. A and B, Oncoprints showing the spectrum of mutations and cytogenetic abnor-
malities in adult patients with B-lineage and T-lineage ALL. C, The box plot shows the median, 25th and 75th percentiles, and minimum and maximum
variant allelic frequency (VAF) observed across the entire cohort of 400 patients. Boxes are colored according to the functional category assigned to
each gene. The black dashed line marks an allele frequency of 50%, the expected VAF for a heterozygous variant present in all cells in the specimen.

D, The frequencies of mutations for the six main categories of gene groups for the entire cohort. E, The distribution of mutations in 17 myeloid genes

across the ALL cases of different lineages.
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Figure 3. Clinical and molecular characterization of T-lineage ALL with MyM. A, Associations between gene mutations and clinical characteristics were
studied for gene mutations found in >5 patients. B, Venn diagram showing the relationship between WHO/ICC-established T-lineage ALL subtypes and
MyM. C, Pairwise associations between gene mutations. D, Pie charts showing the distribution of WHO/ICC-established T-lineage ALL subtypes in TP53-
mutated T-ALL and T-ALL with MyM. E, Multivariable Cox regression analysis of OS in T-lineage ALL, adjusting for the variables that were significant in
univariable analysis (age, TP53, and DNMT3A mutations). F, Kaplan-Meier OS analysis of T-lineage ALL patients stratified into three groups based on
their MyM status. Cox proportional hazards ratios were calculated. BM, bone marrow; PB, peripheral blood; WBC, white blood cell.

more prevalent in B-lymphoblasts. Similarly, in additional could be detected at an allelic frequency <5%, as confirmed
B-ALL, T-ALL, and early T-precursor (ETP)-ALL cases, mye- by DNA sequencing of sorted cell populations (Supplemen-
loid or TP53 mutations were shared between lymphoblasts tary Fig. S11A and S11B). These data indicate that myeloid
and myeloid cells (Fig. 4E-M; Supplementary Figs. SOB-S9D mutations are ancestral events for ALL with MyM, and these

and S10A-S10C). Mature lymphoid cells of these patients lesions arise in hematopoietic stem or progenitor cells that
were often wild-type for the respective genes, but mutations give rise to both lymphoblasts and myeloid cells.
-

Figure 2. Clinical and molecular characterization of B-lineage ALL with MyM. A, Associations between gene mutations and clinical characteristics were
studied for gene mutations found in =5 patients, and statistical significance was assessed using the Fisher exact test for categorical variables and the
Wilcoxon rank-sum test for continuous variables, with adjustment for multiple testing. Only those pairings that were significant at an adjusted q< 0.1 are
shown. The OR of the association is color-coded, and the significance level is indicated by the symbol in each field. Shades of red indicate a positive asso-
ciation (i.e., two characteristics that frequently occurred together, or for the association between a mutation and a continuous variable, a higher value in
those carrying the mutation). Shades of blue indicate a negative association (i.e., two characteristics that rarely occurred together, or for the association
between a mutation and a continuous variable, a lower value in those carrying the mutation). B, Venn diagram showing the relationship between WHO/ICC-
established B-ALL subtypes and myeloid mutations. C, Pairwise associations between gene mutations and cytogenetic abnormalities. D, Pie charts show-
ing the distribution of WHO/ICC-established B-ALL subtypes in TP53-mutated B-ALL and B-ALL with MyM. E, Multivariable Cox regression analysis of
0S in B-ALL, adjusting for the variables that were significant in univariable analysis (age, therapy-related ALL, TP53 mutation, MyM, and RB1 mutation).
F and G, Kaplan-Meier OS and relapse-free survival (RFS) analysis of B-ALL patients stratified into three groups based on their MyM and low hypodiploidy
(LH) status. Cox proportional hazards ratios were calculated. BM, bone marrow; PB, peripheral blood; WBC, white blood cell.
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Figure 4. Single-cell DNA and protein sequencing to study the clonal architecture of ALL with MyM. A, Surface protein heat map of the canonical cell
type-specific markers as measured by the Wilcoxon rank-sum test. B, Uniform manifold approximation and projection (UMAP) plot of B-ALL1 sample with
cells clustered by immunophenotype. C, Gene mutations overlayed into the individual cells of immunophenotypically defined clusters. Genotype of a given
cellis color-coded to indicate wild-type (WT) vs. homozygous (HOM) or heterozygous (HET) mutation status. Black dots indicate cells with unknown geno-
type. D, Graph showing the fractions of mutated cells in each cluster of B-ALL1. E-G, UMAP plots and mutation distributions in different immunophenotypic
compartments of B-ALL3. H-J, UMAP plots and mutation distributions in different immunophenotypic compartments of ETP-ALL1. K-M, UMAP plots and
mutation distributions in different immunophenotypic compartments of ETP-ALL2.
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with ring sideroblasts. Scale bar, 10 um. (continued on next page)

