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Characterization of the clonal hierarchy
and immunophenotype of PTPN11
mutations in acute myeloid leukemia
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Mutations in protein tyrosine phosphatase non-receptor type 11 (PTPN11) have been considered
late acquired mutations in acute myeloid leukemia (AML) development. Using single-cell DNA
sequencing, we found that PTPN11 mutations can occur as initiating events in some patients

with AML when accompanied by strong oncogenic drivers, commonly NPM1 mutations. The
resulting AML has a diverse set of variably differentiated myeloid cells with few myeloid cells that
lack leukemic mutations. The role of Ptpn11 as a codriver was confirmed in a murine model that
exhibits an AML phenotype with a comparable immune diversity that is serially engraftable and
reconstituted from early precursor cells. Furthermore, lineage-negative bone marrow cells from
these mice reconstitute the full diversity of mature myeloid cells, and these cells exhibit an altered
cytokine response after physiologic stimulation. Our work highlights how PTPN17-mutated AML
is derived from a multitude of codominant and late acquired aberrations that have a previously
unrecognized differentiated myeloid clonal expansion potentially contributing to pathogenesis of
the disease.

Introduction

Acute myeloid leukemia (AML) is the most common diagnosed acute leukemia in adults and for most
patients it has extremely poor outcomes. In younger patients, leukemogenesis most commonly involves ear-
ly acquisition of a distinct balanced translocation or mutations with strong oncogenic potential, followed
by acquisition of additional late genetic mutations in signaling genes (e.g., KIT, FLT3, NRAS, KRAS, NF1,
CBL, and PTPN11I) (1). In contrast, in most older adults, AML is characterized by the early acquisition of a
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variety of clonal hematopoiesis (CH) mutations (e.g., DNMT3A4, TET2, and ASXLI) that are not by them-
selves transforming but rather promote inflammation and confer a stem cell/progenitor growth advantage
and increased risk of hematologic malignancy and multiple other complications (2). CH mutations are
then followed by acquisition of additional signaling mutations or cytogenetic abnormalities that lead to
the spectrum of neoplastic development: cytopenias without dysplasia, myelodysplastic syndrome, and/or
ultimately AML (3). Characterization of the impact of gene mutations and cytogenetic abnormalities on
clinical outcome in AML has been mostly derived from treatment trials with intensive chemotherapy, and
as a result a distinct group of driver and late mutations are well characterized as predictors of poor outcome
in the 2022 European LeukemiaNet (ELN) classification of AML (4).

The development of now approved targeted agents toward FMS-like tyrosine kinase 3 (FLT3) (mido-
staurin, gilteritinib, and quizartinib), IDH1 (ivosidenib, olutasidenib), IDH2 (enasidenib), and BCL2
(venetoclax) have transformed the treatment landscape in AML. Within these new targeted therapeutic
approaches, many established mutations associated with poor prognosis, such as 7P53 mutations, have
continued to predict poor outcomes. However, additional mutations such as MAPK-pathway-activating
mutations (e.g., NRAS, KRAS, CBL, NF1, and PTPNI1I) have emerged as specifically impacting the out-
comes of patients receiving targeted therapies (5-8). Indeed, patients with PTPN/I-mutated AML had the
lowest response among patients carrying other genomic abnormalities who received IDH2 inhibitors (9) or
venetoclax/azacitidine (10, 11). Studies to identify the pathogenic features of clonal evolution and com-
pound genetic models of PTPNII-mutated AML are lacking.

The PTPNI1 gene encodes Src homology region 2—containing (SH2-containing) protein tyrosine phos-
phatase 2 (SHP2). SHP2 contains 2 SH2 domains and a tyrosine phosphatase domain. SHP2 is capable
of self-regulation, as the N-terminal SH2 domain can bind to the active phosphatase domain to prevent
dephosphorylation of SHP2 targets (12). Pathogenic PTPN1] mutations tend to occur in regions involved
in its self-regulation, and thus, these gain-of-function mutations result in activation of numerous signaling
pathways (e.g., RAS/ERK1/2, FLT3, JAK/STAT, PI3K/AKT, and NF-«kB), mediates immune evasion via
PD-1, and induces the overexpression of antiapoptotic proteins such as MCL-1 (13-15). In humans, gain-
of-function PTPNI1I mutations can occur as germline mutations in Noonan syndrome and are associated
with a higher frequency of juvenile myelomonocytic leukemia, suggesting these mutations can contribute
to the initiation of myeloid malignancies (16, 17). To study the role of PTPN1I gain-of-function muta-
tions, Xu et al. developed the Prpnil1”*€ mouse that mimics the most common hotspot mutation in both
Noonan syndrome and myeloid malignancies (18). They found that constitutive expression of Ptpnll*7K is
embryonically lethal in mice, but conditional, heterozygous expression of the Ptpni 157 mutation under the
control of Mx-Cre promotes the development of multilineage leukemias (approximately equal frequency
of myeloid, B cell, and T cell leukemias).

These findings have prompted several groups, including our own, to examine the prognostic impact of
PTPNII mutations in AML. These analyses suggest that PTPN1] mutations co-occur most commonly with
either NPM mutations or with chromosome translocations or inversions and typically confer poor outcome
(19-21). In the absence of an NPMI mutation, PTPN1] mutations often co-occur with cytogenetic abnor-
malities associated with dysregulation of EVII. Inconsistencies between studies suggest that the pathogenic
contribution of PTPNII mutations may depend on its context among other driver mutations (19). Notably,
in some patients, PTPN1] mutations occur at a high variant allele frequency (VAF), suggesting they could
be initiating or co-initiating events in leukemogenesis. However, due to limitations of previous sequencing
technologies it has not been possible to determine when PTPN/ mutations arise during AML development.
Understanding the clonal evolution of PTPNII mutations is clinically relevant, as previous reports have
suggested that in patients treated with intensive chemotherapy, dominant PTPNI/ mutations are associat-
ed with better outcomes compared with subclonal mutations, although this is confounded by the fact that
patients with subclonal mutations tend to have a higher comutational burden (20). However, as an early driv-
er mutation PTPNI1 has serious implications for predicting therapeutic response, and as an acquired sub-
clonal mutation PTPN11 can contribute to the emergence of resistance to therapy, both resulting in poor out-
come. Given the lack of knowledge related to clonal evolution of PTPN1I mutations and characterization of
myeloid immunophenotype of this disease, we initiated studies in both primary human samples and devel-
oped what we believe is the first murine model of concurrent NpmI and Ptpnll mutations to address these
questions. Herein, we demonstrate that PTPN1! can be an early acquired mutation, commonly co-occurring
with a strong oncogene (NPMI mutation) to promote AML development. The NPMI- and PTPN1I-mutated
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subtype of AML has a diverse immune profile in patients that was reproduced in our Npm 1“4/ Ptpnl 1¥7K ani-
mal model that exhibits capacity for serial engraftment. This model provides a system to understand the role
of early PTPN11I mutations as they relate to clonal architecture and influence on AML immunophenotype.

