ARTICLE - Acute Myeloid Leukemia

Relative impact of residual cytogenetic abnormalities and
flow cytometric measurable residual disease on outcome
after allogeneic hematopoietic cell transplantation in
adult acute myeloid leukemia

Corentin Orvain,">**% Jacob A. Wilson,® Min Fang,”” Brenda M. Sandmaier,?
Eduardo Rodriguez-Arboli,”® Brent L. Wood,? Megan Othus,”° Frederick R. Appelbaum™?
and Roland B. Walter">™"

Correspondence: R.B. Walter
rwalter@fredhutch.org

Received: June 14, 2022.
Accepted: July 25, 2022.
Prepublished: August 4, 2022.

'Clinical Research Division, Fred Hutchinson Cancer Center, Seattle, WA, USA; ?Department
of Medicine, Division of Hematology/Oncology, University of Washington, Seattle, WA, USA;
3Maladies du Sang, CHU d’Angers, Angers, France; “Fédération Hospitalo-Universitaire
Grand-Ouest Acute Leukemia, FHU-GOAL, Angers, France; *Université d'Angers, INSERM
UMR 1307, CNRS UMR 6075, Nantes Université, CRCI2NA, Angers; ®Cytogenetics Laboratory,
Fred Hutchinson Cancer Center, Seattle, WA, USA; "Department of Laboratory Medicine and
Pathology, University of Washington, Seattle, WA, USA; 8Department of Hematology,
Hospital Universitario Virgen del Rocio, Instituto de Biomedicina de Sevilla
(IBIS/CSIC/CIBERONC), University of Seville, Seville, Spain; °Department of Pathology and
Laboratory Medicine, Children’s Hospital, Los Angeles, CA, USA; °Public Health Sciences
Division, Fred Hutchinson Cancer Center, Seattle, WA, USA and "Department of
Epidemiology, University of Washington, Seattle, WA, USA.

https://doi.org/10.3324/haematol.2022.281585

©2023 Ferrata Storti Foundation
Published under a CC-BY-NC license m

Abstract

Measurable residual disease (MRD) before hematopoietic cell transplantation (HCT) is an independent established
prognostic factor in patients with acute myeloid leukemia (AML). Several methods exist to evaluate the presence of
residual leukemia cells, but how these are used best in combination is unclear. In order to examine how residual
cytogenetic abnormalities and MRD testing by multiparameter flow cytometry (MFC) may refine risk assessment before
HCT, we analyzed 506 adults with cytogenetically abnormal AML who underwent both routine karyotyping and MFC MRD
testing before receiving a first allograft while in morphologic remission. Testing for residual cytogenetic abnormalities and
MFC MRD identified four groups of patients with differential relapse-free survival (RFS) (hazard ratio [HR]=1.63 for
Cyto?Prormal/\jFCregative [p=0.01, n=63], HR=3.24 for Cyto"°™ma/MFCP°stve [P<0.001, n=60], and HR=5.50 for Cyto2~"ermal/\FCpositive
[P<0.001, n=56] with Cyto"™mal/MFcnegative a5 reference [n=327]) and overall survival (OS) (HR=1.55 for Cyto2Pnormal/MFCneeative
[P=0.03], HR=2.69 for Cyto"™a/MFCPesitve [P<0.001], and HR=4.15 for Cyto2rorma/pFCrosive  [p<0.001] with
Cytonomal/MFCregate a5 reference). Results were similar for patients who received myeloablative or non-myeloablative
conditioning. C-statistic values were higher, indicating higher accuracy, when using pre-HCT cytogenetic and MFC MRD
information together for prediction of relapse, RFS, and OS, rather than using either test result alone. This study indicates
that residual cytogenetic abnormalities and MFC MRD testing provide complementary prognostic information for post-
HCT outcomes in patients with cytogenetically abnormal AML undergoing allogeneic HCT.

