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Key Points

• Blast-reduction
strategies in MPN-AP/
BP most commonly
result in reversion to
chronic phase MPN
with significant residual
disease burden.

• Mutational burden
remains high even after
intensive AML-type
therapy and does not
correlate with
clinicopathological
response.
023-011735-m
ain.pdf by guest on 18 M

ay 2024
Transformation of BCR::ABL1-negative myeloproliferative neoplasms (MPN) to an accelerated

or blast phase is associated with poor outcomes. The efficacy of acutemyeloid leukemia (AML)–

type intensive and nonintensive hypomethylating agent–based regimens is not well studied.

We therefore performed a retrospective analysis of patients with MPN-AP/BP (N = 138) treated

with intensive (N = 81) and nonintensive (N = 57) blast-reduction strategies. We used clinically

relatable response criteria developed at the Princess Margaret Cancer Centre. The overall best

response, comprising complete remission (CR), complete remission with incomplete

hematologic recovery (CRi), and reversion to chronic phase MPN (cMPN), in the intensive and

nonintensive groups was 77% (62 of 81) and 39% (21 of 54), respectively. Similar overall best

response rates were observed in patients receiving induction with daunorubicin combined

with cytarabine arabinoside (daunorubicin + ara-C) (74% [23 of 31]) or FLAG-IDA/NOVE-HiDAC

(78% [39 of 50], P = .78). However, patients receiving daunorubicin + ara-C more often required

second inductions (29% [9 of 31] vs 4% [2 of 50], P = .002). Most responses in the entire cohort

were reversions to cMPN (55 of 83 [66%]). CR and CRi comprised 30% (25 of 83) and 4% (3 of 83)

of responses, respectively. Mutations in TP53 (overall response [OR] 8.2 [95% confidence

interval [CI] 2.01, 37.1], P = .004) and RAS pathway (OR 5.1 [95%CI 1.2, 23.7], P = .03) were

associated with inferior treatment response for intensively treated patients, and poorer

performance status (Eastern Cooperative Oncology Group) was associated with inferior

treatment response in both intensively (OR 10.4 [95% CI 2.0, 78.5], P = .009) and nonintensively

treated groups (OR 12 [95% CI 2.04, 230.3], P = .02). In patients with paired samples before and

after therapy (N = 26), there was a significant residual mutation burden remaining irrespective

of response to blast-reduction therapy.

Introduction

BCR::ABL1-negative myeloproliferative neoplasms (MPN) are a group of clonal hematopoietic disorders
characterized by driver mutations, which constitutively activate the JAK-STAT pathway. Common to these
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disorders is the variable risk of progression to an accelerated (AP;
blasts 10%-19%) or blast phase (BP; blasts ≥20%), characterized
by an increase in peripheral blood (PB) or bone marrow (BM)
blasts.1,2 The risk of transformation is highest in myelofibrosis (MF),
followed by polycythemia vera (PV) and essential thrombocythemia
(ET).3-6 Transformation is associated with decreased survival to less
than 2 years for AP and 3 to 5 months for BP.7,8 Allogeneic
hematopoietic cell transplantation (HCT) is the only therapy asso-
ciated with improvement in long-term survival.7,9,10 As in de novo
acute myeloid leukemia (AML), HCT is usually only pursued after
achieving disease control. AML-type treatment strategies such as
induction chemotherapy are commonly used for blast reduction, but
in older, more frail patients, less-intensive approaches such as
hypomethylating agents (HMA) or more recently, HMA combinations
like azacitidine and venetoclax (AZAVEN) have been reported.11-13

However, the optimal blast-reduction strategy and depth of dis-
ease clearance required before HCT are unknown.

Several factors complicate the pre-HCT treatment course of MPN-
AP/BP. Lower response rates are observed with AML therapy in
MPN-AP/BP than in de novo AML, likely because of more aggressive
disease biology as characterized by adverse karyotype and high-risk
mutations like TP53.10 Moreover, a lack of standardized response
criteria to evaluate the treatment of MPN-AP/BP poses challenges
for understanding treatment efficacy between reported studies.
Application of standardized AML response criteria, such as those
proposed in the revised guidelines by the European Leukemia Net
(ELN) for AML, may not be directly applicable to patients with MPN
for several reasons. First, patients with MPNs often have inaspirable
BMs, precluding the enumeration of marrow blasts by morphology
and flow cytometry, necessitating CD34 or CD117 immunohisto-
chemistry of the trephine biopsy for quantification. Furthermore,
treatment of MPN-AP/BP may result in the reversion of the disease to
chronic-phase MPNs (cMPN) both histologically and clinically.
Marrow fibrosis and features of the underlying MPN commonly
persist after AML-type treatment. Patients may have ongoing extra-
medullary hematopoiesis with persistence of circulating blasts, which
essentially precludes assigning complete remission (CR) by strict
ELN criteria. Further, patients who were transfusion-dependent or
had other cytopenias before progression to MPN-AP/BP may not see
improvement in these parameters after blast reduction. It is also
unclear if patients who achieve BM morphological remission but have
persistent splenomegaly because of extramedullary hematopoiesis
would be considered to have extramedullary disease by ELN criteria
and therefore deemed to be nonresponders. Many centers base
HCT eligibility on ELN response criteria, which likely excludes many
patients who may potentially benefit from a consolidative HCT.
Although dedicated consensus response criteria for MPN-AP/BP
were developed in 2012,14 they have not been readily adopted in
clinical practice or in reported prospective clinical trials.15-17

To this end, we aim to retrospectively evaluate the efficacy of various
AML-type blast-reduction strategies in patients with MPN-AP/BP
treated at the Princess Margaret Cancer Centre. Specifically, we
compared standard induction therapy with daunorubicin + ara-C vs
higher-dose ara-C–based combinations, namely fludarabine, cytar-
abine, G-CSF and idarubicin (FLAG-IDA) or mitoxantrone, etopo-
side, and high-dose cytarabine (NOVE-HIDAC), and lower-intensity
strategies, including single-agent HMA and HMA-venetoclax com-
binations. We evaluated and compared responses using criteria
developed at Princess Margaret Cancer Centre (PM-criteria) as well
1282 DAVIDSON et al
as ELN 2022 AML response criteria.18 In an exploratory analysis, in
patients with available paired samples, we also evaluated the
mutational burden before and after blast-reduction treatment.