ALL Evolves from Antecedent CH

We next sought to determine whether myeloid CH muta-
tions can be detected after eradication of ALL or as a precur-
sor lesion years before the diagnosis of ALL. First, we showed
that both MyM and TP53 mutations persist as CH mutations
in patients who achieve MRD-negative CR after treatment
of their ALL (Fig. 5A). In addition, these mutations persist
or expand when patients experience relapse of their ALL,
indicating their stability over the course of disease evolution
(Fig. 5B; Supplementary Fig. S12A-S12F).

We performed DNA sequencing on serial bone marrow sam-
ples from patients with therapy-related B-ALL, which were
obtained more than five years before diagnosis of ALL (as part
of myeloma surveillance after autologous stem cell transplanta-
tion), at the time of ALL diagnosis, and at subsequent follow-up
(Fig. 5C; Supplementary Fig. S13). In ALLO8, TP53 p.Y220C and
TET2 p.C1271Ffs*93 CH clones were detectable in the marrow
sample obtained 10 years before the diagnosis of ALL. The TPS3
clone was the dominant clone in subsequent therapy-related
B-ALL, whereas the TET2 clone was not detectable at 0.01%
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sensitivity. Following treatment, the B-ALL entered MRD-neg-
ative remission, and the TET2 clone reemerged in myeloid cells
in the form of CH. In ALL15, TET2 p.S1586Yfs*28 CH clone
was detectable 6 years before the diagnosis of ALL. This clone
acquired a TP53 C238F mutation as it evolved into therapy-
related B-ALL. After CR without MRD, a different TPS3 clone
was detectable in the form of myeloid CH.

We analyzed serial pre- and post-leukemia samples to
decipher the evolution of sequential therapy-related ALL and
myelodysplastic syndrome (MDS) diagnosed in one patient
(B-ALL4; Fig. 5D and E). We were able to detect two different
CH clones with TET2 and CSF3R mutations S years before
the diagnosis of B-ALL. TET2 CH clone progressed to acquire
additional genetic events including del(9p), del(20q), and
NRAS mutation, resulting in Ph-negative B-ALL. Interest-
ingly, following ALL-directed therapy resulting in CR without
MRD, a TET2/SF3B1-mutant myeloid clone expanded, giving
rise to MDS with ring sideroblasts.

In another patient (B-ALL2) with DNMT3A/TP53-mutant
therapy-related B-ALL, the myeloid mutations were founder
events and ALL was characterized by low hypodiploidy,
including loss of heterozygosity for TP53 mutation (Fig. SF).
A DNMT3A p.R882H CH clone was detectable 6 years prior
to the diagnosis. B-lymphoblast, CD14" monocyte, and CD3*
T-cell populations were isolated by flow cytometry and cell
sorting of the diagnostic peripheral blood sample (Fig. 5G;
Supplementary Fig. S14A). As expected, lymphoblast and

MRD, measurable residual disease. (I, Created with BioRender.com.)

myeloid compartments shared the DNMT3A and TPS53
mutations, whereas mature lymphoid cells were wild-type
(Fig. SH). When this patient experienced a recurrence of their
ALL, DNMT3A and TP53 mutations were persistent, but the
disease was diploid without del(17p), and blasts harbored a
different IGH V-DJ sequence from original diagnosis (Sup-
plementary Fig. S14B-S14D). High-sensitivity NGS analysis
showed that diagnosis and relapse clones shared the same
DJ sequence, rearranged with V;_ 4 at the diagnostic sample
(IGH;) and Vj;_,, at the relapse sample (IGH,). The CD19-
negative IGH, clone was not detectable at diagnosis at 10~
sensitivity, but became the dominant clone after blinatu-
momab therapy. These data suggest the emergence of two
separate B-ALL clones from an early progenitor B cell with
DJ rearrangement, which originated from a DNMT3A/TPS3
mutated hematopoietic stem cell (Fig. 5I).