Results

PTPNI11-mutated AML demonstrates multiple-ancestor origins. Previous work from our group demonstrated
that PTPN11 mutations occur at a wide range of VAFs (0.05 up to 0.54), suggesting that PTPN1I mutations
may occur early in leukemogenesis (19). Previous studies that have evaluated PTPN11 mutations using sin-
gle-cell sequencing techniques have mainly included low-frequency PTPNI1] mutations (22-24). To further
elucidate the genomic characteristics of dominant PTPN1] mutations, we assembled a cohort of patients
enriched with those that had a VAF of greater than 0.3 and mutations that fell within the PTPN11 ampli-
cons generated by the Tapestri single-cell DNA sequencing (scDNA-seq) Myeloid Clonal Evolution Pub-
lished Panel (Mission Bio). All Alliance patient samples that we had access to and met these 2 requirements
were included in the study. Four patients with confirmed PTPN1I mutations without a co-occurring NPM1
mutation by bulk sequencing and 9 with concurrent PTPN11 and NPMI mutations were analyzed. The
demographics and mutation profile identified by bulk sequencing (VAF > 0.05) of the included patients are
summarized in Table 1. All 4 patients without NPM1 mutations had a strong driver translocation or inver-
sion involving EVII together with monosomy 7 (cases AML-1 to AML-3) or t(6;11) (q27;q23) (case AML-
5). However, chromosomal changes are not captured by this scDNA-seq panel, so in these samples a single
PTPNI1I-mutated clone was identified (representative case AML-3; Figure 1A and Supplemental Figure 1;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.193779DS1).

Among the 9 patients with both PTPN11 and NPMI mutations, we identified that half the patients had
subclonal PTPN1I mutations and the other half had PTPN1I mutations in the first leukemic clone identi-
fied. Two patient samples (AML-11 and AML-16) showed evidence of an NPM/-mutated clone that lacked
a PTPN11 mutation (representative case AML-16; Figure 1B and Supplemental Figure 1), suggesting that
the NPMI mutation preceded the PTPNII mutation. However, the double-mutant cells still generated the
dominant clone (Figure 1C). Two patient samples (AML-13 and AML-15) had the acquisition of a TET2
or DNMT3A4 mutation followed by PTPNII and then NPMI mutations. The clonal architecture in these
4 samples aligns with the predominant understanding of PTPN1] mutations as a late acquired signaling
mutation akin to FLT3 or RAS family mutations and is supported by previous reports of scDNA-seq per-
formed on samples from patients with AML (22, 23). In the remaining 5 patients (AML 6-10), we observed
PTPNI11 mutations in the earliest detectable clone (representative case AML-9; Figure 1D and Supplemen-
tal Figure 1). In 4 of these 5 patients, no single-mutant clone was identified, which precluded the ability to
confirm the initiating mutation in these samples. Nevertheless, these data support the early emergence of a
PTPNI1 mutation in the clonal evolution of these patients (Figure 1E). These data align with previous sin-
gle-cell sequencing studies where signaling mutations can occur prior to NPM1 mutations (24). In 1 patient
sample, we identified a PTPN11 single-mutant clone in addition to a PTPN11 and DNMT3A double-mutant
clone and a PTPN11, DNMT3A, and NPM1 triple-mutant clone. This suggests that in some patients PTPNI1
mutations may be an early event in AML leukemogenesis and can occur prior to the acquisition of other
mutations typically described as driver mutations (AML-8; Supplemental Figure 1). Collectively, these data
support the conclusion that while PTPNI] mutations are frequently a late acquired event, in contrast to oth-
er RAS family mutations, they can also serve as a driver or codriver mutations in AML when coupled with
mutations or chromosomal abnormalities that are strongly associated with myeloid oncogenesis.

Most myeloid cells in PTPN11-mutated AML have leukemic mutations at diagnosis. Concurrent with the
scDNA-seq results (Figure 1), we performed simultaneous single-cell immunophenotyping in primary
AML samples using an antibody panel against 42 antigens (Mission Bio Tapestri). Distinct immuno-
phenotypic clusters were identified using shared nearest neighbor clustering. We first generated a uni-
form manifold approximation and projection (UMAP) for data reduction based on the surface marker
expression. As expected, the AML clones clustered separately from the wild-type (WT) cells within a
patient sample (AML-6; Figure 2A). Heatmaps were also generated to visualize the coexpression of cell
surface markers. Here we can identify clusters of lymphoid cells without leukemic mutations (yellow,
teal, tan, and dark green clusters). Within the clusters associated with leukemic mutations, there are
cells that express very few myeloid markers (light green cluster), immature myeloid markers such as
CD117, CD34, and CD123 (navy cluster), and clusters that express mature myeloid markers such as
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Table 1. Patient samples for scDNA-seq

PTPN11
mutation

PTPN11 and
NPM1
mutations

Patient no.

AML-1

AML-2

AML-3

AML-5

AML-6

AML-7

AML-8

AML-9

AML-10

AML1

AML-13
AML-15

AML-16

L PTPN11 mutation NPMTmutation  Other mutations
Cytogenetics CR

Age Sample
Sex (VAF) (VAF) (VAF)

(v) type
45 ,XY,der(3)t(3;8)
(g21;g13),del(5)

74 M  PB (q31g35),-7,24d(8) (q13) D61V (0.3398) N/A ANKRD26 (0.5332) No
[29]/46,XY[1]
44,X,- Y,t(3;3)
43 M PB (q21:426.2)-7120] G503V (0.4176) N/A BCOR (0.8891) No
45,XX,inv(3)
53 F PB (q21q26) ~7151/46,XX[8] E76V (0.3874) N/A BCOR (0.3668)  Ves
46,XX,t(6;11) (927:923) KMT3A (0.4765);
37 F  BM [171/46 XX3] E69K (0.3814) N/A SAMHD] (0.4494) V€5
DNMT3A (0.4112);
26 M PB  46,XY,del(9) (q21g31)[30] D61V (0.5167) (0.5446)  TET2(4730); BCOR Yes
(0.9990)
57 M PB 46,XY[20] G60V (0.4654) (0.4268) TET2 (0.4323) Yes
DNMT3A (0.207);
66 M  BM 46,XY[20] S502L (0.4629) (0.5800) sMCiA (8721 Ve
DNMT3A (0.4652);
36 F  BM 46,XX[20] S502P (0.4458) (0.4274) SMCIA (0.0737);  No
STAG2 (0.4382)
45,XY,der(7;18) (q10:q10)
42 M BM [161/46.XY[4] E69K (0.3913) (0.4048) SF3A1(0.4386)  Ves
DNMT3A (0.4198);
67 M BM 46,XY[22] N58Y (0.4281) (0.3934) TET2 (0.4936) Yes
DNMT3A (0.2926);
50 M BM 46,XY[30] E76G (0.4234) (0.3148) SMC3 (0.4932) Yes
50 F  BM 46,XX[30] Q510L (0.4132) (0.4074) BIRC6 (0.5421) Yes
STAG2 (0.4524);
51 F BM 46,XX[20] T731 (0.5087) (0.421) PI3CG (0.4112); Yes
HNRNPK (0.4699)

M, male; F, female; CR, complete response; y; year; PB, peripheral blood; BM, bone marrow.

