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Abstract

Clonal hematopoiesis (CH) in patients with acute myeloid leukemia (AML) may persist beyond
attaining complete remission. From a consecutive cohort of 67 NPMIMUt AML patients, we
identified 50 who achieved AM/PMI mutation clearance and had parallel multicolor flow cytometry
(MFC) and next generation sequencing. Thirteen (26%) cleared all mutations, 37 (74%) had
persistent CH, frequently involving DNMT3A (70%), TET2 (27%), IDHZ2 (19%), /DHI (11%).
A small (<1%) number of aberrant CD34+ myeloblasts but immunophenotypically different from
original AML blasts (herein referred to as a pre-leukemic (PL) phenotype) was detected in

17 (49%) patients with CH but not in any patients with complete clearance of all mutations
(p=0.0037). A PL phenotype was associated with higher mutation burden (p=0.005). Persistent
IDHZ and SRSF2mutations were exclusively observed in PL+CH+ cases (p=0.016). Persistent
dysplasia was seen exclusively in cases with a PL+ phenotype (29% vs none; p=0.040).

PL+ phenotype did not correlate with age, intensity of induction therapy or relapse-free

survival. Post-remission CH in the setting of NPMIMUt clearance is common and may result in
immunophenotypic changes in myeloid progenitors. It is important to not misinterpret these cells
as AML MRD.
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Introduction

Measurable residual disease (MRD) in a patient with acute myeloid leukemia (AML)

has been proven to be one of the most reliable predictors of leukemia relapse and

outcome. Therefore, monitoring AML MRD has become increasingly part of standard

of care for AML patients. MRD assessment can be performed using multicolor flow
cytometry (MFC) immunophenotyping or by molecular methods, the latter including next
generation sequencing (NGS) or ultrasensitive methods such as digital droplet PCR, single
molecule molecular inversion probe capture or other sequencing methods incorporating error
correction schemes based on molecular barcoding (1-9). In the recent consensus guidelines
by the European LeukemiaNet MRD Working Party for AML MRD (10), MFC monitoring
of MRD is recommended for all AML subtypes, using the approach of identification

of classic leukemia associated immunophenotypes (LAIP) (11) and identification of
immunophenotypic deviation from normal (DfN). MFC and molecular methods, when used
in combination, have shown to enhance risk stratification for AML patients. (3, 8, 12, 13)

Clonal hematopoiesis (CH), defined by the acquisition of somatic gene mutations in
hematopoietic stem or progenitor cells, is associated with increasing age and has been
shown to confer an increased risk of developing hematopoietic malignancies (14), as well
as increased susceptibility to complications arising from other non-neoplastic conditions
including coronary artery disease (15, 16). The most frequently mutated genes in the
setting of CH are also mutated in myeloid neoplasms including AML. These genes

include DNMT3A, TET2, ASXL1, SRSF2, BCOR, TP53, and IDH1/IDHZ2. CH can persist
beyond achieving remission in patients treated for AML and the potential impact on MRD
assessment and risk of relapse remains unclear. (17-19).

In AML patients attaining morphologic remission, we routinely perform MRD assessment
by MFC on surveillance BM samples and have become aware of the presence of a small
number of immunophenotypically aberrant CD34+ myeloblasts in a subset of patients

who attain morphological remission. These CD34+CD13+CD33+ myeloblasts are often
present at very low (<1%) levels, frequently show abnormally increased CD117 and/or
CD123, and decreased CD38 and/or HLA-DR, but no expression of aberrant lymphoid
antigens or complete loss or gain of other antigens, reminiscent of changes observed in low-
grade myelodysplastic syndromes (MDS)(20-22). This specific immunophenotype bears no
resemblance to the original AML. These cells have been suspected to represent underlying
MDS, or persistent CH. henceforth referred to as “pre-leukemic” (PL) cells.

To understand potential clinical importance of these immunophenotypically aberrant cells,
and examine their association with persistent CH, we conducted this study on a cohort

of NPMIMUt AML patients. We chose this specific subtype of AML for the following
reasons: 1) NPM1 mutations occur in ~30% of AML and co-mutations in other genes
including FLT73, DNMT3A, IDHI1, IDHZ, and TETZ, are frequent (23-26). Several of
these mutations have been shown to persist beyond attaining MPMIMUtnegative remission
(27, 28) (19); 2) NPM1 mutation is strongly associated with AML and is particularly

rare in the “pre-leukemic” setting (3, 29); 3) NPMI mutated cells are highly sensitive

to therapy and the MPMI mutation frequently becomes undetectable in patients who
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achieve a durable remission; and 4) Most NPMI™Ut AML cases show highly aberrant

and characteristic immunophenotypic alterations at diagnosis, being frequently negative
for CD34, with an APL-like immunophenotype or monocytic differentiation (30). This
immunophenotype is very different from the above described myeloblasts with a PL+
phenotype. Therefore, NPMIMUt AML provides an excellent model for characterization of
these specific immunophenotypic changes and their association with CH.