Methods

Study design and population

This was a single-center retrospective cohort study. All patients
with BCR::ABL1-negative MPNs in AP/BP assessed at Princess
Margaret Cancer Centre between January 1998 and April 2022
were identified from the program database. To be included in the
study, patients required (1) a confirmed diagnosis of
BCR::ABL1-negative MPN, including ET, PV, primary MF, post-
ET MF, post-PV MF, or MPN-unclassifiable; (2) evidence of
transformation to AP (10%-19% blasts in the PB or BM) or BP
(≥20% blasts in the PB or BM, or biopsy proven granulocytic
sarcoma); and (3) treatment with intensive induction chemo-
therapy or nonintensive therapy. A chart review was performed to
obtain pertinent clinical information.

The University Health Network Research Ethics Board approved
the study (REB CAPCR 16-5169). All patients provided written
informed consent for the collection of their PB or BM samples as
part of the University Health Network Hematologic Malignancy
Tissue Bank (REB CAPCR 01-0573).

Therapy

Patients who were treated with AML-type induction chemotherapy
including daunorubicin + ara-C and FLAG-IDA or NOVE-HiDAC
(supplemental Table 1) were considered to have received an
intensive blast-reduction strategy; the latter 2 were grouped
together as higher-dose cytarabine-containing (HD-AraC) regi-
mens. Nonintensive therapy consisted of HMA monotherapy with
azacitidine (AZA) or decitabine or AZA in combination with ven-
etoclax (AZAVEN) (supplemental Table 1).

Response definitions

Response to blast reduction was assessed using both PM criteria and
ELN 2022 criteria (Table 1). CR and CR with incomplete hematologic
recovery (CRi) are defined similarly in both criteria. The PM criteria
include reversion to cMPN as a clinically meaningful response, with
<10% circulating and/or BM blasts and/or clinical evidence of cMPN,
as previously described.7 Patients with stable disease (SD) or pro-
gressive disease were considered nonresponders.

Definition of transplant eligibility

At our center, the eligibility criteria for HCT include patients who
have a suitable matched sibling, unrelated, or haploidentical donor
and achieve at least CR/CRi or cMPN. Although there is no defined
upper age limit for candidacy for HCT, HCT is usually restricted to
patients 70 years of age or younger.

Molecular analysis

Targeted next-generation sequencing (NGS) was performed on DNA
extracted from PB or BM samples. NGS was carried out using 1 of 2
NGS panels: (1) the Trusight Myeloid amplicon-based panel (Illu-
mina, 54 myeloid genes, supplemental Table 6) for samples collected
before April 2018, or (2) a custom hybridization capture-based panel
(Oxford Gene Technologies, 49 myeloid genes, supplemental
Table 7) for samples collected from April 2018 onward.
12 MARCH 2024 • VOLUME 8, NUMBER 5



Table 1. Comparison of Princess Margaret Cancer Centre–defined treatment response criteria to ELN 2022 response criteria

PM-criteria responses ELN 2022 responses

CR No circulating blasts and/or BM blast <5%
Platelets >100 × 109/L and ANC >1 × 109/L

CR BM blasts <5%; absence of circulating blasts;
absence of extramedullary disease; ANC ≥1.0 ×
109/L (1 000/μL); platelet count ≥100 × 109/L
(100 000/μL)

CRi No circulating blasts
BM blast <5%
Platelets <100 × 109/L or ANC <1 × 109/L
acceptable

CRi All CR criteria except for residual neutropenia < .0 ×
109/L (1 000/μL) or thrombocytopenia <100 ×
109/L (100 000/μL)

Reversion to cMPN PB blasts <10% or BM blasts 5%-9%
BM blasts <5% and MPN features on BM biopsy
(not just fibrosis)

CR with partial hematologic recovery (CRh) ANC ≥0.5 × 109/L (500/μL) and platelet count
≥50 × 109/L (50 000/μL), otherwise all other CR
criteria met

Platelets <100 × 109/L and/or ANC <1 × 109/L
acceptable (also clinical features ie,
hepatosplenomegaly, thrombocytosis,
leukocytosis)

Morphologic leukemia free state (MLFS) BM blasts <5%; absence of circulating blasts;
absence of extramedullary disease; no
hematologic recovery required

Partial response (PR) All hematologic criteria of CR; decrease of BM blast
percentage to 5%-25%; and decrease of
pretreatment BM blast percentage by at least 50%

SD SD
No significant change in blast count from baseline
and increase in PB/BM blasts <50% from baseline

No response Patients evaluable for response but not meeting the
criteria for CR, CRh, CRi, MLFS, or PR are
categorized as having no response prior to the
response landmark. Patients failing to achieve
response by the designated landmark are
designated as having refractory disease

Progressive disease (PD) Increase in PB/BM blasts ≥50%
New extramedullary disease

Refractory disease No CR, CRh, or CRi at the response landmark, ie,
after 2 courses of intensive induction treatment or
a defined landmark, eg, 180 d after commencing
less-intensive therapy

Relapse PB/BM blasts ≥5% after initial CR/CRi
PB/BM blasts ≥10% after initial cMPN

Relapse BM blasts ≥5%; or reappearance of blasts in the
blood in at least 2 PB samples at least 1 wk apart;
or development of extramedullary disease

Early death (ED) Death within first 30 d of induction chemotherapy or
HMA treatment

ED Death from any cause within a timeframe relevant for
the therapy being investigated (eg, 30 and 60 d
from commencing therapy)

ANC, absolute neutrophil count; MLFS, morphologic leukemia free state.
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Sequencing reads were processed as previously described.10,19,20

Variants not meeting laboratory-defined quality metrics (read
depth <100, population frequency >1% in the gnomAD database,
or allele frequency <2%) were removed from further analysis.
Variants were classified as pathogenic/likely pathogenic, or variants
of uncertain significance as previously described,10,19,20 with the
latter excluded from downstream analyses. For paired sample
analysis, only genes present on both panels were included.