CD14, CD11b, and HLA-DR (pink cluster) or CD11c and CD141 (red cluster, Figure 2B). However, we
could not identify a cluster with mature myeloid markers composed of predominately WT cells, thus
verifying that the mature myeloid cells in these patients are leukemia derived (Figure 2C). This trend
was consistent across all 13 samples analyzed (Supplemental Figure 2). Therefore, our data suggest that
AML patients with PTPN11 mutations have a diverse immunophenotype, with leukemic cells expressing
a variety of mature myeloid markers and very few WT myeloid cells at diagnosis.

The diverse immunophenotype of PTPNI11-mutated AML is recapitulated with flow cytometry. To further vali-
date the diverse immunophenotype of the AML cells as suggested by the single-cell immunophenotype, we
developed a spectral flow cytometry immunophenotyping antibody panel against 38 antigens (gating strat-
egy in Supplemental Figure 3). AML leukemic stem cells are canonically defined as CD34" cells (25), but
interestingly, we did not identify a large portion of CD34" cells within the PTPN1I-mutated samples (Fig-
ure 3A). This is consistent with previous data showing that NPM1 mutations are associated with decreased
CD34 expression (26). We did, however, note the presence of cells committed to a mature myeloid lineage.
In our cohort, we found that about half the patients had an expansion of CD14* monocytes above the
mean; however, this was not statistically significant (Figure 3B). There was also a trend toward an increase
in pre-conventional dendritic cells (pre-cDCs) in bone marrow of patients with PTPN11 mutations at diag-
nosis (FDR-adjusted P = 0.0781; Figure 3C). There were a couple of patients with increased plasmacyt-
oid DCs (pDCs) in the peripheral blood but not sufficient to be characterized as pDC-AML (Figure 3D).
There was also an expansion of immature DCs in both the peripheral blood and bone marrow compared
with healthy controls (FDR-adjusted P = 0.0004 and FDR-adjusted P = 0.0681, respectively; Figure 3E).
Overall, we found that the tumor-derived myeloid cells exhibit a range of early differentiated cells predom-
inantly of monocytic and DC lineages. When these cells are stimulated with CpG overnight, they have a
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Figure 1. Clonal architecture of PTPN11-mutated AML patient samples. Clonographs demonstrating the frequency of
co-occurring mutations determined using scDNA-seq in representative samples. (A) PTPN11 mutation without NPM1
mutation (AML-3; total n = 4). (B) Subclonal PTPN11 mutation (AML-16, total n = 4). (C) Inferred clonal relationship for B.
(D) Early PTPNT1 mutation (AML-9, total n = 5). (E) Inferred clonal relationship for D.

reduced capacity to produce IFNs compared with healthy controls, highlighting a functional difference
from normal, nonmutant cells (Supplemental Figure 4). Therefore, the combination of scDNA-seq and
flow cytometry data highlights the presence of mutated leukemia cells with a variable immune phenotype
representing both immature and mature populations.

NpmI“/Ptpnl 1¥7°K mice consistently develop AML. Our AML patient data suggest that PTPN1] mutations
can constitute a driving transformative event and can produce a diverse myeloid phenotype. Therefore, we
aimed to develop a Ptpnll-mutated AML mouse model that would allow further investigation of the role
of Ptpnll mutations in leukemogenesis and pathogenesis. Analysis of co-occurring mutations with PTPN11
aberrations demonstrated NPM1 to be most co-associated in AML. We therefore combined Pepn1157°% (18)
and Npm I (27) mutant alleles, which are both driven by Mx-Cre (28) and are inducible with IFN or poly-
inosinic-polycytidylic acid [poly(I:C)]. Mice expressing both mutant alleles (Npm I/ PtpnlI¥76%) exhibited
a fully penetrant lethal disease phenotype with a median overall survival of 13.4 weeks after induction,
significantly faster than either PrpnllF"*/Mx-Cre (PtpnllF"®%; 39.2 weeks) or NpmIA/Mx-Cre (NpmI;
35 weeks) mice (Figure 4A). When comparing overall survival of NpmI*/PtpnlI*"° mice based on sex,
female mice had a significantly shorter survival compared with male mice (Supplemental Figure 5).

At time of sacrifice, NpmI°*/ Ptpnl ¥’ mice had significant splenomegaly compared with age-matched
Mx-Cre and single-gene control mice (Figure 4B). NpmI®*/ Ptpnl "¢ mice also exhibited significant leu-
kocytosis, anemia, and thrombocytopenia compared with age-matched single-gene controls (Figure 4C).
There was no difference in splenomegaly, leukocytosis, anemia, or thrombocytopenia between sexes at time
of death (Supplemental Figure 5). As previously published, the Ptpnl % mouse can develop multilineage
leukemias; therefore, we wanted to confirm that the addition of an NpmI®* mutation would result in a
consistent myeloid phenotype. We performed flow cytometric analysis, showing that all Npm 4/ Ptpnl [F76%
mice have a clear expansion of CD11b*c-Kit* cells in the blood as early as 4 weeks after induction, which
progressively expanded throughout disease development (Figure 4D).

Broad immunophenotyping identifies diverse myeloid populations in the NpmI“/Ptpnl I¥7K mice reflective of
human AML. As we noted a diverse immunophenotype in primary human AML samples at diagnosis, we
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Figure 2. Mutated AML cells comprise most myeloid cells at diagnosis. Immunophenotypic clusters were identified using shared nearest neighbor clus-
tering on a representative early PTPN71-mutated sample (AML-6). (A) UMAP overlaid with WT, NPM72¢7/PTPN11°V, and NPMZ226¢*% | PTPN11°" / DNMT3AREEH
clone identity and nearest neighbor clustering. (B) Heatmap of select lineage defining markers. A total of 9 samples were analyzed. (C) UMAP overlaid with
the identity of the clusters from the heatmap in B.

comprehensively characterized the NpmI®/ PtpnlI®*% murine disease immunophenotype to see how well
this represented human disease. To this end, we developed a spectral flow cytometry immunophenotyp-
ing antibody panel against 35 antigens to characterize both the lymphoid and myeloid populations in the
spleen (gating strategy in Supplemental Figure 6). Compared with age-matched single-gene controls, the
NpmI*/ Ptpnl I¥"€ mice exhibited an expansion of multiple distinct myeloid populations, including neu-
trophils (CD11b*Ly6G*) and monocytic cells (CD11b*Ly6C*) (Figure 5A). As PTPNII-mutated AML is
associated with a monocytic phenotype (21), it was unsurprising to find that the NpmI°*/ PtpnlI%"¢ mice
have an increase in the percentage of monocytes compared with control mice. However, in addition to the
expected expansion of the CX3CR1 ¢-Kit" population of “immature” monocytic cells, we also observed a
significant expansion of the CX3CR1*c-Kit™ population of “mature” monocytes (Figure 5, B and C). This
suggests that while NpmI mutations have been associated with differentiation block, in the context of a
co-occurring Ptpnll mutation, there is an expansion of variably differentiated myeloid cells, including those
immunophenotypically consistent with mature monocytes.