Materials/Subjects and Methods:

We retrospectively reviewed 67 consecutive patients with de novo NPMI-mutated
(NPM1™MUty AML who were diagnosed and treated at our institution between January 1,
2017 and November 30, 2019 for whom flow cytometric immunophenotyping and molecular
profiling by next generation sequencing (NGS) at baseline and at least on one remission
sample were available for analysis. Patients with secondary AML and therapy-related
disease were excluded from this study. The study was conducted in accord with the
Declaration of Helsinki and approved by the Institutional Review Board (IRB) at MD
Anderson Cancer Center.

Flow Cytometric Analysis

Eight-color flow cytometry immunophenotypic analysis was performed using a combination
of the following 4 tubes on bone marrow (BM) aspirate samples: (1) CD7-FITC, CD33-PE,
CD19 PerCP-Cy5.5, CD34-PE-Cy7, CD13-APC, CD38-BV421, CD45-V500; (2) HLADR-
FITC, CD117-PE, CD4-PerCP-Cy5.5, CD34-PE-Cy7, CD123-APC, CD19-APC-eF780,
CD38-BV421, CD45-V500; (3) HLA-DR-FITC, CD36 or CD71-PE, CD56-PerCP-Cy5.5,
CD34-PE-Cy7, CD64-APC, CD19-APC-eF780, CD14-V450, CD45-V500; and (4) CD5

or CD52 FITC, CD2 or CD54-PE, CD22 or CD5 PerCP-Cy5.5, CD34-PE-Cy7, CD38-
APC, CD19-eF780, CD15-Vv450, CD45-V500. All antibodies were obtained from Becton
Dickinson (San Jose, CA, USA) or eBioscience (San Diego, CA, USA). Samples were
acquired on FACSCanto Il instruments (BD Biosciences, San Diego, CA, USA). MRD

was quantified as a percentage of total leukocytes after the exclusion of most red blood

cell precursors by forward scatter. At least 200,000 live events and 200 CD34+ myeloid
progenitors were acquired to achieve a minimum sensitivity of 1073-107* (0.1-0.01%).
MRD was defined as cells with an aberrant immunophenotype similar to the original AML
(LAIP), or representing a subclone of the original AML or markedly deviating from normal
(such as the presence of aberrant lymphoid antigens, or completely loss or gain of certain
antigens), a method previously described (11, 31-33).

Cytogenetic Analysis

Conventional karyotyping was performed on G-banded metaphase cells prepared from
unstimulated 24-hour and 48-hour BM cultures as described previously.(34) The results
were reported using current International System for Human Cytogenetic Nomenclature.
(35) Cytogenetic risk was assigned in accord with the revised Medical Research Council
classification.(36)
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Molecular Analysis

Next-generation sequencing (NGS) was performed interrogating the entire exonic or hotspot
regions of 81 genes that are frequently mutated in myeloid malignancies (Supplemental
Table 1). This panel was validated at the CLIA-certified molecular diagnostic laboratory

at our institution as described previously (19). A sequencing library was prepared using

250 ng of genomic DNA and respective sequencing libraries were subjected to the lllumina
MiSeq (Illumina, Inc., San Diego, CA, USA) sequencer. NGS data were analyzed using

the SureCall application (Agilent HaloPlex Target Enrichment System). The Integrative
Genomics Viewer (IGV, Broad Institute) was used for variant calling. A minimum
sequencing coverage of x250 (bidirectional true paired-end sequencing) was required. The
analytical sensitivity was established at 1% mutant reads in a background of wild-type reads.
Follow up samples were deemed NPMI wild-type if no NPMI p.W288fs*12 mutation was
detected on manual review of IGV reads and given the specificity of the 4bp insertion

even 1 read with exhibiting this change was considered positive. The average coverage of
the NPM1 p.W288 locus for our NGS assay is x1323, rendering the sensitivity of NPM1
p.W288fs mutation detection with manual review of IGV reads > 0.01%.