End points and statistical methods

The primary end point of the study was the overall best response
(CR + CRi + cMPN) after blast reduction therapy. Other end
points of interest were overall survival (OS) and the proportion of
patients undergoing HCT. Baseline characteristics were described
using the median and range for continuous variables and fre-
quencies and proportions for categorical variables. The t test and
Mann-Whitney tests were used to examine the association
between continuous variables and treatment groups, for normally
and nonnormally distributed variables, respectively. The Fisher
exact test was used to examine whether categorical variables were
associated with the treatment groups. Univariate and multivariable
logistic regression models were conducted to assess the associ-
ation between the clinical variables and response to blast reduc-
tion. Odds ratios and corresponding 95% confidence intervals (CI)
were estimated for each variable.
12 MARCH 2024 • VOLUME 8, NUMBER 5
OS, defined as time from transformation to AP/BP until death or last
follow-up, was evaluated using the Kaplan-Meier method. A land-
mark analysis was used to compare OS between patients who were
eligible for HCT (≤70 years with CR/CRi or cMPN) and did not
undergo transplantation but who survived at least 155 days (the
median time from transformation to AP/BP to HCT) with those who
underwent HCT. In addition, univariate and multivariable Cox
regression models were used to investigate the association of study
variables with survival. The hazard ratio of the clinical variables with
corresponding 95% CIs was estimated for each variable.

All statistical tests were two-sided tests, and a P value ≤ .05 was
considered for statistical significance. All the statistical analyses
were conducted using SAS v9.4, R v4.2.1, and STATA 16.1.

Results

Study population and baseline characteristics

From the institutional databases, 138 patients were identified who
met eligibility criteria. Eighty-one patients received intensive
induction chemotherapy, and 57 received HMA-based therapy (36
patients received HMA alone [35 AZA; 1 decitabine] and 18
received AZAVEN). Baseline characteristics of patients treated
with these 2 blast reduction strategies is shown in Table 2. The
nonintensive group had a higher proportion of patients with older
BLAST-REDUCTION STRATEGIES IN MPN-AP/BP 1283



Table 2. Baseline characteristics of MPN-AP/BP cohort at time of transformation

Variable (%) Whole cohort (N = 138)

Intensive

(AML-type induction)

(N = 81)

Nonintensive

(HMA or AzaVen)

(N = 57)

P value

(intensive vs nonintensive)

Age at transformation, median [range], y 64 [22-87] 60 [22-76] 70 [42-87] <.001

Sex .16

Male 87 (63) 47 (58) 40 (70)

Female 51 (37) 34 (42) 17 (30)

Transformation type <.001

AP 34 (25) 9 (11) 25 (44)

BP 104 (75) 72 (89) 32 (56)

Chronic MPN diagnosis* .16

PV/ET 35 (25) 23 (28) 12 (21)

MPN-U 15 (11) 12 (15) 3 (5)

PMF 36 (26) 20 (25) 16 (28)

PPV/PET-MF 52 (38) 26 (32) 26 (46)

Number of prior MPN treatments in chronic

phase

N = 137 N = 80 N = 57 .16

0-1 80 (58) 51 (64) 29 (51)

≥2 57 (42) 29 (36) 28 (49)

ECOG N = 126 N = 74 N = 52 .03

0-1 106 (84) 67 (91) 39 (75)

≥2 20 (16) 7 (9) 13 (25)

Palpable spleen length (BCM) at time of AP/BP N = 126 N = 71 N = 55 .80

Not palpable 47 (37) 24 (34) 23 (42)

< 10 cm 30 (24) 17 (24) 13 (24)

≥10 cm 38 (30) 23 (32) 15 (27)

Splenectomy 11 (9) 7 (10) 4 (7)

Laboratory parameters†, median (range)

[number]

Hb, g/L 87 (51-177) [n = 132] 87 (51-177) [n = 77] 87 (51-134) [55] .58

WBC, ×109/L 12.2 (1-213) [n = 134] 12.8 (1.1-213) [n = 79] 11.5 (1-126) [n = 55] .56

ANC, ×109/L 3.8 (0-91) [n = 123] 3.8 (0-91) [n = 70] 3.6 (0.2-79) [n = 53] .77

Platelets, ×109/L 90 (6-1918) [n = 133] 73 (6-865) [n = 78] 109 (13-1918) [n = 55] .01

PB blasts, % 16 (0-83) [n = 134] 19.5 (0-83) [n = 78] 12 (0-83) [n = 56] .03

BM blasts, % 25 (3-90) [n = 113] 31 (4-90) [n = 67] 20 (3-89) [n = 46] .03

LDH, U/L 598 (43-5893) [n = 127] 681 (144-5893) [n = 74] 553 (43-4000) [n = 53] .15

Albumin, g/L 39 (27-47) [n = 124] 38 (27-47) [n = 74] 42 (30-45) [n = 50] .03

ELN 2022 RISK N = 121 N = 69 N = 52 .14

Adverse 72 (60) 37 (54) 35 (67)