In addition to the expansion of monocytes, we also saw an expansion of variably differentiated DCs
in the murine splenocytes comparable to the primary AML samples (Figure 3). Specifically, the Npm-
1%/ Ptpn11¥"%% mice have an expansion of cDC1s and ¢cDC2s in the spleen. There was also an expansion
of immature DCs (CD11c*MHC"") compared with Mx-Cre and NpmI** control mice but not to the
Prpnl IF7% mice, suggesting a relationship to the Pspnll mutation (Figure 5, D and E). There was also an
increased percentage of immature (CD11¢*B220") and mature pDCs (CD11¢*B220*Siglec H*CD317%)
in the NpmI*/PtpnlI¥"*¢ mice compared with controls (Figure 5F). There was no difference in the
immunophenotype of the splenocytes from the male and female NpmI*/Ptpnl ¥ mice, suggesting
that the difference in survival is not related to an expansion of a specific myeloid cell (data not shown).
Therefore, our NpmI*/ Ptpnl I¥7% mouse can recapitulate the monocytic and cDC expansion of human
PTPNII-mutated AML and also exhibits an expansion of pDCs.

NpmI“/Ptpnl 17K splenocytes can recapitulate a leukemic phenotype in primary and secondary recipients. Thus
far, we have demonstrated that co-induction of NpmI* and Ptpnl 7% in mice is comparable to our human
data and that these 2 mutations are sufficient to develop a 100% penetrant, aggressive AML. However,
a hallmark of a true AML model requires that it can be adoptively transferred with preservation of its
immunophenotypic features. We therefore wanted to determine whether AML cells from the NpmI*/ Pt
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Figure 3. Immunophenotypic diversity of primary PTPN11- and NPM1-mutated AML peripheral blood and bone marrow samples at diagnosis. (A) Per-
centage of CD34*CD38" and CD34+*CD38* cells in healthy and leukemic peripheral blood (PB) and bone marrow (BM) with representative flow plots. (B) Per-
centage of CD14* monocytes in healthy and leukemic PB and BM with representative flow plots. (C) Percentage of pre-conventional dendritic cells (pre-cDCs)
in healthy and leukemic PB and BM with representative flow plots. (D) Percentage of plasmacytoid DCs (pDCs) in healthy and leukemic PB and BM with
representative flow plots. (E) Percentage of CD1c* DCs, CD141* DCs, and immature DCs in healthy and leukemic PB and BM, respectively, with representative
flow plots. Percentages are based on CD45* cells. Data are presented as mean + SD of 2 independent experiments. Statistical analysis by 1-way ANOVA with
Benjamini-Hochberg FDR correction applied. *FDR-adjusted P < 0.05, ***FDR-adjusted P < 0.001.

pnlIF7% mice formed a lethal leukemia in a primary recipient. We found that these splenocytes, when
injected via the tail vein of NCG recipients, were able to recapitulate a leukemic phenotype with an average
overall survival of 8.2 weeks after engraftment (individual donors [# = 8] ranged from 7.5 to 17 weeks, Fig-
ure 6A). While all individual AML donors formed a lethal leukemia in some recipients, 2 of the 8 donors
tested (S0283 and S0500) had slightly more inconsistent engraftment, resulting in failed engraftment in 2
of 5 and 1 of 4 recipients, respectively. We then took passaged splenocytes from 3 donors (50200, S0437,
and S0500) and engrafted them into additional recipients (# = 5 recipients per donor) and found they were
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Figure 4. Characterization of the Npm1*/Ptpn11¥* mouse model. (A) Overall survival of Npm1®, Ptpn11¥%%, and Npm1#/Ptpn11¥’* mice. (B) Represen-
tative picture of a spleen collected from a Npm1*/Ptpn11¥6¢ mouse at survival endpoint compared with age-matched Mx-Cre mouse spleen. Summary of
spleen weights (in grams) of Npm1/Ptpn11¥¢¢ mice at time of death compared with aged-matched controls. (C) White blood cell (WBC), red blood cell
(RBC), and platelet (PLT) counts of Npm1%/Ptpn11¥*¢ mice at time of death compared with aged-matched controls. (D) Representative peripheral blood
flow cytometry plot (gated on CD45*CD3-CD19°NK1.1- cells; percentage based on total CD45* cells) of Mx-Cre and Npm1*/Ptpn11¥¢ mice 4 weeks after
poly(l:C) induction (total n of 11 Mx-Cre mice and 14 Ptpn11¥%/Npm1® mice). Data are presented as mean + SD. Statistical analysis by 1-way ANOVA with
Benjamini-Hochberg FDR correction applied. *FDR-adjusted P < 0.05, ***FDR-adjusted P < 0.001, ****FDR-adjusted P < 0.0001.

capable of engrafting into a secondary recipient with an average overall survival of 8.5 weeks after engraft-
ment (individual donors [# = 3] ranged from 7.6 to 9.7 weeks, Figure 6B). The consistency increased with
the secondary engraftment, with all 5 recipients from each donor resulting in a lethal leukemia. To confirm
that the leukemic cells developing in the recipients phenotypically matched the original donor cells, we
performed the immunophenotyping panel on splenocytes from mice with overt leukemia, as described
above. We found the overall diversity of cell subsets shows a similar profile to that of the donor in both the
primary and secondary engraftment. The variability of differentiated monocytes and DCs was maintained
at similar proportions in both the primary and secondary recipients (Figure 6C), suggesting stability of the
diverse immunophenotype of NpmI*/PtpnlI®% leukemia cells.

Npm1/ Ptpnl I¥7°K LSKs can recapitulate the immune subset diversity in primary recipients. With Mx-Cre—driven
expression, all hematopoietic lineage cells in the Npm [/ Ptpnl 157K mice express the driver mutations. How-
ever, not all leukemia populations are expected to have the same capacity to engraft into primary recipients.
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Figure 5. Inmunophenotyping of Npm1*/Ptpn11¥¢¢ splenocytes. Flow cytometric analysis of splenocytes from Mx-Cre (n = 5), Npm1# (n = 6), Ptpn11¥%¢ (n =
5), and Npm1®/Ptpn11¥% (n = 10) mice. Percentages were calculated as a fraction of total CD45.2* cells and all control mice were age matched. (A) Percentage
of immune subsets in the spleen. (B) Representative flow plots CX3CR1and c-Kit expression on myeloid cells in a representative Mx-Cre and Npm1*/Ptpn11¥7e
mouse. (C) Percentage of immature myeloid cells and monocytes. (D) Representative flow plots of dendritic cell (DC) gating from a Npm1/Ptpn11¥¢ mouse.
(E) Percentages of conventional DC 1(cDC1), cDC2, and immature DC populations. (F) Percentages of immature and mature plasmacytoid DC (pDC) popu-
lations. Data are presented as mean + SD from 3 independent experiments. Statistical analysis by 1-way ANOVA with Benjamini-Hochberg FDR correction
applied. *FDR-adjusted P < 0.05, **FDR-adjusted P < 0.01, ***FDR-adjusted P < 0.001, ****FDR-adjusted P < 0.0001. NK cells, natural killer cells.