Additionally, a multiplex fluorescent-based polymerase chain reaction (PCR) analysis
followed by capillary electrophoresis was performed for detection of internal tandem
duplication (ITD) and/or tyrosine kinase domain (TKD) mutations in FL7.3on DNA isolated
from BM aspirate samples, as described previously (37).

Statistical analysis

Results

Patients

Data analysis was performed using GraphPad Prism 6 (GraphPad Software, Inc., La Jolla,
CA, USA). Parametric samples were compared using the Fisher’s exact test. Non-parametric
independent samples were analyzed using the Mann-Whitney U test. Relapse-free survival
(RFS) analysis was performed by the Kaplan-Meier method using the log rank test. RFS
was calculated from the date of confirmed diagnosis until relapse the time of last available
follow up. All variables with a p value <0.05 were considered to be statistically significant.
Oncoplots were generated using the Maftools and colorspace, R packages.(38)

Patients included 26 (39%) men and 41 (61%) women with a median age of 64 years

(range, 19-84) at time of diagnosis. The median hemoglobin concentration, white blood

cell count and platelet count were 9.3 g/dL (range, 6.2 to 11.1), 5.5x10%L (range, 0.7 to
69.8x10%/L) and 43x10%/L (range, 9 to 184x10%/L), respectively (Table 1). The median bone
marrow blast count was 62% (range, 12 to 92). Patients were treated with intensive (n=35;
52%) and/or non-intensive (n=32; 48%) induction regimens (Figure 1). 35 patients received
venetoclax-containing regimens. Median follow up for the study cohort was 14.2 months
(range 2.1-38.3 months).
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Immunophenotypic characteristics at baseline

Flow cytometric immunophenotypic characterization of the aberrant blast population was
performed for all cases at baseline. We classified the aberrant blasts into 5 categories: 18
(27%) cases had acute promyelocytic-like blasts (CD34-, CD117+, HLA-DR-); 13 (19%)
cases had aberrant CD34+ myeloid blasts; 15 (22%) cases had aberrant CD34-, CD117+,
HLA-DR+ blasts; 11 (16%) cases had myelomonocytic blasts; and 10 (15%) cases had
predominantly monocytic blasts, either without a myeloblast component or with a very
minor (<10%) myeloblast component. Overall, 81% of cases had CD34- blasts. (Figure 1)

“Pre-Leukemic immunophenotype”—We identified a small number of
immunophenotypically aberrant CD34+CD13+CD33+ myeloid progenitors in a subset of
patients (detailed numbers described below). This population of cells did not resemble

the original AML immunophenotype and did not show aberrant expression of lymphoid
antigens or complete gain or loss of antigens when compared with normal myeloid
progenitors, however, it showed significantly increased CD123 and/or CD117, frequently
with decreased CD38 and/or HLA-DR deviating from the normal patterns of maturation.
The alterations in the levels were at least 2 standard deviation beyond or below the normal
mean fluorescence intensity (MFI) ranges for normal or regenerating CD34+ myeloid
precursors in our laboratory. These cells often represent <1% of total nucleated events,

and are referred to as “pre-leukemic” clones for the purpose of this study. Normal range MFI
for our flow cytometry assay for these markers is include: CD38-APC >18000; CD117-PE
<5000; CD123-APC <1100; HLA-DR-FITC >15000. The identification of a combination
of any 2 of the aforementioned alterations was considered as a PL immunophenotype. This
PL immunophenotype was not discernable in any baseline AML samples, likely due to the
presence of overwhelming number of leukemic blasts at baseline. In most cases, these cells
were present in conjunction with normal myeloid progenitors.

Cytogenetic characteristics and mutational landscape at baseline

Among 60 cases with a sufficient metaphase yield for adequate karyotypic analysis,

82% (n=49) had a diploid karyotype; overall 95% (n=57) of patients were assigned an
intermediate and 5% (n=3) an adverse cytogenetic risk. All samples had NPM1 p.\W288fs
mutation at baseline confirmed by NGS. Other recurrent co-mutations included DNMT3A
(58%), FLT3(51%), TETZ2(27%), IDHZ2 (24%), PTPN11 (19%), /DHI (18%), NRAS
(16%), SRSF2 (12%), RAD21 (%), WTI (7%), ASXLI (6%) and NFI (6%). Other rare
co-mutations are included in detailed schematic form in Figure 1.