terest are assays to quantify measurable residual disease

Introduction . .
(MRD) via multiparameter flow cytometry (MFC) or as-

For many adults with acute myeloid leukemia (AML) who
have achieved a morphologic remission, allogeneic
hematopoietic cell transplantation (HCT) remains an im-
portant part of curative therapy."? However, the likelihood
of post-HCT relapse varies considerably across individual
patients. Among established prognostic factors, evidence
of residual leukemia cells at the time of HCT plays a key
role in informing on relapse risk. Currently of greatest in-

sessment of molecular abnormalities.>™ However, less
sensitive methods have been used as well for the detec-
tion of submicroscopic amounts of AML cells, including
routine cytogenetic analysis via chromosome (G-)banding
or fluorescence in situ hybridization (FISH), with some
studies indicating prognostic significance in the context
of allogeneic HCT.*2°

In a previous analysis that included 286 children and
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adults with AML in either remission or relapse trans-
planted between 2006 and 2009, our group showed that
a significant subset of patients (15%) had discordant re-
sults from cytogenetic analysis and MFC-based MRD
testing. The presence of residual AML before HCT as as-
sessed by either cytogenetics or MFC was associated
with increased relapse risk and inferior survival.?° In this
earlier study, there was no difference in survival for those
testing positive with only one methodology versus both
methodologies, but cohort sizes were small and patient
characteristics heterogeneous (children and adults; re-
mission and relapse; cytogenetically normal or abnormal
at diagnosis), limiting statistical analyses and interpre-
tation.?°

In order to re-evaluate the relationship between pre-HCT
residual cytogenetic abnormalities and MFC-based MRD
testing and post-HCT outcomes, we examined a large
cohort of adults with cytogenetically abnormal AML who
underwent allogeneic HCT in first or second remission at
our institution between April 2006 and May 2021.

Methods

Study cohort

We identified all adults >18 years of age with AML (2016
World Health Organization criteria)® who received a first
allograft while in first or second morphologic remission
(i.e., <5% blasts in bone marrow) with or without periph-
eral blood count recovery between 4/2006 and 5/2021.
Data from 440 of the 506 patients in the final study co-
hort have been partially reported.??”*? The HCT-specific
comorbidity index (HCT-CI) was calculated as de-
scribed.*® Related or unrelated donors were selected by
high resolution HLA-typing. Post-HCT maintenance ther-
apy was not typically done except in a small subset of
patients with FLT3-mutated AML after midostaurin was
approved in 2017. Information on post-HCT outcomes
was captured via the Long-Term Follow-Up Program
through medical records from our outpatient clinic and
local clinics that provided primary care for patients in
addition to records obtained on patients in research
studies. All patients were treated on Institutional Review
Board-approved research protocols (all registered with
ClinicalTrials.gov) or standard treatment protocols and
gave consent in accordance with the Declaration of Hel-
sinki. Follow-up was current as of February 10, 2022.

Classification of disease risk and treatment response

The refined MRC/NCRI and the ELN 2017 criteria were
used to assign cytogenetic risk at diagnosis.?** Cytogen-
etically normal AML was considered in patients with a
normal karyotype regardless of how many metaphases
were available for analysis.?°-32%® Since molecular data at
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time of diagnosis were lacking in many patients, only
cytogenetic risk could be used to classify patients. Sec-
ondary AML was defined as disease following an
antecedent hematologic disorder or treatment with sys-
temic chemotherapy and/or radiotherapy for a different
disorder.?°=*2 Treatment responses were categorized as
proposed by the European LeukemiaNet? except that
post-HCT relapse was defined as emergence >5% blasts
by morphology or MFC in blood or bone marrow, emerg-
ence of cytogenetic abnormalities seen previously, or
presence/emergence of any level of disease if leading to
a therapeutic intervention.3°-32

Cytogenetics studies and multiparameter flow
cytometry

At the time of diagnosis and before HCT, samples from
bone marrow aspirates were tested for cytogenetic ab-
normalities using standard culturing and G-banding
analysis. The karyotype analysis was based on 20 meta-
phases for most samples as a routine procedure and
FISH studies were performed according to standard
procedures at the time of diagnosis and pre-HCT assess-
ment in a subset of patients. The presence of any clonal
abnormality by either karyotyping or FISH was con-
sidered an abnormal cytogenetic result. Ten-color flow
cytometry was performed as a routine clinical test on
bone marrow aspirates obtained before starting con-
ditioning therapy. The methodology of the MFC MRD
assay has remained essentially unchanged throughout
the study period.??2426.2830.36 Any measurable level of MRD
was considered positive, consistent with prior ana-
lyses.??732