Nonadverse 49 (40) 32 (46) 17 (33)

MPN driver mutations N = 101 N = 53 N = 48 .29

JAK2/MPL 66 (65) 31 (58) 35 (73)

CALR 12 (12) 7 (13) 5 (10)

Triple negative 23 (23) 15 (29) 8 (17)

Genes mutated in ≥5% of patients N = 101 N = 53 N = 48

ASXL1 29 (29) 10 (19) 19 (40) .03

BCM, below costal margin; LDH, lactate dehydrogenase; MPN-U, MPN unclassifiable; PET-MF, post–ET MF; PMF, primary MF; PPV-MF, post–PV MF. Bold values are statistically significant.
*Before leukemic transformation.
†One patient received decitabine and the remainder received azacitidine.
‡JAK2, MPL, CALR, CSF3R.
§CBL, NRAS, PTPN11, KIT, KRAS.
‖SF3B1, SRSF2, U2AF1, ZRSR2.
¶ASXL1, BCOR, DNMT3A, EZH2, IDH1/2, SETBP1, TET2.
#CEBPA, CUX1, ETV6, GATA2, IKZF1, PHF6, RUNX1, WT1.
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Table 2 (continued)

Variable (%) Whole cohort (N = 138)

Intensive

(AML-type induction)

(N = 81)

Nonintensive

(HMA or AzaVen)

(N = 57)

P value

(intensive vs nonintensive)

TET2 26 (26) 18 (34) 8 (17) .07

SRSF2 26 (26) 10 (19) 16 (33) .11

IDH1/2 22 (22) 11 (21) 11 (23) .81

TP53 21 (21) 13 (25) 8 (17) .46

RUNX1 19 (19) 8 (15) 11 (23) .45

DNMT3A 16 (16) 7 (13) 9 (19) .59

NRAS 13 (13) 5 (9) 8 (17) .38

EZH2 10 (10) 4 (8) 6 (12) .51

STAG2 12 (12) 5 (9) 7 (15) .54

PTPN11 7(7) 1 (2) 6 (12) .05

CEBPA 6 (6) 4 (8) 2 (4) .68

SETBP1 6 (6) 4 (8) 2 (4) .68

U2AF1 6 (6) 0 6 (12) .01

CBL 5 (5) 1 (2) 4 (8) .19

SF3B1 6 (6) 4 (8) 2 (4) .68

ZRSR2 5 (5) 2 (4) 3 (6) .67

Mutations by pathway N = 101 N = 53 N = 48

JAK-STAT pathway‡ 80 (79) 38 (72) 42 (88) .08

RAS pathway§ 23 (23) 10 (19) 13 (27) .4

RNA splicing‖ 40 (40) 15 (28) 25 (52) .02

Epigenetic regulation¶ 67 (66) 35 (66) 32 (67) 1.0

Transcription factors# 32 (32) 15 (28) 17 (35) .5

Number of mutations N = 101 N = 53 N = 48 .04

0-1 17 (17) 12 (23) 5 (10)

2-3 36 (36) 22 (42) 14 (29)

≥4 48 (48) 19 (36) 29 (60)

BCM, below costal margin; LDH, lactate dehydrogenase; MPN-U, MPN unclassifiable; PET-MF, post–ET MF; PMF, primary MF; PPV-MF, post–PV MF. Bold values are statistically significant.
*Before leukemic transformation.
†One patient received decitabine and the remainder received azacitidine.
‡JAK2, MPL, CALR, CSF3R.
§CBL, NRAS, PTPN11, KIT, KRAS.
‖SF3B1, SRSF2, U2AF1, ZRSR2.
¶ASXL1, BCOR, DNMT3A, EZH2, IDH1/2, SETBP1, TET2.
#CEBPA, CUX1, ETV6, GATA2, IKZF1, PHF6, RUNX1, WT1.
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age, worse Eastern Cooperative Oncology Group (ECOG) per-
formance status, and lower serum albumin. Patients with AP dis-
ease were also more common in this group, leading to the
observed lower median PB and BM blast percentages.

Treatment response

Of the 81 patients treated with intensive induction chemotherapy,
31 received daunorubicin + ara-C and 50 received a HD-AraC
regimen. Using PM-defined criteria (Table 1), we observed a non-
statistically significant trend toward more responses to the first
course of induction (CR/CRi/CMPN) with HD-AraC regimens vs
daunorubicin + ara-C (Table 3). Notably, more patients initially
treated with daunorubicin + ara-C were given a reinduction
compared with those starting with a HD-AraC regimen (Table 3,
P = .002). After the induction phase (initial induction and first
reinduction), similar responses were seen regardless of the initial
chemotherapy regimen.
12 MARCH 2024 • VOLUME 8, NUMBER 5
Among 57 patients treated with lower-intensity approaches, treat-
ment responses were evaluable in 54, including 36 patients treated
with single-agent HMA and 18 treated with AZAVEN. Responses
were observed in 33% of patients (12 of 36) treated with HMA
alone, with most of those responses resulting in reversion to cMPN
(11 of 12). For patients treated with AZAVEN, 50% of patients
(9 of 18) responded (Table 3).

The overall best response rates for the intensively and non-
intensively treated groups were 77% (62 of 81, 24 CR/CRi, and 38
cMPN) and 39% (21 of 54, 4 CR/Cri, 17 cMPN), respectively.