Post-remission clonal hematopoiesis

Sixty patients achieved complete remission (CR) and 7 achieved CR with incomplete
hematologic recovery (CRi). We evaluated serial BM samples on each patient and recorded
residual somatic mutations (clonal hematopoiesis) in the setting of NPMIMUt clearance and
correlated the results with MFC results. Among all follow up BM samples, 61 patients had
at least one BM sample with adequate paired MFC and NGS data available for comparison
analysis. The median time from initiation of treatment to BM sample analysis ranged from
20-630 days (median 119 days). Eleven (16%) patients had residual detectable NPM1
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mutation at all analyzed time points (6 had detectable AML MRD by FCL; in 4 patients the
concurrent BM aspirate was insufficient for FCM analysis; and 1 had no detectable AML
MRD by FCM; however the VAF of NPM1 mutation in this patient was <0.01); these 11
patients were excluded from further analysis. Of the remaining 50 patients, 13 (26%) had

no residual detectable mutations whereas 37 (74%) had persistent CH. The most common
mutated genes in the setting of residual CH were DNMT3A (70%), TET2 (27%), IDHZ2
(19%) and /DH1 (11%); SRSF2 (8%), and ASXL 1 (8%); other mutations were less frequent
(Figure 2).

We did not observe a PL immunophenotype in any of the patients with complete clearance
of all mutations (n=12; p=0.0037). Among 37 patients with residual CH, 19 (51%) had no
immunophenotypic alterations detected by MFC whereas 17 (49%) had myeloblasts with

a “pre-leukemic” (PL+) phenotype; in one case, the original AML immunophenotype had
some overlap with the PL+ phenotype and the case was initially thought to be AML MRD
positive by flow although no residual NMPM1 mutation was detected. The original blasts had
an APL-like immunophenotype in this case with partial CD7 expression. The MRD-like PL
cells had typical PL like features however, a small subset <10% showed dim CD7 expression
which is not an aberrant feature when present on CD13-negative myeloid progenitors in

the setting of regeneration; however, due to the presence of CD7 on the original leukemia,
this was interpreted as MRD, although other similarities (loss of CD34 with concurrent
expression CD7) were not present on the PL cells. This case was not included in the
subsequent analyses for this study, although in retrospect, it is likely represented a PL
phenotype as well. One patient had very low-level detectable AML MRD (0.01%) by MFC,
but no residual detectable mutation by NGS, likely attributable to the higher sensitivity of
MFC vs NGS in this study.

Among cases with persistent CH, we compared the group harboring myeloid progenitors
showing a PL immunophenotype with those showing re-emergence of myeloid progenitors
with a completely normal immunophenotype. Figure 3 shows examples of MFC dot plots
at baseline and at the time of post-remission CH for each of these two groups, respectively.
The CD34+ myeloid precursors (hematogones were excluded) start to show diverse
differentiation, some towards plasmcytoid dentirtic cell differentiation (CD123bright+),
and others towards erythroid differentiation (CD123-). The cells committed to myeloid
differentiation are the ones exhibiting the abnormal phenotype with high CD117 and
CD123. We also compared hematogones between the PL+ and PL- groups and observed
no significant difference between % hematogones as a fraction of CD34-positive progenitors
between the PL+ and PL- groups in patients with residual CH (p=0.45).

Mutation VAF =0.05 was significantly more common (p=0.008) in cases with MFC PL+
(100%) vs cases with a normal MFC phenotype (63%). The median VAF of the most
dominant mutation in the group with a PL phenotype was 0.31 (range 0.05—0.45) vs 0.07
(range 0.01-0.045) for the group with normal immunophenotype (p=0.005; Figure 4A).
Cases with a PL phenotype tended to have more mutations compared with the group with
a normal MFC immunophenotype (median 1 mutation for MFC normal vs 2 mutations
for MFC PL), but the difference did not attain statistical significance (p=0.06). /DHZ2and
SRSF2mutations were exclusively observed in PL+CH+ cases, with the former being
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statistically significant when compared with the MFC-normal group (p=0.016; Figure 4B).
The distribution of other mutations was not different among the two groups; however,

the median VAF for DNMT3A mutations was significantly higher in the group with a

PL phenotype compared with the group with normal myeloid progenitors (0.28 vs 0.07,
respectively; p=0.02, Figure 4C).