Statistical analysis

Categorical variables were presented as numbers with
proportions and compared using the Chi? test or the
Fisher’s exact test, for small samples (expected values
<5). Continuous variables were presented as medians
with interquartile range (IQR) and compared using the
non-parametric Mann and Whitney test. Unadjusted pro-
babilities of relapse-free survival (RFS) (events: relapse
and death) and overall survival (OS) (event: death) were
estimated using the Kaplan-Meier method and compared
with the log-rank test; associations with RFS and OS
were assessed using Cox regression. Probabilities of re-
lapse (with non-relapse mortality [NRM] as a competing
event) and NRM (death without prior relapse with relapse
as a competing risk) were summarized using cumulative
incidence estimates; associations with cumulative inci-
dence of relapse and NRM were assessed using cause-
specific regression models. All tests were two-sided with
a significant level P<0.05. Statistical analyses were per-
formed with R (R Foundation for Statistical Computing,
Vienna, Austria; http:/www.r-project.org).
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Results

Characteristics of study cohort

Of 1,011 adults with AML allografted between 2006 and
2021, 506 patients with cytogenetically abnormal AML at
diagnosis and pre-HCT karyotyping and MFC MRD testing
available were included in our analysis. In addition to 422
patients with cytogenetically normal AML, we excluded 21
patients because they did not agree to their data being
used for research purposes, 40 because they did not have
cytogenetic data available at diagnosis, ten because they
did not undergo pre-HCT MRD testing, and 12 because
they did not have informative pre-HCT cytogenetic studies
(not enough metaphases and no FISH study); see Figure 1.
Of the 506 patients, cytogenetics studies were abnormal
in 119 patients (24%) at the time of HCT (for details on
cytogenetic and FISH analyzes, see the Online Supplemen-
tary Table S7). No cytogenetic abnormal result was based
on an abnormal FISH study alone. Discordant results be-
tween pre-HCT cytogenetics and MFC MRD testing were
observed in 123 patients (24%) with 63 (12%) having pre-
HCT cytogenetic abnormalities but negative MRD by MFC
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and 60 (12%) having normal pre-HCT cytogenetics but
positive MFC MRD. Table 1 shows patient characteristics
according to pre-HCT cytogenetics and MFC MRD status.
Patients with cytogenetic abnormalities were older irre-
spective of pre-HCT MFC MRD status (P<0.001). Patients
with cytogenetically adverse-risk disease at diagnosis
were more likely to have persistent abnormal cytogenetics
and/or positive MFC MRD pre-HCT (P<0.001). Those with
secondary AML were more likely to be MFC MRD-positive,
irrespective of the pre-HCT karyotype (P<0.001). FLT3,
NPM1, and CEBPA mutational status was infrequently
available for patients but those with FLT3-ITD mutations
at diagnosis were more likely to have pre-HCT normal
cytogenetics and negative MFC MRD (P=0.002).

Relationship between pre-hematopoietic cell
transplantation cytogenetic abnormalities,
multiparameter flow cytometry measurable residual
disease, and post-hematopoietic cell transplantation
outcome

With a median follow-up of 5.38 years after HCT in sur-
vivors (IQR, 2.48-9.18), there were 173 relapses, 239 deaths,

Figure 1. Flowchart describing the selection and distribution of analyzed patients. AML: acute myeloid leukemia; HCT:
hematopoietic cell transplantation; MFC: multiparameter flow cytometry; MRD: measurable residual disease.
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and 91 NRM events contributing to the probability esti-
mates for relapse, RFS, OS, and NRM. The cumulative inci-
dence of relapse was higher in patients with pre-HCT
cytogenetic abnormalities and MFC MRD positivity (3-year
cumulative incidence of relapse, 51% vs. 27% for those

Table 1. Pre-hematopoietic cell transplantation demographic and
at diagnosis, stratified by cytogenetics and multiparameter flow

without pre-HCT cytogenetic abnormalities and 67% vs.
23% for those without pre-HCT MFC MRD positivity, re-
spectively) whereas NRM was similar in all groups (Table
2; Online Supplementary Figure S1; Online Supplementary
Figure S2). This translated into lower RFS (median, 0.5 vs.

clinical characteristics of patients with abnormal cytogenetics
cytometry status before hematopoietic cell transplantation.