Defining the Interplay Between Lymphoblasts
and the Immune Microenvironment to Study
Chemotherapy Resistance in ALL with MyM

To understand the mechanisms driving therapeutic resist-
ance in Ph-negative B-ALL with MyM, we performed single-cell
RNA-seq (scRNA-seq) of mononuclear bone marrow specimens
taken at disease diagnosis from age/sex-matched five patients
with B-ALL with MyM, two patients with B-ALL without MyM,
and two individuals with myeloid CH (Fig. 6A; Supplementary
Fig. SI5A, Supplementary Table S10). We analyzed 22,120 cells
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Figure 6. B-lymphoblasts are intrinsically resistant to cytotoxic chemotherapy, but susceptible to immunotherapies in B-ALL with MyM. A, Uniform
manifold approximation and projection (UMAP) visualization of 22,120 individual cells from 9 individual primary thawed mononuclear bone marrow
samples taken from patients with CH (n = 2), B-ALL with MyM (n =5), and B-ALL without MyM (n = 2). B, Marker-based cell-type identification analysis
allowed the prediction of eight broad hematopoietic cell types across all profiled single cells. C, Gene-expression heat map of the top six cell type-
specific marker genes as measured by Wilcoxon rank-sum test. D, Volcano plot showing differential expression of genes in B-lymphoblasts from B-ALL
with MyM vs. B-ALL without MyM. E, Major pathways predicted to be differentially regulated in B-lymphoblasts from B-ALL with MyM vs. B-ALL without

MyM, assessed by Ingenuity Pathway Analysis. (continued on next page)

that were processed using the Seurat toolkit utilizing its anchor-
ing-based integration method in order to account for the biologi-
cal and technical variation between samples, followed by uniform
manifold approximation and projection (UMAP) dimensionality
reduction for visualization (Methods; refs. 24, 25). We performed
extensive unbiased clustering of all bone marrow cells to identify

8 broad hematopoietic cell clusters: B-lymphoblasts, erythroid
cells, myeloid cells, dendkritic cells, B cells, CD4" T cells, CD8" T
cells, and NK cells (Fig. 6B). These clusters were classified based
on the relative expression levels of gene signatures encompassing
lineage-specific transcription factors, surface markers, and effec-
tor genes (Fig. 6C; Supplementary Fig. S1SB).
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Figure 6. (Continued) F and G, Relative expression of activated vs. naive T-cell markers between patients with CH, B-ALL without MyM, and B-ALL
with MyM. H and I, Heat maps and violin plots showing log(ICsp) values for primary human B-ALL samples with TP53 mutation (n=14), non-TP53 MyM
(n=16), and no MyM (n = 24), treated with vincristine, doxorubicin, and blinatumomab at escalating doses. J, Rates of measurable residual disease
(MRD)-negative complete remission (CR) in B-ALL patients with vs. without MyM treated with cytotoxic chemotherapy (vincristine and doxorubicin) and

blinatumomab. HyperCVAD, combination chemotherapy consisting of cyclophosphamide, vincristine, adriamycin, and dexamethasone.

We interrogated transcriptomic differences of B-lympho-
blasts between B-ALL with MyM and B-ALL without MyM
(Fig. 6D). Genes with a log, fold change >0.5 or < -0.5, and
an adjusted P value <0.05 were considered as differentially
expressed and were investigated by Ingenuity Pathway Analy-
sis (Ingenuity Systems Inc.). In B-lymphoblasts with MyM,
genes regulating cell survival, invasion, and tumor growth
were upregulated, whereas genes regulating apoptosis, blood
cell homeostasis, sirtuin signaling, EIF2 signaling, and lym-
phoid cell cytotoxicity were downregulated (Fig. 6E; Sup-
plementary Fig. S15C and S15D, Supplementary Table S11).

Within the T-cell populations of three groups (CH, B-ALL
with MyM, B-ALL without MyM), the gene signature of activated
T cells was most pronounced in B-ALL with MyM, highlighted
by the upregulation of GNLY, GZMB, GZMH, and NKG7 in their
cytotoxic T lymphocytes (Fig. 6F). In contrast, naive T-cell mark-
ers (e.g., TCF7 and SELL) were more prominent in B-ALL patients
without MyM and individuals with CH (Fig. 6G). By in vitro cell
viability assay of 54 adult B-ALL samples, we demonstrated
higher ICs, values for cytotoxic chemotherapy agents (vincris-
tine and doxorubicin) in B-ALL with MyM when compared
with B-ALL without MyM/TP53 (Fig. 6H and I; Supplementary

Fig. S$16). Blinatumomab was effective in a MyM/TP53-agnostic
manner (Supplementary Figs. S16 and S17). Similarly, CR with
MRD-negativity rates after standard cytotoxic chemotherapy
(e.g., pediatric-inspired or hyper-CVAD) were higher in Ph-neg-
ative B-ALL patients without MyM/TP53, and lower in B-ALL
patients with MyM or TPS3-mutated B-ALL (Fig. 6]). The inferior
chemotherapy responses in B-ALL with MyM were independent
of age, gender, or study cohort site (Supplementary Fig. S18A
and S18B). However, B-ALL with MyM cases had high CR with
MRD-negativity rates when treated with blinatumomab or ino-
tuzumab (Fig. 6J; Supplementary Fig. S18C).