We compared CBC indices for patients with residual CH and a PL immunophenotype by
MFC and those with complete normalization of myeloid progenitors by MFC at a time point
closest to day 90 from therapy at which data was available for comparison (median 119
days, range 42-262 days). There was no significant difference in hemoglobin level (median
9.4 g/dI for FC normal vs 10.3 g/dI for FC PL; p=0.16), platelet count (median 74 x 10%/L
for FC normal vs 83 x 10%/L for FC PL; p=0.56), or absolute neutrophil count (median 800
x 109/L for FC normal vs 550 x 10%/L for FC PL; p=0.99).

Multiple follow up BM specimens were assessed morphologically for sustained morphologic
evidence of dysplasia using the criteria proposed by Della Porta et al (39), blinded to
mutation and MFC information. Two cases had persistent BM aplasia and were excluded
from this analysis. In the remaining 34 patients, dysplasia was seen exclusively in cases with
a MFC PL phenotype (5/17; 29%); none of the cases with a normal MFC immunophenotype
(n=17) had morphologic evidence of dysplasia (p=0.04).

There was no association between PL immunophenotype and age (median 64 years for
patients with complete normalization of CD34+ myeloid blasts vs 67 years for patients with
a PL immunophenotype; p=0.2) or the intensity of induction therapy (58% intensive and
42% non-intensive in FC normal group vs 41% intensive and 59% non-intensive in the FC
PL group; p=0.5). Presence of a PL phenotype was not associated with a shorter relapse-free
survival (RFS; median not reached for both groups; p=0.75, Figure 4D). Relapse occurred
in 3/17 patients with PL phenotype (1 treated with intensive induction regimen and 2 with
non-intensive) and 4/19 patients showing normal FCM phenotype (2 treated with intensive
induction regimen and 2 with non-intensive).

Discussion

Data derived from this large cohort of NPMIMUt AML proved this neoplasm to be an
excellent model to study clonal hematopoiesis (CH) and associated MFC findings in AML
remission and MRD negative BM.

In the timeframe of approximately 3 years, we identified 67 adult NPMI™Ut AML patients
who had paired MFC and NGS data at initial diagnosis. As expected for NPAMIMU

AML, 82% of these neoplasms had a diploid karyotype and carried other co-mutations.

The frequency and distribution of these mutations is similar to what has been reported

in NPMI™Ut AML (23-26, 40). Approximately half of the patients received intensive
chemotherapy with or without venetoclax, and another half received hypomethylating agents
(HMA) (27%) or low-dose chemotherapy, either with venetoclax or other small molecule
inhibitors. All patients achieved morphological remission, but in 16% of patients the NPM1
mutation never cleared either prior to stem cell transplant, or at the time of last follow up.
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Among those with a negative MRD status who had parallel MFC and NGS follow-up

BM samples, persistent co-mutations, or persistent CH was detected in 74% patients. This
frequency appears to be higher than that reported in 430 unselected AML patients by others
(12); the differences are likely attributed to frequent co-mutations in NPMIMt AML and a
larger NGS panel used in the current study. Among persistent co-mutations, those involved
in the signaling pathways, including FL73, NRAS and PTPN11 mutations, all became
undetectable; these observations are in keeping with MRD negativity in these BM samples.
The most frequently detected mutations involved DNMT3A (70%), followed by TET2
(27%), IDHZ2 (19%), IDHI (11%), SRSF2 (8%) and ASXL 1 (8%). Others have reported that
DTA (DNMT3A, TET2, ASXL1)mutations are the most common persistent mutations in
CH; with DNMT3A 78.7%, TET254.2%, and ASXL151.6% among previously mentioned
430 unselected AML (12), In the current cohort of NPMI™Ut AML patients, DNMT3A

and 7ET7Z2were the top two persistent co-mutations, but ASXL I was detected in only