Predictors of treatment response

Among patients receiving an intensive blast-reduction strategy,
ECOG performance status and mutations in the RAS pathway
genes or TP53 were associated with treatment failure by univariate
analysis (UVA) (supplemental Table 2); significance was main-
tained in multivariable analysis (MVA) (Figure 1).
BLAST-REDUCTION STRATEGIES IN MPN-AP/BP 1285



Table 3. Treatment response with intensive and nonintensive blast-reduction therapies

OUTCOME

Regimen
P value

(daunorubicin + AraC vs HD-AraC)

(Fisher exact)

Regimen

P value

(HMA vs AzaVen)

Daunorubicin + AraC

(N = 31)

HD-AraC regimen

(N = 50) HMA (N = 36) AzaVen (N = 18)

Response after first induction (%)

CR 7 (23) 12 (24)

CRi 0 2 (4)

cMPN 11 (35) 24 (48) .15 – – –

SD 8 (26) 7 (14)

PD 3 (10) 0

Early death 2 (6) 5 (10)

Overall response after first induction (%)

Response (CR/CRi/cMPN) 18 (58) 38 (76) – – –

Nonresponse
(SD, PD, early death)

13 (42) 12 (24) .14

Second chemotherapy induction given (%)

Yes 9 (29)* 2 (4)† .002 – – –

No 22 (71) 48 (96)

Best response (%)

CR 9 (29) 12 (24) .38 1 (3) 3 (17)

CRi 1 (3) 2 (4) 0 0

cMPN 13 (42) 25 (50) 11 (31) 6 (33) .14

SD 3 (10) 6 (12) 16 (44) 9 (50)

PD 3 (10) 0 5 (14) 0

Early death 2 (6) 5 (10) 3 (8) 0

Overall best response (%)

Response (CR/CRi/cMPN) 23 (74) 39 (78) .79 12 (33) 9 (50) .26

Nonresponse (SD, PD, early death) 8 (26) 11 (22) 24 (67) 9 (50)

PD, progressive disease. Bold values are statistically significant.
*Patients initially treated with 3+7 and achieving cMPN (n = 1), SD (n = 6), and PD (n = 2); 8 received HD-AraC–based regimen for reinduction; 1 unknown; responses were CR (n = 2),

cMPN (n = 3), CRi (n = 1), SD (n = 1), PD (n = 2).
†Patients initially treated with FLAG-IDA/NOVE-HiDAC and achieving SD (n = 2); both patients received alternate HD-AraC regimen achieving cMPN (n = 1) and CRi (n = 1).
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In the nonintensively treated group, variables significantly associ-
ated with treatment response in UVA were ECOG performance
status, hemoglobin, and percent of blasts in the PB (supplemental
Table 3); only ECOG remained significant in the MVA (Figure 1).

Allogeneic stem cell transplant

To assess the optimal pre-HCT blast-reduction strategy, we
compared the proportion of patients undergoing HCT after a
first-line intensive or nonintensive blast-reduction strategy
(supplemental Table 4). We limited this comparison to patients
≤70 years of age and those who achieved a response to first-line
blast reduction (including those receiving 2 inductions). As such, in
the intensive group, 73% of patients (59 of 81) were eligible for
HCT, 68% (21 of 31) of patients treated with daunorubicin + ara-
C, and 76% (38 of 50) of patients treated with the HD-AraC
protocol (P = .45). Of these, a total of 54% of patients (32 of
59) underwent HCT, 48% (10 of 21) in the daunorubicin + ara-C
group, and 58% (22 of 38) in the HD-AraC group (P = .59). Early
relapse (32%; 19 of 59) was the main reason for not proceeding
with HCT in patients who were otherwise eligible. A donor was
identified for all but 1 patient.
1286 DAVIDSON et al
Similarly, in the nonintensive group, 17% (6 of 36) and 28% (5 of
18) of patients treated with HMA-alone or AZAVEN (P = .48),
respectively, would have been eligible for HCT. Sixty-seven percent
(4 of 6) of patients treated with HMA and 100% (5 of 5) of patients
treated with AZAVEN proceeded to HCT (P = .45).

There were no statistically significant differences in the median time
to HCT (from treatment start) between intensive and nonintensive
strategies (145 days [54-455] vs 102 days [51-260], P = .41) nor
between the induction regimens (supplemental Table 4). There was
no survival difference between blast-reduction strategies among
patients undergoing HCT (supplemental Figure 1).

Reclassification of study-defined response using ELN

2022 criteria

To understand how PM response criteria compare to traditional
AML response criteria, we reclassified treatment responses
according to ELN 2022 AML response criteria18 (Figure 2) in
intensively treated patients. All CR and CRi classifications
remained consistent. Twelve patients with SD and progressive
disease were reclassified as having no response by the ELN
12 MARCH 2024 • VOLUME 8, NUMBER 5
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Figure 1. Multivariable logistic regression analysis of response to blast-reduction therapy among patients treated with intensive and nonintensive strategies.

Variables statistically significant in UVA were chosen for multivariable logistic regression. The odds ratios are depicted as the effect size with the corresponding 95% CIs.

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/8/5/1281/2217622/blo
2022 classification. Most notably, of the 38 patients with cMPN,
9 (24%) and 6 (16%) were reclassified to CR and CRi,
respectively, based on BM blast clearance to less than 5% and
absence of circulating blasts. As these patients had residual
histologic features of MPN on BM biopsy, they were classified as
cMPN by PM response criteria. ELN 2022 AML response criteria
do not address the issue of residual MPN features on remission
PM-criteria

CR

CRi

cMPN
n = 38

SD

PD

Figure 2. Reclassification of responses to induction

chemotherapy by ELN 2022 criteria. The Sankey diagram

shows comparison of response assessment to intensive

blast-reduction therapy by PM criteria (left) and how this

change when responses are reclassified by ELN 2022 criteria

(right). Responses categorized as CR and CRi by PM criteria

remain CR and CRi by ELN 2022 criteria, respectively. cMPN

responses were reclassified as indicated to CR, CRi, MFLS,

or no response/refractory (NR/R). SD and PD by PM criteria

are NR/R by ELN 2022 criteria. MLFS, morphologic leukemia-

free state.
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BMs and thus do not exclude a CR or CRi designation in these
cases. Of the remaining patients with cMPN, 1 (3%) was
reclassified to morphologic leukemia free state (MLFS), whereas
22 (58%) were deemed to have no response (N = 20) or to be
refractory (N = 2). Nonresponse was assigned because of the
persistence of circulating blasts and/or 5% to 9% BM blasts in
20 of these patients.
ELN response
criteria