Given the relative stability of the immune diversity of the NpmI*/ Ptpnl "¢ leukemic cells, we wanted to
determine whether lineage Sca-1*cKit* (LSK) cells, which previous studies in mice have identified as con-
taining leukemia-initiating cells (29), were capable of generating diversity of immune subsets identified in
the transgenic mice. Therefore, LSKs were sorted from the spleens of individual donors (# = 3) and inject-
ed via the tail vein into NOD-Prkdc?%[[2rg2%422/NjuCrl (NCG) recipients (n = 3; sorting strategy in
Supplemental Figure 7). There was considerable variability in the engraftment of the LSK cells into NCG
recipients, with donors producing a lethal leukemia in 1 of 3, 2 of 3, and 3 of 3 recipients (Figure 6D). We
again performed immune profiling of the splenocytes from recipient mice that developed a lethal leukemia,
and the immune subset diversity in LSK-engrafted mice was comparable to bulk-engrafted recipients (Fig-
ure 6E). This suggests that the diverse mature myeloid populations in NpmI1*/ Ptpnl ¥ AML are derived
from a stem or progenitor population within the LSK cells.
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Figure 6. Engraftment of Npm1*/Ptpn11¥’*K splenocytes into immunodeficient mice. (A) Overall survival in primary NCG engraftment in 3 indepen-
dent experiments. (B) Overall survival in secondary NCG engraftment. (C) Summary of spleen immune subsets as a proportion of total CD45.2* cells in
primary AML donors compared to primary and secondary NCG recipients meeting the survival endpoint from 2 independent experiments. (D) Frequency
of donor-derived CD45.2* cells over time in the peripheral blood from NCG mice engrafted with LSK cells. (E) Immune cell subsets in spleen from 1 donor
(50200) and recipients of either bulk splenocytes (n = 4 recipients) or LSK cells (n = 3 recipients) at endpoint. FACS-isolated CD45*, CD11c*, or CD11c"CD11b*
cells were sorted from 3 donors. (F) Frequency of donor-derived CD45.2* cells over time in the peripheral blood. (G) White blood cell (WBC) and (H) overall
survival of NCG mice engrafted with CD45* (n = 12), CD11c* (n = 11), or CD11c"CD11b* (n = 8) cells. Data are presented as the mean. pDCs, plasmacytoid den-
dritic cells; cDC2s, conventional dendritic cells 2; cDC1s, conventional dendritic cells 1; DCs, dendritic cells; NK cells, natural killer cells.

CD11c* Npm1“/Ptpnl I¥7K splenocytes form a lethal leukemia in primary recipients. We observed that the rate
of engraftment failure in recipients of sorted LSK cells was higher than when bulk splenocytes were engraft-
ed. We therefore hypothesized that a population expressing a lineage marker may also contribute to engraft-
ment. To test this, we sorted 3 populations: (a) total CD45*, (b) CD11c* cells (DC lineage) and (c) CD11c”
CD11b* (monocyte/macrophage lineage) from NpmlI*/PtpnlIF’% splenocytes (n = 3; sorting strategy in
Supplemental Figure 8). The frequency of donor-derived (CD45.2*) engraftment in NCG recipients shows
that both the CD45* and CD11c* populations engrafted at an equivalent rate, while the CD11cCD11b*
population exhibited highly sporadic and short-lived engraftment (Figure 6F). Both the CD45" and CD11c*
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populations, but not CD11c CD11b* cells, exhibited increased white blood cell (WBC) counts (Figure 6G),
leading to the formation of a lethal leukemia (Figure 6H). Importantly, the survival in mice engrafted with
the CD11c* population was similar to NCG mice engrafted with total bulk spleen cells (as in Figure 6A).

FLT3 Iigand differentiates Npm1/Ptpnl 157K bone marrow cells into monocytes and DCs that have an altered
cytokine response to CpG. Given the expansion of a DC population in these mice, we wanted to determine
whether the leukemic cells isolated from Npm I/ PtpnlI¥7*% mice can respond to antigen by stimulating
NpmI®/ PtpnlIF7*% bone marrow cells with CpG. We first differentiated the cells for 9 days in vitro with
FLT3 ligand to ensure that there was a sufficient population of DCs, particularly in the Mx-Cre mice where
these cells are more limited. The Mx-Cre control mice developed mainly mature pDCs and cDCls, with
a smaller proportion of ¢cDC2s, immature pDCs, immature DCs, and very few monocytes. The NpmI*
bone marrow cells developed into mainly mature pDCs, while the Ptpnl1*"°% bone marrow cells differenti-
ated into mainly cDCls. Finally, the Npm I/ Ptpn11*"° bone marrow cells differentiated into monocytes,
followed by immature pDCs and immature DCs (Figure 7A). After overnight stimulation with CpG, the
NpmI®/ PtpnlIF7*% cells produced an equal amount of IFN-a compared to Mx-Cre controls but less IFN-y
and TNF-o (Figure 7, B-D). Compared with Mx-Cre, NpmI, and PtpnlI®% controls, the NpmI*/ Pt
pnlIF™X cells produced more immunosuppressive IL-10 after CpG stimulation (Figure 7E). These results
suggest that the bone marrow cells from NpmI*/ Ptpn11®% mice can be differentiated into monocytes and
immature DCs with a potentially immunosuppressive phenotype.

Discussion

Using scDNA-seq of AML patient samples, we present data that demonstrate for the first time to our knowl-
edge that PTPN11 can act as an early driver mutation in AML when accompanied by a strong oncogene such
as NPM1 mutation or rearrangement of EVII or KMT2A. The co-occurring single-cell surface immunophe-
notype showed that most myeloid cells, independent of immature or mature myeloid marker expression, had
leukemic mutations. These data highlight that there are few WT myeloid cells irrespective of differentiation
state at diagnosis in PTPN]I-mutated AML. We further characterized the immunophenotype of leukemic
myeloid cells with spectral flow cytometry and identified variably differentiated monocytes and DCs. We
then developed a transgenic mouse model concurrently expressing the Prpnl 5% and NpmI* alleles to per-
form validation studies and further characterize the role of a strong driver gene (mutant NPM]I) together with
a PTPNI1 mutation in driving propagation of disease. Mice harboring both Ppnlf"¢ and NpmI* muta-
tions rapidly developed a fully penetrant lethal myeloid neoplasm that recapitulates many of the features of
PTPNII-mutated AML in humans. Primary transgenic Npm1“/PtpnlI¥7°* mice present with an expansion
of variably differentiated myeloid cells, including monocytes and DCs. This diverse immunophenotype was
stable upon engraftment, and all immune populations could be derived from the LSK cells. When differ-
entiated in culture with FLT3 ligand, the leukemic cells from the Npmi“/Ptpnl ¥ mice could be pushed
toward a DC lineage that exhibits an altered cytokine response to CpG oligodeoxynucleotide stimulation,
with increased IL-10 release suggestive of an immunosuppressive phenotype.