8% of cases, likely reflecting the uncommon association of ASXL 1 with NPMIMUt AML.
There was a trend for shorter RFS in patients with persistent CH compared with those

with complete clearance of all mutations among patients who achieved MRD negativity;
however the difference did not reach statistical significance during this short follow up time
(median survival not reached for both groups; p=0.11, Supplemental Figure 1). The clinical
implications of CH in the setting of post-AML remission have been controversial. Some
studies have shown that persistent DTA mutations appear to bear no impact on the risk of
relapse in patients with AML (12, 41) whereas other studies with longer term follow up have
contradicted these results (42). There is also evidence to suggest that the persistence of other
mutations such as /DH1/IDHZ2 does confer an increased risk of relapse in patients despite
achieving flow cytometric MRD-negative CR. (19) It is noteworthy that in a European
LeukemiaNet MRD Working Party for AML MRD consensus statement (10), molecular
MRD is limited to acute promyelocytic leukemia, core binding factor AML, and APVt
AML by real time quantitative PCR. These guidelines do not include monitoring mutations
in FLT3(ITD or TKD), NRAS, KRAS, IDH1, IDHZ, or ML L-partial tandem duplications,
as single markers of MRD. Recently the term clonal hematopoiesis is proposed to denote the
presence of any non-AML-related mutations or cytogenetic alteration in patients achieving
morphologic CR after treatment for AML. (43)

Immunophenotypically, in about 80% of NPMIM™Ut AML cases in this study the

blasts were negative for CD34, showing a frequent APL-like immunophenotype or
monocytic differentiation, with a LAIP distinctly different from the “preleukemic cell
immunophenotype”. In only one case, the baseline AML immunophenotype shared a

close resemblance to the PL-immunophenotype. The CD34+CD13+CD33+ cells with a
PL-immunophenotype, represented <1% of total nucleated events in all cases, were detected
in around half of the patients with persistent CH, and were not detected in patients without
persistent co-mutations. A further comparison among patients with persistent CH with or
without a PL+ cells, the VAFs of detected co-mutations were significant higher in BM
specimens with PL+ CD34+ myeloblasts than those without, either by median VAF or by

a cutoff VAF =5%. The BM specimens with PL+ cells also showed a tendency to have
more co-mutations. Interestingly, /DH2and SRSF2 mutations were exclusively observed in
PL+CH+ cases. Both /DHZ2and SRSF2 mutations are among those that appear to persist in
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the setting of CR in patients with AML. Whereas SRSF2is not associated with relapse (12,
44), persistence of /DH2 mutations in CR showed increased risk of AML relapse, including
in NPML™Ut AML. (45, 46) The exclusive association of /DH2and SRSF2mutations with
a residual PL phenotype in the setting of CH warrants further investigation. In this cohort,
the presence of PL phenotype cells was not associated with age, intensity of induction, or
relapse-free survival. Regarding the latter, we acknowledge that the analysis is limited due
to a short follow-up time and that the median relapse-free survival was not reached in either

group.

Since these PL cells closely resemble CD34+ myeloblasts in low-grade MDS, described by
others and confirmed in our own laboratory (20-22), we sought to determine whether BM
samples with PL cells had morphologic evidence of underlying MDS. CBC indices were
collected and compared; however we did not find any significant difference between patients
with or without PL cells. We note that most of these patients were still receiving active
therapy and therefore myelosuppression and cytopenia(s) were common. Additionally, the
therapeutic modalities and time intervals from initial diagnosis varied significantly when
CBC indices were collected. On the other hand, morphologic evidence of dysplasia in BM
(evaluated blind to MFC and NGS data) beyond mild changes was observed and persistent
in 5 patients, all of whom had PL cells (29%). However, unlike some cases of MDS,

the aberrant PL blasts do not show aberrant expression of lymphoid antigens (CD2, CD5,
CD7) or complete loss or aberrant gain of normally present antigens. Although the presence
of these PL cells, and CH may not be associated with AML relapse, the effect on the
recovery of normal hematopoiesis in patients who achieved long term remission remains

to be determined and longer follow up is necessary to determine whether the presence

of PL cells is associated with increased risk of relapse. We acknowledge that the wide

range of time for which the analysis on follow up samples was done is a limitation of this
study; however, the retrospective nature of the study unfortunately makes a more consistent
analysis with a narrow time frame of follow up and analysis across all patients impossible.
Another limitation is the fact that our AML MRD assay is not designed to analyze maturing
myelomonocytic cells or erythroid precursors; instead, we focused on the analysis of CD34+
myeloid progenitors that give rise to other mature myeloid cells. The flow cytometric
changes observed in post-remission CH are in some ways reminiscent of cases of low

grade MDS where CD34+ myeloblasts constitute a small proportion of BM cells, exhibiting
phenotypic abnormalities, whereas mutations are detected in high VAF (total BM cells)
because NGS is performed on bulk BM cells whereas flow cytometry assessment for AML
MRD and MDS focuses mainly on immature cells..