Cyto AbN Cyto Normal Cyto AbN Cyto Normal Cyto AbN
at diagnosis MFC- (N=327) MFC- (N=63) MFC+ (N=60) MFC+ (N=56)

(N=506)
Median age at HCT in years 53 (40-63) 50 (39-60)
(IQR)
Female sex, N (%) 219 (43) 149 (46)
HCT-CI, N (%)
0 171 (34) 120 (37)
1-2 175 (35) 105 (32)
>3 160 (32) 102 (31)
WBC count at diagnosis
x10%/L, median (|ch) 9 9 (=)
Cytogenetic risk (MRC), N (%)
Favorable 69 (14) 54 (17)
Intermediate 229 (45) 163 (50)
Adverse 208 (41) 110 (34)
Secondary AML 149 (29) 79 (24)
Median CR duration before
HCT in days (IQR) 98 (70-142) 98 (72-143)
Remission status, N (%)
First remission 421 (83) 274 (84)
Second remission 85 (17) 53 (16)
Recovered peripheral blood
counts before HCT*, N (%) 368 (73) 247 (76)
Unrelated donor, N (%) 366 (72) 238 (73)
HLA matching, N (%)
Identical related donor 112 (22) 76 (23)
Matched unrelated donor 245 (48) 160 (49)
1-2 allele mismatch 53 (10) 24 (7)
Haplo-identical 23 (5) 11 (4)
Cord blood 73 (14) 56 (17)
Stem cell source, N (%)
PB 389 (77) 246 (75)
BM 44 (9) 25 (8)
Cord blood 73 (14) 56 (17)
Conditioning regimen, N (%)
MAC 318 (63) 210 (64)
Non-MAC 188 (37) 117 (36)
GvHD prophylaxis, N (%)
CNI+MMF = sirolimus 229 (45) 152 (46)
CNI+MTX =+ other 202 (40) 132 (40)
PTCy 67 (13) 37 (11)
Other 8 (1.6) 6 (12)

63 (55-69) 53 (41-62) 62 (47-67)
26 (41) 21 (35) 23 (41)
17 (27) 18 (30) 16 (29)
24 (38) 28 (47) 18 (32)
22 (35) 14 (23) 22 (39)
4 (2-24) 3 (1-19) 3 (1-13)
8 (13) 3 (5) 4 (7)
26 (41) 23 (38) 17 (30)
29 (46) 34 (57) 35 (62)
19 (30) 28 (47) 23 (41)

97 (72-131) 116 (68-146) 79 (55-130)
51 (81) 50 (83) 46 (82)
12 (19) 10 (17) 10 (18)
37 (59) 48 (80) 36 (64)
41 (65) 49 (82) 38 (68)
15 (24) 10 (17) 11 (20)
29 (46) 28 (47) 28 (50)
11 (17) 11 (18) 7 (12)

4 (6) 1 (2% 7 (12)
4 (6) 10 (17) 3 (5)
57 (90) 39 (65) 47 (84)
2 (3) 11 (18) 6 (11)
4 (6) 10 (17) 3(5)
34 (54) 40 (67) 34 (61)
29 (46) 20 (33) 22 (39)
24 (38) 28 (47) 25 (45)
25 (40) 25 (42) 20 (36)
13 (21) 7 (12) 10 (18)
1(2) 0 1(2)

*Absolute neutrophil count (ANC) 21x10°%/L and platelets =100x10%/L. AbN: abnormal; IQR: interquartile range; AML: acute myeloid leukemia;

BM: bone marrow; CNI: calcineurin inhibitor; GvHD: graft-versus-ho

st disease; HCT: hematopoietic cell transplantation; HLA: human

leukocyte antigen; MAC: myeloablative conditioning; MFC: multiparameter flow cytometry; MMF: mycophenolate mofetil; MRD: measurable

residual disease; MTX: methotrexate; NMA: non-myeloablative; PB: pe
umbilical cord blood; WBC: total white blood cell count.