To investigate the mechanisms of similar blinatumomab sen-
sitivity between B-ALL with MyM, TP53-mutated B-ALL, and
B-ALL without MyM/TP53, we compared the transcriptomes
of blasts by using validated blinatumomab response signatures
(26). Among MHC class I antigens, HLA-A and HLA-C levels
were similar between B-ALL with and without MyM/TPS53 (Sup-
plementary Fig. S19A). HLA-B levels and certain class IT antigens
(HLA-DP, HLA-DQOBI, HLA-DRA, and HLA-DRBI) were down-
regulated in B-ALL with MyM. Using a previously validated
gene signature of blinatumomab resistance in adult B-ALL,
we compared B-ALL blasts with and without MyM/TP53
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(Supplementary Fig. S19B). We did not observe any significant
differences in these genes, which supports the observed in vitro
and clinical efficacy of blinatumomab in all B-ALL groups.

These data suggest that in B-ALL with MyM, lymphoblasts
are intrinsically more resistant to cytotoxic chemotherapy
due to the upregulated cell survival and apoptotic resistance
pathways, whereas T cells have an activated phenotype which
translates into increased efficacy of antibody-based therapies
such as blinatumomab and inotuzumab.

DISCUSSION

Our findings establish ALL arising from myeloid CH as a
unique entity with distinct genetic and clinical characteristics.
ALL with MyM is more frequent in older adults and patients with
therapy-related ALL and is associated with poor survival out-
comes. Using a comprehensive single-cell multiomics approach
(DNA, RNA, and protein), we showed that TP53 and non-TP53
CH can precede ALL years before diagnosis and that the founder
clone for ALL with MyM is a multipotent stem cell that can also
differentiate into myeloid cells with CH mutations. By provid-
ing insights into the potential of CH-associated lymphoblastic
leukemogenesis, we bring new perspectives for future studies
investigating leukemia prevention in persons with CH, as well as
novel treatment approaches for this high-risk ALL subset.

The pinnacle of modern oncology has been the cure of pedi-
atric ALL with multiagent cytotoxic chemotherapy. Unfortu-
nately, this approach has not made an impact on a similar scale
for older adults with ALL. It is well recognized that older adults
and patients with therapy-related ALL have lower response
and inferior OS when treated with cytotoxic chemotherapy (2,
27-29). However, the introduction of new immunotherapies
such as antibody-drug conjugates (inotuzumab), bispecific
T-cell engagers (blinatumomab), and chimeric antigen recep-
tor T (CAR-T) cell therapies improved outcomes in adults with
B-ALL (30-32). Our results indicate that when compared with
B-ALL patients without MyM/TP53, tumor cells from B-ALL
patients with MyM are intrinsically resistant to chemotherapy,
which is characterized by a prosurvival gene-expression signa-
ture that translates into high rates of first-line treatment fail-
ure. These patients may benefit from newer immunotherapy
or chemoimmunotherapy combination approaches, as well as
therapies targeted toward CH mutations (e.g., IDH inhibitors).

There is an emerging field of leukemia prevention that resulted
from our improved understanding of CH and its long-term con-
sequences (33). To that end, findings from our study can make
a timely impact by establishing CH as a risk factor for ALL (in
addition to myeloid neoplasms). Data on precursor lesions for
ALL are limited, but recent reports showed that TP53 mutations
can be detected as preleukemic events in adults with ALL (34-36).
TP53 mutations frequently co-occur with low hypodiploidy in
B-ALL, a subset with poor OS. We identified a subgroup of TP53-
mutated ALL cases without low hypodiploidy, which had equally
poor long-term OS when compared with TP53-mutated low
hypodiploid cases. Similarly, preexisting aneuploid cells could
be found in cord blood samples from pediatric cases of ALL (37).
We also showed evidence for CH as a precursor lesion to two
acute leukemias (AML and ALL, or two different ALL clones) in
the same individual. This was also described in a case report of
IDHI-mutated AML and ALL arising consecutively in the same

patient (38). These data suggest that CH can be a reservoir for
lymphoblastic leukemogenesis in adults. Therefore, future stud-
ies should explore therapeutic interventions for individuals with
CH who are at high risk for ALL (e.g., myeloma patients receiving
long-term lenalidomide therapy; ref. 39) that may potentially
delay or even prevent the development of ALL.