CRi

MLFS

NR/
refract
n = 34

CR
n = 30

n = 9

n = 1

n = 21

n = 3

n = 9

n = 6
n = 1

n = 22

n = 9

n = 3
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Survival

The median follow-up time for patients remaining alive at last follow-
up was 40.3 months. Median OS after transformation to MPN-AP
and MPN-BP was 21.9 months (95% CI, 12.2-95.1) and
8.8 months (95% CI, 7.97-10.27), respectively.
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Among patients treated intensively, there was no difference in
survival between patients achieving cMPN vs CR/CRi as the best
response by PM criteria (Figure 3A). However, survival was
improved in responders (CR/CRi/cMPN) compared with those
who achieved SD. In a landmark analysis, we show that the survival
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benefit is limited to responders who are consolidated with HCT
after blast reduction therapy (Figure 3D). When ELN 2022 AML
response criteria were used to distinguish between responders
and nonresponders, no survival difference was observed between
these groups (Figure 3B). Finally, a survival difference was not
observed when cMPN responders by PM criteria were reclassified
by ELN 2022 criteria to either responders or nonresponders
(Figure 3C).

Among those treated nonintensively, a statistically significant dif-
ference in survival was observed in those achieving cMPN vs SD by
PM criteria (Figure 4A). When ELN criteria were used to assign
responses, no difference in survival was observed among
responders vs nonresponders (Figure 4B). Similarly, when patients
classified as cMPN by PM criteria were reclassified to either
responder or nonresponder by ELN, no difference in OS was
observed (Figure 4C).

In UVA, treatment response, transformation type (AP vs BP),
ECOG performance, PB and BM blast percentage, hemoglobin,
platelet count, albumin, and ELN risk, TP53 mutations, RAS-
pathway mutations, and number of mutations were all associated
with survival (supplemental Table 5). In MVA of clinical variables,
treatment response and transformation type remained significant.
Among genetic and molecular factors, TP53 and the number of
mutations remained significant.

TP53 mutations

Among 21 patients with mutations in TP53, 13 were treated with
an intensive strategy (2 daunorubicin + AraC; 11 HD-AraC),
resulting in CR and cMPN in 3 patients each, whereas 5 had SD
and 2 patients had early death. Three were treated with AZAVEN
and 5 were treated with AZA alone; responses were observed in
only 2 patients (1 cMPN and 1 CR in AZAVEN). Among the 6
patients who underwent transplantation with TP53 mutations, 2
underwent HCT after achieving only SD after blast reduction, and 1
patient underwent HCT after an early relapse. HCT did not appear
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to provide a survival benefit for these patients with TP53 mutations
(supplemental Figure 2).

Paired sample analysis

To gain insight into the molecular responses to blast-reduction
strategies and their association with PM-defined response
criteria, mutation burden at the time of MPN-AP/BP diagnosis was
compared with posttreatment time points (Figure 5). This analysis
included 17 patients treated with induction chemotherapy (sam-
ples collected ~30 days after induction), 5 patients treated with
AZAVEN (samples collected after 1-2 cycles), and 5 patients
treated with HMA monotherapy (samples collected after a variable
number of cycles, ranging from 3-13). Molecular responses were
defined as “clearance” (all variants cleared, n = 3), “partial clear-
ance” (clearance of at least 1, but not all AP/BP variants, n = 7),
“persistence” (all variants from AP/BP remain detectable, n = 6),
“emergence” (all variants from AP/BP remain detectable, with
emergence of a variant after treatment not initially detected at
diagnosis, n = 3), and “mixed response” (loss of some AP/BP
variants coupled to emergence of novel variants, n = 7).

In general, mutational burden remained high despite blast-
reduction therapy, with full or partial clearance seen in only
38% (10 of 26) of patients. Notably, the mutations that persisted
after treatment were not limited to genes previously associated
with clonal remissions in AML (DNMT3A, TET2, ASXL1; DTA
genes).21-24

Aside from nonresponders (N = 4) who exclusively showed either
mutational persistence or a mixed response, there were no other
clear associations between molecular response patterns and PM-
defined treatment responses. For example, among the 12
patients with CR/Cri, each of the molecular response patterns
were observed (2 clearance, 2 partial clearance, 3 persistence, 2
emergence, and 3 mixed response). A similar distribution was
noted in patients who achieved cMPN. Together, these findings
indicate that mutational burden does not align with the observed
5 1 0

1 0 0

36 48 60

(months)

CR/CRi
NR/R

P .05

0.00

0.20

0.40

0.60

0.80

1.00

Pr
ob

ab
ilit

y o
f s

ur
viv

al

10 8 4 2 1 0No response

5 3 2 1 0 0Response

# at risk

0 12 24 36 48 60

Time (months)

ELN response
ELN no response

P .05

C

st-reduction strategies. (A) Comparison of OS among patients achieving CR/CRi,

/CRi vs NR/R. (C) Comparison of OS among patients with cMPN reclassified to either

BLAST-REDUCTION STRATEGIES IN MPN-AP/BP 1289

-2023-011735-m
ain.pdf by guest on 18 M

ay 2024



VAF = 0
VAF = 5%
VAF = 25%
VAF = 50%

MF# Treatment Response Gene Amino acid change VAF at diagnosis VAF Post-treatment Molecular response