ripheral blood; PTCy: post-transplantation cyclophosphamide; UCB:
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8.6 years in those without pre-HCT cytogenetic abnormal-
ities and 0.4 vs. 11 years in those without pre-HCT MFC MRD
positivity, respectively) and OS (median, 1.5 vs. 11 years in
those without pre-HCT cytogenetic abnormalities and 0.9
years vs. not reached in those without pre-HCT MFC MRD
positivity, respectively). Considering results from pre-HCT
karyotyping and MFC MRD testing separately, four groups
of patients were identified with differential risk of relapse
(3-year cumulative incidence of relapse, 21% for
Cytomma/MFCreeative g, 319% for Cyto*normal/MFCreeatve vs, 60%
for Cytoro™mal/MFCPositive s, 74% for Cyto2brermal/MFCpositive)
whereas NRM was similar between the four groups (Figure
2; Table 2). Similar results were observed for RFS (median,
not reached vs. 2.4 years vs. 0.6 years vs. 0.2 years) and OS
(not reached vs. 5.4 years vs. 1.2 years vs. 0.9 years) (Figure
2; Table 2).

When comparing persistent cytogenetic abnormalities ac-
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cording to pre-HCT MFC MRD status, patients with negative
MFC MRD test were more likely to have abnormalities not
qualifying for adverse-risk (49% vs. 31%, P<0.001) whereas
patients with positive MFC MRD test were likely to have
monosomal karyotypes (6% vs. 30%, P<0.001) with dele-
tions (41% vs. 61%, P=0.043) and additional material (19%
vs. 54%, P<0.001) being more frequent (Online Supplemen-
tary Table S2). Mutational data was only available in a very
small fraction of patients before HCT and only three pa-
tients had evidence of persistent mutations in our cohort,
one with a FLT3-ITD mutation and both pre-HCT abnormal
cytogenetics and positive MFC MRD, and two patients with
a NPM1 mutation, one with both pre-HCT normal cytogen-
etics and negative MFC MRD and one with pre-HCT abnor-
mal cytogenetics but negative MFC MRD.

In univariable analysis, both pre-HCT cytogenetic abnor-
malities and MRD by MFC were individually associated
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Figure 2. Post-hematopoietic cell transplantation (HCT) outcomes for 506 adults with acute myeloid leukemia and initial
abnormal cytogenetics undergoing allogeneic HCT while in first or second morphologic remission, stratified by both pre-HCT
cytogenetics and pre-HCT multiparameter flow cytometry. (A) Cumulative incidence of relapse, (B) relapse-free survival, (C)
overall survival, and (D) cumulative incidence of non-relapse mortality. Cyto N: normal cytogenetics; Cyto AbN: abnormal

cytogenetics; MFC: multiparameter flow cytometry.

Haematologica | 108 February 2023
425



ARTICLE - Cytogenetics and flow cytometry before allogeneic HCT for AML

with RFS (HR=2.23, 95% CI: 1.72-2.88, P<0.001, and HR=3.73,
95% Cl: 2.90-4.81, P<0.001, respectively) and OS (HR=2.05,
95% Cl: 1.56-2.69, P<0.001, and HR=3.03, 95% CI: 2.33-3.93,
P<0.001, respectively) (Table 3). Results from pre-HCT cyto-
genetic and MFC MRD testing identified four groups of pa-
tients with differential RFS (HR=1.63, 95% CI: 1.12-2.37,
P=0.01, for Cyto®"°™mal/MFCnegative; HR=3.24, 95% Cl: 2.32-
4.51, P<0.001, for Cyto"™™ma/MFCPste; and HR=5.50, 95% ClI:
3.94-7.66, P<0.001, for Cyto2Permal/MFCPositive  with Cyto""
mal/MFCreeative g5 reference) and OS (HR=1.55, 95% Cl: 1.04-
2.32, P=0.03, for Cyto®nema/MFCneeative; HR=2.69, 95% ClI:
1.91-3.79, P<0.001, for Cyto™™a/MFCPesitve; and HR=4.15, 95%
Cl: 2.94-5.85, P<0.001, for Cyto®"mal/MFCPesitive with Cyto-
normal/\|FCnegative g5 reference) (Table 3). In a multivariable Cox
regression model, both cytogenetic abnormalities and MFC
MRD were independently associated with relapse (HR=1.67,
95% CI: 116- 2.41, P=0.006 and HR=4.44, 95% CI: 3.11-6.34,
P<0.001, respectively), RFS (HR=1.53, 95% CI: 113- 2.06,
P=0.006 and HR=3.21, 95% CI: 2.39-4.30, P<0.001, respect-
ively), and OS (HR=1.41, 95% CI: 1.03 -1.93, P=0.034 and
HR=2.43, 95% CI: 1.81-3.27, P<0.001, respectively) (Table 4).
The performance of pre-HCT cytogenetics and MFC MRD
test results, separately or together, as predictors for RFS
and OS was evaluated by estimating C-statistics in univari-
able regression models. Higher C-statistic values (indicating
higher predictive accuracy) were observed when consider-
ing both the results from cytogenetic and MFC MRD testing
rather than karyotyping or MFC MRD testing alone. This was
true for the prediction of RFS (0.65 vs. 0.58 vs. 0.63) as well
as the prediction of OS (0.63 vs. 0.58 vs. 0.61). The C-stat-
istics values were also higher when using the information
from both cytogenetic testing and MFC MRD testing sep-
arately rather than when assuming residual disease posi-
tivity if either or both assays were positive (C-statistic, 0.63
and 0.61 for RFS and OS, respectively).