METHODS
Study Cohort

Adult patients with ALL treated at the University of Chicago
(n = 183) and Moffitt Cancer Center (n = 217) between 2014 and 2021
were studied. We also studied serial pre- and post-ALL samples of
additional patients from the City of Hope and Dana-Farber Cancer
Institute. Diagnosis, relapse, and disease status were confirmed and
assigned according to WHO criteria (40). Patients with mixed pheno-
type acute leukemia were excluded. Therapy-related ALL was defined as
ALL occurring after exposure to genotoxic therapy (i.e., chemotherapy
or radiotherapy given for management of solid tumor, lymphoma,
multiple myeloma, or autoimmune disease). The early T-precursor
(ETP)-ALL immunophenotype was defined as follows: (i) absent (<5%
positive cells) CD1a and CD8 expression, (ii) absent or dim (<75% posi-
tive cells) CD5 expression, and (iii) expression (>25% positive cells) of
1 or more stem cell (CD34 and HLA-DR) or myeloid (CD11b, CD13,
CD33, and CD117) antigens. CR was defined as <5% bone marrow
blasts, no circulating blasts or extramedullary disease, peripheral blood
neutrophil counts > 1 x 10?/L, and platelet counts > 100 x 10°/L. MRD
was assessed with three different methods as applicable: (i) multipa-
rameter flow cytometry (sensitivity of 0.01%; ref. 41); (ii) reverse tran-
scriptase polymerase chain reaction to detect BCR:ABLI transcripts
in patients with Ph+ B-ALL (sensitivity of 0.001%); (iii) V(D)J-based
NGS MRD to detect IGH and TR sequences (sensitivity of 0.0001%)
was performed with the ClonoSEQ platform (Adaptive Technologies)
as previously reported (42). CR with MRD negativity was defined as
the absence of any detectable disease with any of these three methods.
MRD was assessed postinduction and postconsolidation, followed by
every 3 months monitoring for 2 years for patients in remission. The
study was conducted in accordance with the Declaration of Helsinki
and approved by the Institutional Review Boards of participating sites.
Written informed consent was obtained from patients.

Genomic Profiling and Molecular Subtyping

Subtype classification for 400 ALL cases was based on the use of
multiple assays, including cytogenetics, FISH, PCR for known fusions,
RNA-seq, and CMA for copy-number abnormalities. These assays
were performed as part of routine clinical care in CLIA-certified labo-
ratories. Patient samples from the University of Chicago underwent
high-throughput genetic sequencing with a targeted deep sequenc-
ing assay of 178 genes (OncoPlus; ref. 43). Concomitantly, a hybrid
capture-based RNA-seq assay was used to detect known and novel
fusions. DNA and RNA of samples from Moffitt Cancer Center were
sequenced by using the Foundation One Heme assay (Supplementary
Tables S1 and S2). Ph-like gene signature was assessed by FISH for
common fusions (CRLF2, ABL1, ABL2, JAK2, CSFIR, and PDGFRB) and
RNA-seq. Karyotyping of diagnostic bone marrow aspirate specimens
was performed by counting 20 metaphase cells. The overall schema for
molecular classification of B-ALL is shown in Supplementary Fig. S1.

DNA was prepared from blood or bone marrow aspirate specimens
using the QITAmp DNA Blood Mini Kit (Qiagen) per the manufacturer’s
instructions. For the University of Chicago OncoPlus assay, DNA was
quantified using the Qubit fluorometric assay (Thermo Fisher Scien-
tific). DNA was subjected to ultrasonic fragmentation and subsequent
library preparation using xGen9 cfDNA and FFPE DNA Library Prepa-
ration Kit (IDT), followed by library amplification with patient-specific
indexing primers (IDT). After library amplification, quantification, and
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pooling, fragments originating from targeted genomic regions were
enriched using a panel of biotinylated oligonucleotides (xGen Lock-
down probes, IDT) supplemented with additional probes to assist with
genome-wide copy-number assessment (xGen CNV Backbone Panel,
IDT). After subsequent amplification and pooled library quantification,
libraries were sequenced in rapid run mode on a NovaSeq 6000 system
(Ilumina) to produce 2 x 101 bp paired-end sequencing reads. Sequenc-
ing data were analyzed via custom-designed bioinformatics pipelines
on a University of Chicago HIPAA-compliant high-performance com-
puting system, using the hgl9 (GRCh37) human genome reference
sequence for alignment. Variants were filtered for quality (Phred quality
score >30) and depth (>100x) with variant signal >5% retained for analy-
sis. Variant calls were annotated and classified for pathogenicity using
the American College of Medical Genetics and Genomics/Association
for Molecular Pathology (44).