Prior work from our group showing a high VAF of PTPN11 mutations in some patients with AML sug-
gested that PTPN1I mutations may be an early co-event in leukemogenesis. The findings of our scDNA-seq
analysis corroborate this, confirming that PTPN1! can be both a late acquired subclonal mutation or an early
acquired driving mutation together with another strong oncogene (EVII, KMT2A, or NPM1 mutation). How-
ever, a few limitations of the scDNA-seq technology utilized hindered our ability to fully understand the clonal
evolution in these patients. First, we are unable to integrate information about chromosomal rearrangements
with genomic mutations at a single-cell level. This was particularly pertinent in the PTPNII-mutated patients
without a concurrent NPM1 mutation, who frequently carried chromosome rearrangements but had few co-oc-
curring mutations based on the bulk sequencing analysis. In these patients, we could not infer the order of
acquisition of the PTPN11 mutation relative to the chromosome rearrangement. Secondly, due to the limited
coverage of the scDNA-seq panel, multiple high-VAF mutations identified in the bulk sequencing were not
captured in the single-cell data. Therefore, we can only infer the order of acquisition for the captured muta-
tions. Conversely, the scDNA-seq reliably captured some low-frequency mutations not identified in the bulk
sequencing, including NRAS, KRAS, and WT1 mutations. Lastly, while single-cell sequencing allows us to look
at an individual cell, there may be small clones missed due to cellular capture and allelic dropout limitations
of the MissionBio Tapestri platform. We manually analyzed each sample to mitigate these limitations. Despite
these limitations, our data support the notion that a PTPN1] mutation can occur early in AML development.
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Figure 7. Murine Npm1%/Ptpn115* bone marrow DC differentiation and in vitro CpG stimulation. (A) Immune subsets of bone marrow cells from Mx-Cre (n =
3), Npm1 (n = 3), Ptpn11¥¢ (n = 3), and Npm1%/Ptpn11¥%¢ (n = 3) mice after 9 days of differentiation with FLT3 ligand in vitro. (B) IFN-a (pg/mL), (C) IFN-y (pg/
mL), (D) TNF-a (pg/mL), and (E) IL-10 (pg/mL) in the supernatant of DC-differentiated Mx-Cre (n = 3), Npm1 (n = 3), Ptpn11¥%¢ (n = 3), and Npm1*/Ptpn11¥s¢ (n
= 3) bone marrow cells after overnight stimulation with 0.1 ug/pL of CpG. Data are presented as mean + SD. Statistical analysis by 1-way ANOVA with Benjami-
ni-Hochberg FDR correction applied. *FDR-adjusted P < 0.05, **FDR-adjusted P < 0.01, ***FDR-adjusted P < 0.001, ****FDR-adjusted P < 0.0001.

The Npmi/PtpnlIE" mouse model described herein consistently develops an AML phenotype,
as evidenced by accumulation of myeloid cells in the peripheral blood and progressive anemia, throm-
bocytopenia, and leukocytosis at time of death. The NpmI®*/PtpnlIF¢ model has a median survival
of approximately 4 months from induction, which is shorter than the NpmI1°*/Dnmt3A%78" model (30),
longer than the Npmi*/Fit3'™ model, and comparable to the NpmI*/Nras®'?® model (31). In addition
to similar disease kinetics, the Npm 1/ PtpnlI®"°¢ and NpmI*/Nras®'?® models also share a propensity
for an AML with maturation immunophenotype. One limitation of the Npm1°*/ PtpnlI¥7°% mouse model
is that it is only able to inform about the biology of early PTPNI1] mutations and not subclonal/late
PTPNI1I mutations. Comprehensive immune profiling of splenocytes showed considerable diversity in the
immunophenotype of NpmI4/Ptpnl ¥ mice. PTPN1I mutations have been previously associated with
a monocytic phenotype (21), and we indeed identified a significant expansion of a population of mature
and immature monocytic cells. However, we also identified expansion of cells with a mature immuno-
phenotype, including an expansion of cDC2s and mature pDCs as well as partially differentiated DCs
and pDCs. Furthermore, we found that when engrafting bulk splenocytes, mature myeloid populations
were consistently present in both immunodeficient primary and secondary recipients and importantly
could be derived from the LSK stem/progenitor population. Interestingly, engraftment of LSK cells was
more inconsistent than unselected splenocytes from the same donors, suggesting contribution of the
more mature myeloid cell populations in efficient pathogenesis of PtpnlI®/ Npmi1® AML. Finally, we
found that isolated CD11c* cells were capable of engraftment and the establishment of a lethal leukemia
with equivalent efficiency to a total CD45" sorted population. This supports the hypothesis that in this
mouse model, leukemia-initiating cells are not exclusively found within the LSK population. While the
canonical immunophenotypic definition of hematopoietic stem cells excludes CD11c-expressing cells,
it has been suggested that stem cells may express CD11c (32). Our immunophenotyping data also show
that multiple AML populations express CD11c, including those that express the additional markers that
define DCs but also a population of cells lacking MHCII that we identified as immature DCs. Further
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work is needed to delineate the specific CD11c* population responsible for engraftment and how the
mature immune populations that comprise the AML contribute to the engraftment of LSK cells.

When comparing the populations of myeloid cells across patient samples and the murine model,
we were able to identify similar populations of mature and immature monocytes, cDCs, and immature
DCs that expressed CD11c but not terminally differentiated DC markers. While monocytes were not
significantly upregulated in our patient samples, the scDNA-seq data indicate that these are leukemic
monocytes. One major difference is that we were not able to identify a population of neutrophils in the
patient samples, which is likely related to a difference in cell processing as the human blood and bone
marrow samples were mononuclear cells isolated by density gradient centrifugation, whereas the mouse
cells were not. Finally, we looked for the presence of pDCs in the human samples, which were present in
a couple of samples but were not above the 2%-of-cells threshold to be defined as pDC AML (33). The
pDC expansion in the murine model is likely related to a combination of Mx-Cre driving the expression
of mutated Prpnil and Npml in all hematopoietic stem cells and to the fact that primary AML samples
tend to have mutations in more genes than PTPN11 and NPMI. These additional mutations could inter-
fere with an expansion of pDCs.