MF304

MF193

MF302

MF034

MF074

MF171

MF063

MF090

MF172

MF301

MF243

MF038

MF250

MF103

MF085

MF257

Aza-Ven

FLAG-IDA

Aza-Ven

HMA

NOVE-HIDAC

FLAG-IDA

NOVE-HIDAC

FLAG-IDA

FLAG-IDA

Aza-Ven

FLAG-IDA

daunorubicin
& cytarabine

Aza-Ven

HMA

FLAG-IDA

Aza-Ven

cMPN

CRi

CR

cMPN

cMPN

CRi

cMPN

CR

cMPN

cMPN

cMPN

CRi

NR

NR

CRi

CR

ASXL1 p.Cys687Tyrfs*30
BCOR p.Leu1646Serfs*28
IDH2 p.Arg172_His173delinsLeuLeu
JAK2 p.Val617Phe
NRAS p.Gly12Arg

PTPN11 p.Ser502Pro

Clearance

Clearance

Clearance

Partial clearance

Partial clearance

Partial clearance

Partial clearance

Partial clearance

Partial clearance

Partial clearance

Persistence

Persistence

Persistence

Persistence

Persistence

Persistence

ASXL1 p.Arg693*
IDH1 p.Arg132Cys
JAK2 p.Val617Phe
PHF6 p.?

RUNX1 p.Asp198Gly
RUNX1 p.Arg204*
WT1 p.His469Profs*8

MPL p.Trp515Leu
RUNX1 p.Gly74Argfs*64
SRSF2 p.Arg94dup

ASXL1 p.Gly646Trpfs*12
TET2 p.Pro818Leufs*7
TET2 p.Gln1548*

U2AF1 p.Ser34Phe

JAK2 p.Val617Phe
SF3B1 p.Lys666Asn
WT1 p.Arg370Leufs*15

DNMT3A p.Arg882His
IKZF1 p.Glu221Serfs*36
JAK2 p.Val617Phe
NRAS p.Gly12Asp
RUNX1 p.Ser141*
RUNX1 p.Asp198Tyr
TP53 p.Arg175His

CEBPA p.Cys56*
JAK2 p.Val617Phe
TET2 p.Gln745*
TET2 p.Cys1221Ser

IDH1 p.Arg132His
JAK2 p.Val617Phe

ASXL1 p.Arg693*
CALR p.Leu367Thrfs*46

DNMT3A p.Pro750Ser
JAK2 p.Val617Phe

ASXL1 p.Ser1027Ilefs*7
IDH2 p.Arg140Gln
MPL p.Trp515Leu

RUNX1 p.Asn139Asp
RUNX1 p.Gly64Leufs*74
SRSF2 p.Pro95His
STAG2 (p.Leu813*
TET2 p.Ile1873Thr

EZH2 p.Lys617Asn
IDH2 p.Arg140Gln

RUNX1 p.Phe396Valfs*204
SETBP1 p.Asp868Asn

TET2 p.Thr646Asnfs*35

IDH2 p.Arg140Gln
JAK2 p.Val617Phe

RUNX1 p.Arg320*
SRSF2 p.Pro95Arg

ASXL1 p.Gly646Trpfs*12
CEBPA p.Arg35Glyfs*125
ETV6 p.Ser131Phefs*23
EZH2 p.Arg288*
EZH2 p.Tyr646Asp
JAK2 p.Val617Phe

DNMT3A p.Asn879Asp
IDH2 p.Arg172Lys
JAK2 p.Val617Phe

RUNX1 p.Leu472Profs*125

JAK2 p.Val617Phe

DNMT3A p.Arg882His
JAK2 p.Val617Phe
TP53 p.Asp259Val

Figure 5. Paired NGS sample analysis at time of MPN-AP/BP diagnosis and after blast reduction. Mutation-positive fractions are shaded in red, with the length of the

bars proportional to the variant allele frequency (VAF). Patients are sorted by their molecular response pattern after treatment. Post–blast-reduction samples were taken after the
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clinicopathologic response after blast reduction treatment in
patients with AP/BP.

Finally, for 5 patients, mutational analysis was also performed on
samples collected after HCT, whereas in BM remission
(supplemental Figure 3). AP/BP mutations persisted after initial
blast reduction therapy in these individuals; however, after trans-
plant, full mutational clearance was observed for all patients who
had samples available for analysis.
Discussion

The transformation of MPN to AP/BP portends poor long-term
survival. There is no standard treatment approach for MPN-AP/
BP. In this study, we evaluated the outcomes of AML-type
12 MARCH 2024 • VOLUME 8, NUMBER 5
intensive and nonintensive blast-reduction strategies in these
patients. As there are no validated response criteria for MPN-AP/
BP, we applied a set of clinically relatable criteria developed at
Princess Margaret Cancer Centre. These were developed out of
practical challenges associated with applying AML response
criteria, such as ELN 2022, and our desire to establish criteria for
proceeding to HCT. Unlike de novo AML, patients with MPN-AP/
BP frequently revert to a state resembling cMPN after blast-
reduction treatment. Persistent cMPN features included spleno-
megaly, cytopenias/cytoses, 5% to 9% BM blasts, and/or low
levels of circulating blasts. The presence of such features can lead
to the classification of many patients as nonresponders by ELN
criteria, which in turn may influence decisions about subsequent
therapy, including HCT. Indeed, when applying the ELN 2022
response criteria, more than half of cMPN responders per PM
BLAST-REDUCTION STRATEGIES IN MPN-AP/BP 1291
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criteria were reclassified as nonresponders, primarily based on the
residual blast count of 5% to 9% and/or the persistence of
circulating blasts. Of note, we show that, together with CR/CRi
responders, patients who revert to a cMPN state after blast
reduction have improved survival if consolidated with HCT.
Although improvement in OS was observed in patients deemed to
have a response compared with nonresponders by PM criteria, no
difference in survival was discerned by the ELN 2022 response
assignment.