We also performed copy-number analysis (CNA) by evaluating the
average exon interval depths recorded via the Genome Analysis Tool
Kit DepthofCoverage module (45). Using 24 nonmalignant clinical
samples, a historical normalized baseline was generated for each
interval. Test sample data were subjected to a normalization algo-
rithm to control for individual gene profile run-specific variability. To
detect the potential copy-number regions, fold change and Z-scores
were calculated for each interval. Thresholds were set at >200% (gain)
or <66% (loss) with Z-score >3 or < -2, respectively. Genes with more
than half the intervals showing copy-number changes in the same
direction were identified.

RNA-seq of diagnostic blood and bone marrow samples was per-
formed with the University of Chicago’s RNA gene fusion analysis,
which is a hybrid capture-based RNA-sequencing assay for detecting
known and novel fusions involving any of the 1,005 targeted cancer-
associated genes. RNA was extracted from peripheral blood or bone
marrow collected in EDTA tubes using the simplyRNA Blood Kit on
Maxwell RSC instrument (Promega) and quantified using a Qubit
fluorometric assay (Thermo Fisher Scientific), adjusted for the per-
centage of fragments greater than 100 bp using a TapeStation system
(Agilent). 300 ng RNA was subjected to library prep using the KAPA
stranded RNA-seq Kit with RiboErase (Kapa Biosystems), followed
by quantitation using the KAPA library quantification kit (Kapa Bio-
systems). Pooled libraries were captured using a panel of biotinylated
oligonucleotides (xGen Lockdown probes, IDT). Amplified pooled cap-
tured libraries were sequenced in rapid run mode on a NovaSeq 6000
system (Illumina) to produce 2 x 101 bp paired-end sequencing reads.
Sequence data were aligned to the hg19 human reference transcriptome
using STAR aligner (46), and fusions were detected using a combina-
tion of in-house developed Python software and STAR fusion software.

Moffitt Cancer Center patients underwent genomic profiling with
FoundationOne Heme DNA + RNA assay as described before (47).
Variants were filtered for depth (>150x). For single-nucleotide varia-
tions, the VAF cutoff was 1% for known somatic variants and 5% for
novel somatic variants. For indels, the VAF cutoff was 3% for known
somatic variants and 10% for novel variants. For fusion detection
from RNA-seq, raw sequence reads were aligned to whole transcrip-
tome (refSeq), and reads with suboptimal mapping were aligned to
whole-genome references. Rearrangements were detected by identify-
ing clusters of chimeric read pairs from both DNA and RNA.

Supplementary Tables S1 and S2 summarize all the genes that
were analyzed for all 400 patients (University of Chicago and Mof-
fict Cancer Center combined) for DNA mutations and RNA fusions,
respectively. RNA-seq could not be performed on 8 T-lineage ALL
patients, for whom the T-ALL subtype was designated as “unknown.”

In addition to analyzing DNA sequencing data for CNA, we also
performed CMA for patients with aneuploidy, including patients
with suspected masked hypodiploidy and IKZFI deletion. This was
performed using Affymetrix CytoScan HD microarray. This microar-
ray consists of 2,696,550 oligonucleotide probes across the genome,
including 1,953,246 unique nonpolymorphic probes and 743,304

SNP (single-nucleotide polymorphism) probes. Patient hybridization
parameters were compared with data derived from phenotypically
normal individuals. Detected CNVs were reported when found to
have clear or suspected clinical relevance; CNVs devoid of relevant
gene content or reported as common findings in the general popula-
tion were not reported. Long stretches of homozygosity were reported
only if they most likely represented somatic events in tumor cells,
and when their size exceeded 3,000 kb. Genomic linear positions were
given relative to NCBI build 37 (hg19). This microarray and associated
software (Chromosome Analysis Suite, v4.2) were manufactured by
Affymetrix and used for the purpose of identifying DNA copy-number
gains and losses associated with large chromosomal imbalances.

For high-sensitivity NGS of preleukemic samples, we performed
targeted sequencing of 11 CH genes by using a single molecule
molecular inversion probe panel to detect low-frequency variants
in hematopoietic samples obtained years before ALL diagnosis, as
described before (48). The panel covered full exons of 11 genes plus
four mutational hotspots (accounting for 90% of CH mutations).
These studies were performed at Broad Institute.

Germline Testing

Germline testing was performed by skin biopsy in individuals with
a clinical indication for testing: a personal history of two cancers,
family history of another hematopoietic malignancy within two
generations of the proband, family history of a nonhematopoietic
tumor diagnosed at age 50 or younger within two generations of
the proband, and/or the identification of gene variants on somatic
mutation testing (OncoPlus) associated with hereditary hematologic
malignancies (Supplementary Fig. S4; refs. 49, 50). Skin biopsy
specimens were cultured in RPMI medium to grow fibroblasts, from
which DNA was extracted for exome sequencing. Exome sequencing
was performed with the Agilent SureSelect Clinical Research Exome
kit (Agilent Technologies) that targets the exome, augmented with
spike-in probes covering noncoding regions of select genes (i.e.,
ANKRD26, DKC1, TERC, TERT, GATA2, and RTELI). Sequencing was
performed as described before, and variants were interpreted by a
team of board-certified geneticists and genetic counselors (50).