While CD11c has been recognized as being aberrantly expressed on AML cells for many years (34,
35), DC AML is a very rare entity (36). However, it has been noted that patients with internal tan-
dem duplication of FLT3 (FLT3-ITD) have elevated numbers of cDCs and pDCs. Interestingly, Rick-
mann et al. noted that the intensity of expression of HLA-DR was decreased in FLT3-ITD—positive
samples compared with FLT3-ITD—negative samples (37). This same group published a follow-up paper
demonstrating a higher frequency of precursor DCs, defined as lineage HLA-DR*CD11¢*CD123*, and
a decreased frequency of terminally differentiated DCs, defined as CDI1c*, CD141*, or CD303* DCs
(38). These results are similar to ours, as we detected an expansion of immature DCs that are CD11c*H-
LA-DR* but lack CD1c and CD141 expression. However, none of the patients in our cohort had an
alteration in FLT3. To our knowledge, we are the first to describe an expansion of variably matured DCs
in PTPNII-mutated AML and can confirm using scDNA-seq that these cells have leukemic mutations.
While CpG stimulation in vitro resulted in altered IFN production in both murine and primary PTPN11-
and NPMI-mutated AML, more work is needed to understand the full functionality of these cells and
how they are contributing to leukemogenesis and treatment resistance.

In conclusion, we have demonstrated with both human and murine genetic studies that mutated
PTPNI11 can have a divergent clonal hierarchy and can be a co-initiating factor with other strong oncogenes.
Our murine model of NpmI- and Ptpnll-mutated AML can serve to study the role of DC expansion in both
disease progression and immunosuppression associated with this disease. Previous work from Loberg et al.
(30) has shown how order of acquisition of DNMT3A4 and NPMI mutations can impact disease trajectory.
Our work provides the foundation for future studies regarding how mutated NPM1 and SHP2 proteins
interact to drive the disease.

Methods
Sex as a biological variable. Our study examined male and female primary samples and animals, and sex-di-
morphic effects are reported.

Patient samples. sScDNA-seq was performed on samples from 13 newly diagnosed patients from the
Alliance for Clinical Trials in Oncology with de novo AML and PTPNI] mutations. Five samples were
peripheral blood and 8 were bone marrow samples. All patients had a PTPNI] mutation as a dominant
mutation (VAF > 0.3), with 9 patients having a co-occurring mutation in the NPM1 gene. Flow cytometry
for immunophenotyping was performed on 15 primary AML patient samples, of which 5 had PTPN1I-on-
ly mutations (5 peripheral blood and 2 bone marrow samples) and 10 had PTPN1I and NPM1I mutations
(10 peripheral blood and 6 bone marrow samples). Five healthy donor peripheral blood and 3 bone marrow
samples were used as controls for the flow cytometry.

Sequencing reagents. The TotalSeq-D Heme Oncology Panel of oligo-conjugated reagents was purchased
from BioLegend (clone information can be found in Supplemental Methods). Primers for the Myeloid
Clonal Evolution Panel were purchased from MissionBio (22).

scDNA and protein library preparation and sequencing. Cryopreserved samples were thawed and count-
ed using the Cellaca PLX Image Cytometry System (Nexcelom). A Dead Cell Removal Kit (Miltenyi
Biotec) was then used to collect live cells. Cells were recounted and resuspended in Cell Staining
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Buffer (MissionBio). The remaining staining, cell encapsulation, barcoding, target PCR amplification,
PCR cleanup, and quantification steps were performed according to MissionBio’s Tapestri Single-Cell
DNA + Protein Sequencing Protocol. Libraries were quantified using a TapeStation (Agilent) prior
to pooling. Four pooled samples were run on one S1 lane on an Illumina NovaSeq at the Cincinnati
Children’s Hospital Medical Center DNA Sequencing and Genotyping Core.

Data processing. FASTQ files were analyzed through the Tapestri Pipeline, and the subsequent output
was analyzed in R as previously described (22). Briefly, reads were aligned to the hgl19 genome build (39,
40) and to cell barcodes. Genotypes were called using the GATKv3.7 (41-43). Any intronic changes were
removed from the analysis and only nonsynonymous variants were included. The aligned reads of all called
variants were visually inspected in the Integrative Genomics Viewer (https://www.broadinstitute.org/sci-
entific-community/software/integrative-genomics-viewer). All variants with VAFs of less than 0.01 and
genotyped in less than 50% of cells were excluded from the analysis. Clones were manually examined to
exclude those that have high allele dropout rates, low genotype quality, low read depth, exhibit loss of het-
erozygosity, or improper amplification of mutant alleles. Further filtering and mutational order were deter-
mined by current biological knowledge of clonal evolution. For each variant, the number of cells in each
genotype was counted and VAF was calculated as VAF = 2n(Het) + 2n(Homo)/2[2n(Het) + 2n(Homo) +
2n(WT)], where n = number of cells identified with relevant mutation. Cells with missing genotyping calls
were excluded. A comparison of the bulk and single-cell sequencing VAF is presented in Supplemental
Table 1. For the protein analysis, normalization was performed using DSB normalization (44). Dimension
reduction, differential expression markers, and data visualization was performed using Seurat in R, as
previously described (22, 45). To generate unsupervised heatmaps of protein expression in R, the Complex-
Heatmap package from Bioconductor was used (46, 47).

Primary AML sample flow cytometry. For the primary AML immunophenotyping flow cytometry, cryo-
preserved peripheral blood and bone marrow cells were thawed and 1 x 10° cells were obtained for staining.
Cells were first stained with a Live/Dead Fixable Blue Dead Cell Stain Kit (Thermo Fisher Scientific) for
30 minutes. Cells were then washed and blocked with BD Pharmingen Human BD Fc Block (BD Biosci-
ences) and True-Stain Monocyte Blocker (BioLegend) for 5 minutes. Antibody master mix (Supplemen-
tal Methods) with Brilliant Stain Buffer Plus (BD Biosciences) in FACS buffer (PBS, 2% FBS, and 0.1%
sodium azide) was then added and cells were incubated for 30 minutes. Cells were then washed 3 times
and flow cytometry data were immediately acquired on a Cytek Aurora (Cytek Biosciences) with 100,000
events collected per sample.

Experimental animals. Ptpnl "¢ and NpmI® mice were gifts from Cheng-Kui Qu (18) at Emory Uni-
versity (Atlanta, Georgia, USA) and George Vassiliou (27) from Cambridge Stem Cell Institute (Cam-
bridge, United Kingdom), respectively. B6.Cg-Tg(Mx1-cre)1Cgn/J mice (referred to as Mx-Cre mice; strain
003556) (28) were purchased from The Jackson Laboratory. NOD-Prkdc ¢ [ 2rge26¢#2 /NjuCrl (referred
to as NCG mice; strain 572) were purchased from Charles River Laboratories. To induce expression of the
transgenes, mice were injected 5 times (once every other day) with 20 pg/g of poly(I:C) (Sigma Aldrich) via
intraperitoneal injection at 6-10 weeks old. Mice were bled biweekly to monitor disease development via
complete blood counts (CBCs) obtained on the Element HTS (Heska) and signs of early removal criteria
(ERC). ERC was defined as 20% weight loss, partial or full hind limb paralysis, dehydration, anorexia,
anemia, hunched posture, inactivity, lethargy, difficulty breathing, or rough hair coat.