Relationship between pre-hematopoietic cell
transplantation cytogenetics/multiparameter flow
cytometry measurable residual disease status,
conditioning intensity, and post-hematopoietic cell
transplantation outcomes

Overall, similar results were obtained in the subset of pa-
tients receiving MAC conditioning compared to the entire
study cohort. However, the risk of relapse and OS of pa-
tients with or without cytogenetic abnormalities but with
negative MFC MRD test were not different (for relapse,
HR=1.56, 95% Cl: 0.76-3.22, P=0.2, for Cyto2°rmal/MFCne-
gative,  HR=5.88, 95% ClI: 3.58-9.65, P<0.001, for
Cytorermal/MFCpositve;  and HR=10.2, 95% CIl: 6.13-17.0,
P<0.001, for Cyto2nermal/MFCPesitive with Cyton°ermal/MFCneeative
as reference; for 0OS, HR=1.49, 95% CI: 0.83-2.66, P=0.2,
for Cyto@knermal/MFCreeative; HR=3.24 , 95% CI: 2.07-5.07,
P<0.001, for Cytom™mal/MFCPesitve; and HR=4.38, 95% ClI:
2.76-6.96, P<0.001, for Cyto2tnormal/MFCPesitve  with Cyto"o"™
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mal/MFCreeative g5 reference) (Figure 3A and B). Similar re-
sults were observed for patients receiving non-MAC for
the outcome of relapse (HR=1.53, 95% CI: 0.77-3.03, P=0.2,
for Cyto2Pnermal/\MFCreeative; HR=2.87, 95% Cl: 1.48-5.56,
P=0.002, for Cyto"™ma/MFCresitive; and HR=4.83, 95% ClI:
2.63-8.86, P<0.001, for Cyto2normal/MFCPesitive  with Cyto™"
mal/MFCnegative g5 reference) and OS (HR=1.55, 95% Cl: 0.88-
2.72, P=0.13, for Cyto?Prermal/MFCneeative; HR=2.08, 95% CI:
1.22-3.55, P<0.001, for Cyto"™mal/MFCPositve; and HR=3.93,
95% Cl: 2.35-6.57, P<0.001, for Cyto2normal/MFCPesitive with
Cytoermal/MFCregative 35 reference) (Figure 3C and D).

Discussion

There is increasing interest in using results from MRD
testing in patients with AML to inform on prognosis and,
perhaps, to guide therapeutic decision making.*” Our cur-
rent analyses show that both MFC MRD testing as well as
standard cytogenetic analysis, via karyotyping and FISH,
provides prognostic information for patients undergoing
allografting for AML in morphologic remission. Further, our
data indicate that cytogenetic and MFC MRD testing pro-
vides complementary rather than identical information.
With this, our findings suggest that, for optimal risk as-
sessment and outcome prediction, results from both tests
should be considered.