In summary, we describe a pre-leukemic cell immunophenotype (PL) in AML patients with
persistent co-mutations/clonal hematopoiesis (CH), using NPMI™Ut AML as our model. The
PL-phenotype is characterized by a small number (<1%) of aberrant CD34+CD13+CD33+
myeloid precursors, showing altered levels of several normally expressed antigens beyond
reactive/regenerative changes, but different from the original AML. In the detection of
AML MRD by MFC, these cells should not be interpreted as AML MRD because of their
difference from normal. On the other hand, a PL+ phenotype is associated with persistent
underlying co-mutations/CH with a high mutation burden.. Although patients may not have
an associated risk for AML relapse, the long term significance of these PL cells and
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associated CH remain to be determined. Additional studies in other AML subtypes are
warranted for further characterization of cells with a PL immunophenotype.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Clinical features of patients, and flow cytometric immunophenotype and mutational

landscape of acute myeloid leukemia samples at baseline. Each column represents one
patient/sample. HMA: hypomethylating agent; \en: venetoclax; CR: complete remission;
CRi: complete remission with incomplete hematologic recovery; APL.: acute promyelocytic
leukemia; neg: negative; pos: positive.
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Figure 2.
Clinical features of patients and flow cytometric immunophenotype and mutational

landscape of samples with post-remission clonal hematopoiesis after NPMI mutation
clearance. Each column represents one patient/sample. FC: flow cytometry; NGS: next
generation sequencing; CH: clonal hematopoiesis; MRD: measurable residual disease;

PL: preleukemic immunophenotype; HMA: hypomethylating agent; Ven: venetoclax; CR:
complete remission; CRi: complete remission with incomplete hematologic recovery; APL:
acute promyelocytic leukemia; neg: negative; pos: positive.
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Flow cytometric dot plots comparing a case with aberrant myeloid blasts (CD34-, CD117+,
HLA-DR+) at presentation and normalization of myeloid progenitors (top half of panel)
with a case with acute promyelocytic-like leukemia blasts (CD34-, CD1117+, HLA-DR+)
and persistent preleukemic (PL) cells (bottom half of panel), both in the setting of
post-remission clonal hematopoiesis. Note the brighter expression of CD13, CD117 and
CD123 on PL CD34+ myeloid progenitors (red events) in comparison with normal myeloid
progenitors (PGs). The arrows highlight the increased expression of CD117 and CD123 in
the CD34+ myeloid progenitors in the case with PL phenotype compared with the case

showing normal regeneration.
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Figure 4.
(A) Comparison of variant allelic fraction (VAF) of mutations in the setting of post-

remission clonal hematopoiesis (CH) in the group with normalization of myeloid progenitors
by multicolor flow cytometry (MFC), compared with those with preleukemic (PL)

CD34+ cells. The median VAF of the most dominant mutation in the group with a PL
immunophenotype was 0.31 (range 0.05—0.45) vs 0.07 (range 0.01-0.045) in the group
with myeloid progenitors with normal immunophenotype (p=0.005). (B) The distribution of
the most common mutations in the setting of post-remission CH between the MFC normal
and MFC PL groups: SRSF2and /DHZ2 mutations were exclusively seen in the PL group.
(C) Comparison of VAF of DNMT3A and TETZ mutations between the PL and MFC
normal groups. The VAF for DNMT3A mutations was significantly higher in the group with
PL immunophenotype compared with the group with normal myeloid progenitors (0.28 vs
0.07, respectively; p=0.02) (D) There was no difference in relapse free survival between the
FC normal and FC PL groups.
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Tables 1.
Patient characteristics at baseline (n=67)

Median Range
Age (years) 64 19-84
Woman (%) 41 (61)
Hemoglobin (g/dL) 9.3 6.2-11.1
White blood cells, x10° L 5.5 0.7-69.8
Platelets, x10%/L 43 9-184
Bone marrow blasts (%) 62 12-92

Number of patients | (%0)
Cytogenetic risk
Intermediate 57 85
Adverse 3 45
Insufficient analysis 7 10.5
Treatment
Intensive 27 40
Intensive+ven 8 12
HMA+ven 18 27
HMA-+other 3 45
Low-dose cytarabine+other 3 45
Ven+ cladribine and low dose AraC | 8 12
Allogeneic stem cell transplant 32 48
Best Response
CR 60 89.5
CRi 7 10.5

Abbreviations: HMA: hypomethylating agent; ven:venetoclax
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