Single-Cell DNA and Protein Sequencing

Single-cell DNA and protein library preparation and sequencing of
ALL samples were performed by using Mission Bio, Inc Tapestri plat-
form as described before (51). Briefly, bone marrow aspirate specimens
from the time of ALL diagnosis were centrifuged on Ficoll, and mono-
nuclear cells were viably frozen. For Tapestri studies, 1 x 10° viable
cells were incubated with TruStain FcX and Tapestri staining buffer
(#420201, BioLegend) at room temperature. The pool of 45 oligo-
conjugated antibodies from BioLegend TotalSeq-D Heme Oncology
Cockrail (#399906, BioLegend) was then added and incubated for 30
minutes on ice. Cells were then washed and resuspended in Tapestri
cell buffer, requantified, and loaded into a Tapestri microfluidics car-
tridge. Single cells were encapsulated, lysed, and barcoded. DNA PCR
products were isolated from individual droplets and purified with
Ampure XP beads. Protein PCR products were incubated with Tap-
estri pullout oligo (5 umol/L) at 96°C, followed by incubation on ice.
Protein PCR products were purified with Invitrogen Streptavidin C1
beads and beads were used as a PCR template for the incorporation of
i5/i7 lllumina indices. Both DNA and protein libraries were quantified
using an Agilent Bioanalyzer and pooled for sequencing on the Illu-
mina NovaSeq 6000 from the University of Chicago Genomics Core.

In order to have a comprehensive coverage of myeloid mutations
implicated in CH, we used the Tapestri Single-Cell DNA Myeloid Panel,
which was designed against 1,208 targets across 45 genes, covering
64.4 kb of the human genome. The panel has a total of 312 ampli-
cons (range of amplicon length is 125-375 bp), 92.7% coverage,
>90% uniformity, and requires ~188 million read pairs per sample
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(https://missionbio.com/wp-content/uploads/2020/03/DataSheet_
MissionBio_Myeloid_RevC.pdf).

FASTQ files for single-cell DNA and protein libraries were uploaded
onto and processed by the TapestriV2 pipeline, which goes through a
QC module, trims adaptor sequences, extracts barcodes, aligns reads
to the human genome (hgl9), assigns sequence reads to cell bar-
codes and performs genotype calling with GATKv3.7. Initial QC and
filtering low-quality genotypes or cells were performed in Tapestri
Insights with default parameters. After pipeline processing, data for
each run were aggregated into h5 files, which were downloaded and
read into the Jupyter Notebook where Python codes were executed
for analysis (IPython, RRID:SCR_001658). This pipeline determines
the genotype (homozygous, heterozygous, or wild-type) by analyzing
the amplified DNA segment, and the phenotype by reading the oligo-
tag conjugated to antibody in the same cell that is indexed by i5/i7
Ilumina sequences. Cells were then projected in two-dimensional
space by using PCA followed by UMAP. Cells were clustered by their
surface immunophenotype, and the genotypes of DNA variants were
projected onto them.

Single-Cell RNA Sequencing and Data Analysis

Bone marrow aspirate specimens from age- and sex-matched CH,
ALL with MyM, and ALL without MyM patients were tagged with
cell hashing oligo-tagged antibodies (BioLegend) according to the
manufacturer’s instructions. The libraries were prepared using the
Chromium Single-Cell 3" Reagent kits (v2 and v3). Libraries were run
on an Illumina NovaSeq. Sequencing data were demultiplexed and
converted to FASTQ format. The Cell Ranger Single-Cell Software
Suite was used to perform demultiplexing and barcode processing.
The cDNA insert was aligned to the hg38/GRCh38 reference genome.
All further analyses including the dimensionality reduction, unsu-
pervised clustering algorithms, and the assessment of differentially
expressed genes were performed using the Seurat R package (52).