Our response criteria for MPN-AP/BP share features with those
previously proposed by Mascarenhas et al,14 which also were
designed to facilitate response assignment in the setting of an
underlying MPN. These criteria have not been broadly adopted,
especially in routine clinical practice. Contributing to this lack of
adoption may be the need for full cytogenetic and molecular data
as part of response assessment; these are not standard of care at
many centers outside of clinical trials. Our criteria can be readily
applied in the real-world clinical setting and in retrospective and
prospective studies. Further, PM response criteria capture clinical
benefits of therapies and serve as markers of clinically important
outcomes, similar to the recent revision of response criteria in
myelodysplastic syndrome as described in the consensus pro-
posal for revised International Working Group 2023 response
criteria.25

Using PM response criteria, we show that 77% (62 of 81) of
patients who underwent induction chemotherapy achieved a
response. However, only 30% (24 of 81) achieved CR/CRi,
whereas the remaining 47% (38 of 81) reverted to a cMPN. This is
similar to reported response rates to induction chemotherapy,
ranging from 30% to 60%.7,26-28 When HD-AraC induction was
used upfront, fewer patients required a second induction, consis-
tent with the known utility of HD-AraC in overcoming resistance as
observed in relapsed/refractory AML. The risk of early death
(≤30 days from treatment) was 9% (7 of 81), comparing favorably
with previous reports of early deaths as high as 15% to 33%.8,29 In
patients treated with lower-intensity strategies, the overall response
rate was 39% (21 of 54); AZAVEN produced a higher response
rate than HMA alone, in keeping with the 40% to 50% response rate
observed by others.11-13 In our cohort, lower-intensity blast-
reduction strategies were preferentially used in older patients with
poorer performance status and among those with AP disease.

Failure to achieve response with an intensive blast-reduction
strategy was associated with pretreatment poorer ECOG perfor-
mance status, TP53, and RAS pathway mutations. Interestingly, the
ELN risk category was not associated with the response to blast
reduction in MVA. Similarly, response to induction chemotherapy
was independent of abnormal karyotype in the Mayo cohort.27 RAS
pathway mutations are also associated with shortened OS and an
increased risk of AP/BP in chronic phase MF.30 The association of
TP53 mutations with the failure of intensive blast-reduction stra-
tegies is in keeping with the known chemotherapy resistance
imparted by TP53 dysfunction.19

The current study confirms our previous findings that consolidation
with HCT after blast reduction is required to achieve long-term
survival benefit in MPN-AP/BP,7 in a larger cohort of patients.
Although it is largely regarded that pre-HCT CR/CRi improves
post-HCT outcomes, available reports are conflicting.1,7,9,27,31,32

Here, we show that the survival benefit imparted by HCT extends
1292 DAVIDSON et al
to patients who revert to cMPN after blast reduction. Notably, a
recent analysis of Center for International Blood and Marrow
Transplant Research (CIBMTR) data among 177 patients with
MPN-BP showed that outcomes in patients who underwent HCT
with BM/PB blasts <5% were comparable with those with higher
BM/PB blast counts, with the latter population likely including a
significant proportion of patients who would be classified as
cMPN.19 Moreover, we show that both intensive and nonintensive
blast-reduction strategies can be used as a bridge to HCT in
carefully selected patients. For example, similar proportions of
eligible patients were able to undergo HCT across the treatment
groups, and 4 of 6 patients who were eligible for HCT treated with
AZA for AP disease went onto HCT. The observed HCT-
associated survival benefit does not appear to extend to patients
with TP53 mutations in our study.

In our paired sample sequencing analysis, we show that irre-
spective of response to blast reduction, the residual mutational
burden remains high after therapy, and full mutational clearance
was rarely seen. Like a previous CIBMTR study, a wide range of
mutations remained detectable after therapy, including DTA genes
and driver mutations as well as mutations in genes such as TP53,
RUNX1, and RAS pathway members.19 Moreover, mutational
burden remained high across individuals who achieved responses
such as CR/CRi or cMPN, with many of these patients exhibiting
persistence of all variants or the emergence of novel variants. By
contrast, full clearance of the mutations was observed in patients
who underwent HCT. The persistence of mutations after blast
reduction likely reflects the inherent chemoresistance of the
abnormal myeloid clone in AP/BP MPN and explains the high rates
of relapse and poor outcomes when responses are not consoli-
dated by HCT.7 Taken together, these data suggest that currently
available blast-reduction modalities have limited anticlonal activity
and thereby a limited capacity for disease modification without
consolidative HCT.

Our findings must be interpreted within the context of our method-
ology. This was a retrospective, single-center study. As such, the
potentially beneficial use of our response criteria described here
requires prospective validation in independent cohorts. Further,
because of the retrospective design, the response evaluation was not
comparable between all patients. For example, a proportion of
patients treated nonintensively did not undergo BM analysis as part
of their response assessment because of patient frailty or preference.

Taken together, our study highlights that both intensive and non-
intensive blast-reduction modalities have limited disease-modifying
and clonal clearance capability on their own, and consolidative
HCT is required to impart long-term disease control and survival
benefit. MPN-AP/BP represents an ongoing area of unmet need for
the development of effective disease-modifying therapies. More-
over, the application of response criteria designed for use in de
novo AML to evaluate the response of MPN-AP/BP to blast-
reduction treatment is fraught with challenges. Responses often
entail a reversion to the cMPN. The stringent pre-HCT response
requirements of CR/CRi applied to de novo AML are not appro-
priate in patients with MPN-AP/BP treated with the currently
available blast-reduction strategies. There is a need for the MPN
community to revisit the criteria best suited for assigning responses
and informing clinical decision-making in patients with MPN-AP/
BP.
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