Murine cell isolation. When a mouse met ERC, spleen, femurs, and tibias were collected in PBS and
immediately processed. Spleens were dissociated in a gentleMACS Dissociator (Miltenyi Biotec) and
bone marrow cells were isolated via centrifugation. Both splenocytes and bone marrow cells underwent
red blood cell (RBC) lysis with 1x RBC Lysis buffer (Thermo Fisher Scientific). Samples were then
sterilely cryopreserved.

Murine peripheral blood and splenocyte flow cytometry. For the peripheral blood flow cytometry, 20 pL of blood
was blocked with TrueStain FcX (anti-mouse CD16/32) (BioLegend) and True-Stain Monocyte Blocker (Bio-
Legend) for 5 minutes prior to staining with the 20-antibody cocktail (Supplemental Methods) in Brilliant Stain
Buffer Plus (BD Biosciences) and FACS buffer. After 30 minutes of incubation, samples were lysed twice with
1x RBC Lysis Buffer. Fifty thousand events per sample were immediately collected on the Cytek Aurora.

For the splenocyte immunophenotyping flow cytometry, cryopreserved splenocytes were thawed and 1
x 10¢ were obtained for staining. Cells were first stained with the Live/Dead Fixable Blue Dead Cell Stain
Kit for 30 minutes. Cells were then washed and blocked with TrueStain FcX (anti-mouse CD16/32) and
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True-Stain Monocyte Blocker for 5 minutes. Antibody master mix for the splenocyte panel (Supplemental
Methods) with Brilliant Stain Buffer Plus in FACS buffer was then added and cells were incubated for 30
minutes. Cells were then washed 3 times prior to paraformaldehyde fixation for 20 minutes. Cells were then
washed and stored at 4°C overnight. Flow cytometry data were acquired the next day on the Cytek Aurora,
with 100,000 events per sample being collected.

In vivo bulk splenocyte, LSK, and lineage* engraftment. One million bulk splenocytes from PipniI57%/
NpmI* mouse spleens were injected via the tail vein into NCG mice. Splenocytes from these primary
recipients were collected as described above and 1 x 10° cells were subsequently transplanted into a sec-
ondary NCG recipient. For the LSK and lineage* engraftment, splenocytes were sorted on the BigFoot
Spectral Cell Sorter (Thermo Fisher Scientific), and LSKs or lineage* populations (total CD45*, CD11c*
[CD45*CD3-CD19Nk1.1'Ly6GCD11c*] or CD11cCD11b* [CD45*CD3-CD19-Nk1.1-Ly6G CD11c
CD11b*]) were collected for engraftment (Supplemental Methods and Supplemental Figures 7 and 8).
Five thousand to 30,000 LSKs were engrafted per NCG mouse via tail vein injection. For each lineage*
donor, between 1 and 6 NCG recipients were engrafted per population with 3 x 10° sorted cells. Disease
development was monitored through weekly bleeds via CBCs and flow cytometry for CD45.2 (clone 104;
BD Biosciences, 561875) and CD45.1 (clone A20; BD Biosciences, 553775). At ERC, splenocytes and
bone marrow cells were cryopreserved as described above.

In vitro murine bone marrow DC differentiation. Cryopreserved bone marrow samples from age-matched
Mx-Cre, NpmI, Ptpnl "%, and NpmI*/ Ptpnl %" mice were thawed and cultured for 9 days in RPMI
1640 supplemented with 10% fetal calf serum (Gibco), 1 mM sodium pyruvate (Gibco), 1Xx MEM non-es-
sential amino acids (Gibco), 10 mM HEPES (Gibco), 1x GlutaMAX (Gibco), 55 uM 2-mercaptoethanol
(Gibco), 1x penicillin-streptomycin (Gibco), and 100 ng/mL FLT3 ligand (Peprotech). Cells were then
collected either for flow cytometry or CpG stimulation. Cells collected for flow cytometry were stained
with the Live/Dead Fixable Blue Dead Cell Stain Kit for 30 minutes. Cells were then washed and blocked
with TrueStain FcX (anti-mouse CD16/32) and True-Stain Monocyte Blocker for 5 minutes. Antibody
master mix (Supplemental Methods) with Brilliant Stain Buffer Plus in FACS buffer was then added and
cells were incubated for 30 minutes. Cells were washed 3 times with FACS buffer and flow cytometry data
were acquired immediately on the Cytek Aurora.

In vitro murine bone marrow CpG stimulation. After 9 days of growth in vitro as described above, bone
marrow cells from age-matched Mx-Cre, NpmI®, Ptpnl1 5%, and Npm I/ Ptpnl 7% mice were resuspend-
ed at 1 x 10° cells/mL and cultured overnight with 0.1 pg/pL of CpG (ODN 1585, Invivogen). Superna-
tant was collected and stored at —80°C. Supernatant was then thawed and cytokines were analyzed using
the Mouse Anti-Virus Response LEGENDplex Panel (BioLegend). Samples were run on the Cytek Auroa,
and 4,000 events were collected per sample.

Statistics. Data are presented as mean + SD, unless otherwise specified. One-way ANOVA for log(%)
was used to compare the frequency of various cell populations from the broad immunophenotyping panels
for both primary AML samples and murine splenocytes. One-way ANOVA for log(weight) or log(count)
using contrast for each pair of groups was used to determine differences in spleen weight, WBC, RBC,
and platelet (PLT) counts at ERC. One-way ANOVA for log(concentration) using contrast for each pair of
groups was used for cytokine production analysis. The Shapiro-Wilk method was used for normality. For
multiple-comparisons, the Benjamini-Hochberg method was used to adjust P values. To analyze differences
in overall survival time, we fit a Cox’s proportional hazards model for group and used contrast to compare
each pair of groups. A P value of less than 0.05 was used to determine significance.

Study approval. All patients provided written informed consent prior to participation in the following
protocols for the collection of pretreatment AML peripheral blood and bone marrow samples: CALGB
8461 (cytogenetic studies only, no tissue obtained), CALGB 9665 (leukemia tissue bank, blood and
bone marrow obtained for this), and CALGB 20202 (patient consent to perform molecular studies). All
protocols were approved by the Institutional Review Board at each center. For the healthy donor bone
marrow samples, all donors provided written informed consent prior to participation, and protocols
were approved by the IRB at the University of Cincinnati (UC). Healthy donor peripheral blood sam-
ples were purchased from the Hoxworth Blood Center (UC). All animal experiments were conducted
after approval by UC and The Ohio State University (OSU) Institutional Animal Care and Use Com-
mittees (IACUC). Both male and female mice were used. No work was done related to this paper at the
University of Pittsburgh (JCB moved here after acceptance of this paper).
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Data availability. All supporting data including means and SD reported in the text are available in the
Supporting Data Values file which can be found in the Supplemental Material. Raw sequencing data are
available in NCBI's SRA (SUB15641400). Individuals desiring data related to this work can correspond
with one of the corresponding authors.
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