To exclude low-quality cells, we removed cells with more than 20%
of the transcripts coming from mitochondrial genes. The data were
normalized by the total expression, multiplied this by a scale factor
of 100,000, and log-transformed. We used the Seurat anchor-based
integration method for merging data sets in order to account for
the biological and technical batch differences between the patients
and libraries (24). The nine samples were processed, genes that were
detected in fewer than 10 cells were filtered out. The filtered data set
included 22,120 cells. To project the cells in two-dimensional space,
the dimensionality of the scaled integrated data matrix was further
reduced by using PCA followed by UMAP. A range of resolutions
was utilized to establish a sufficient number of clusters to identify
known populations based on the levels of canonical markers. The
final unsupervised clusters were assigned known hematopoietic cell
types based on the expression of lineage-specific markers. Next, clus-
ter marker genes were determined by performing differential gene-
expression analysis using the Wilcoxon rank-sum test. Bonferroni
multiple-comparison correction was used to correct for cells within
each cluster against all other cells within the cell type.

Ingenuity Pathway Analysis (Qiagen, Inc) was used to analyze gene
networks for differentially expressed genes with a log, fold change >0.5
or <-0.5, and an adjusted P < 0.05 (RRID:SCR_008653).

Flow Cytometry and Cell Sorting

Primary human B-ALL cells at a concentration of 1-2 million cells/mL
were assessed by flow cytometry and sorted on BD FACSAria II to isolate
B- or T-lymphoblasts (CD454™ Sscl°V), CD14* monocytes, CD3* T cells
and CD19* CD34 CD45" B cells. The antibodies used for FACS analy-
sis were BV650-conjugated CD3 (1:100; BD Biosciences, BDB740562),
PE-Cy7-conjugated CD14 (1:100, BD Biosciences, BDB560919),
PE-conjugated CD19 (1:100, BD Biosciences, BDB561741), BB700-
conjugated CD34 (1:100, BD Biosciences, BDB745835), and APC-
conjugated CD45 (1:100, BD Biosciences, BDB555485). Appropriate

isotype controls were used to set gates. Data analysis was performed
using FlowJo software (Tree Star, RRID:SCR_008520). Sorted cells
were subjected to DNA extraction and sequencing on OncoPlus DNA
platform as described above.

Cell Viability Assays for Vincristine, Doxorubicin,
and Blinatumomab

For in vitro cell viability assays, freshly cryopreserved primary
human B-ALL cells were thawed and cultured in RPMI-1640 supple-
mented with 2 mmol/L L-glutamine, 10% FBS, and insulin-transfer-
rin-selenium. Cells were incubated for 48 hours in the presence of
increasing concentrations of vincristine and doxorubicin treatments.
Cell viability was assessed by adding the Cell Counting Kit-8 (CCK-8;
Dojindo Molecular Technologies, Inc) to the cell culture for the last
4hours, and quantitated using Bio Tek Synergy H4 plate reader and
GenS software. ICs, dose was defined as the half-maximal inhibi-
tory concentration, calculated using nonlinear fitted dose-response
curves in GraphPad Prism v.9.0. Experiments were done in triplicate.

To assess the cytotoxicity of blinatumomab, primary human
B-ALL peripheral blood samples containing >20% blasts and >20%
lymphocytes were treated with increasing doses of blinatumomab
(1 to 10,000 ng/mL). At 48 hours posttreatment, cells were assessed
by flow cytometry to quantify B-lymphoblast (CD454™ SSclov), CD3*
T-cell and CD14" monocyte populations. Cell viability in each dosage
was calculated by dividing the live B-lymphoblast cell population in
each dosage by the live B-lymphoblast cell population in the control
group (without blinatumomab). Percent survival of B-lymphoblasts
was plotted by using nonlinear fitted dose-response curves in Graph-
Pad Prism v.9.0 (RRID:SCR_002798).

Statistical Analysis

All statistical analyses were performed using R v.3.4.4. The fig-
ures were generated with the ggplot2 package (RRID:SCR_014601)
in R and GraphPad Prism version 8 (GraphPad Software, RRID:
SCR_002798). Other packages used in data processing include dplyr,
RColorbrewer, and cowplot. Clinical data for patients were available
from medical records. The associations between different classes of
mutations and clinical variables were investigated by calculating the
odds ratios with the Fisher exact test for categorical variables and
the Wilcoxon rank-sum test for continuous variables. Adjustment
for multiple testing was done by the Benjamini-Hochberg method.
Univariable and multivariable Cox regression analyses were used to
identify the impact of potential factors on survival outcomes. OS
was defined as the time from diagnosis until death or last follow-
up. RFS was defined as the time from first CR until disease relapse,
death, or last follow-up. OS and RFES estimates were calculated using
the Kaplan-Meier method, and differences between the curves were
assessed using the log-rank test.

Data Sharing Statement

Clinical data, somatic mutation data detected by clinical sequenc-
ing, and raw data for scRNA-seq are provided in Supplementary Raw
Data Tables. Single-cell sequencing raw data files can be found in the
NCBI Sequence Read Archive at PRINA945186 (RRID: SCR_001370).
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