Previous studies that have assessed the prognostic role
of abnormal cytogenetics at the time of morphologic re-
sponse in patients with AML have come to mixed con-
clusions.®29383% Although routine cytogenetic testing has
a low sensitivity for the detection of residual leukemia
considering only 20-30 metaphases are typically analyzed,
malignant myeloid cells divide readily in culture, and our
results show that pre-HCT cytogenetic studies are useful
to evaluate the outcome of adults with AML after HCT. In
our cohort, approximately one quarter of patients with
cytogenetically abnormal AML at diagnosis were found to
have abnormal cytogenetics during the pre-HCT evalu-
ation, and half of these had no disease detectable by flow
cytometry. Relative to patients in whom cytogenetic ab-
normalities could no longer be detected, patients with ab-
normal cytogenetic findings at the time of HCT had an
increased risk of relapse and shorter RFS and OS. Con-
sidering that 506 of 940 patients in our cohort had cyto-
genetically abnormal AML at diagnosis and informative
results from pre-HCT karyotyping studies available, one of
the limitations of cytogenetic testing as measure for re-
sidual AML is that it is applicable to only 54% to 65% of
patients 3839

As more MRD assays are becoming available, some pa-
tients may be evaluated with more than one assay. A small
number of previous studies suggest that the use of more
than one of MRD test might improve prognostication.”®*°
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Table 3. Univariable regression models of study cohort (patients with abnormal cytogenetics at diagnosis).

Relapse

HR (95% CI)

Median age at HCT 1.02 (1.00-1.03)

Female sex 0.96 (0.71-1.30)
Secondary AML
(n=149) 1.32 (0.96-1.81)

Cytogenetic risk (MRC)
Favorable (n=69) Ref.
Intermediate (n=229) 1.95 (1.06-3.61)

Adverse (n=208)  3.27 (1.79-5.97)

Remission status
at HCT

First remission
(n=421)
Second remission
(n=85)
Pre-HCT cytogenetics
status

Negative (n=387)
Positive (n=119)
Pre-HCT MFC status
Negative (n=390)
Positive (n=116)

Pre-HCT cytogene-

Ref.

1.14 (0.77-1.68)

Ref.
2.48 (1.81-3.38)

Ref.
5.05 (3.72-6.84)

tics/MFC status
Z\rlger’ga;l)/l\ﬂ RD- Ref.
ﬁ‘tlg)ma'/ MRD- 4 64 (1.00-2.69)
Normal/MRD+ (n=60) 4.37 (2.95-6.46)
ﬁ]bzr;og)mal/MRm 7.43 (5.03-11.0)

Recovered peripheral
blood counts before
HCT* (n=368)

Stem cell source

1.06 (0.75-1.50)

PB (n=389) Ref.
BM (n=44) 1.66 (1.06-2.58)
UCB (n=73) 0.73 (0.45-1.20)

Conditioning regimen

MAC (n=318)

Non-MAC (n=188)

Ref.
1.48 (1.09-2.00)

P
0.004
0.8

0.082

0.032
<0.001

0.5

<0.001

<0.001

0.051

<0.001

<0.001

0.7

0.026
0.2

0.012

Relapse-free survival

HR (95% ClI)
1.03 (1.02-1.04)
0.84 (0.66-1.08)

1.43 (1.11-1.84)

Ref.
1.65 (1.07-2.54)
2.10 (1.36-3.23)

Ref.

1.14 (0.83-1.56)

Ref.
2.23 (1.72-2.88)

Ref.
3.73 (2.90-4.81)

Ref.

1.63 (1.12-2.37)
3.24 (2.32-4.51)

5.50 (3.94-7.66)

0.84 (0.64-1.10)

Ref.
1.24 (0.83-1.86)
0.83 (0.57-1.21)

Ref.
1.83 (1.43-2.33)

P
<0.001
0.2

0.006

0.023
<0.001

0.4

<0.001

<0.001

0.0M

<0.001

<0.001

0.2

0.3
0.3

<0.001

Overall survival

HR (95% CI)
1.02 (1.02-1.03)
0.77 (0.59-1.00)

1.38 (1.06-1.80)

Ref.
1.75 (1.10-2.80)
2.23 (1.40-3.56)

Ref.

1.24 (0.90-1.72)

Ref.
2.05 (1.56-2.69)

Ref.
3.03 (2.33-3.93)

Ref.

1.55 (1.04-2.32)
2.69 (1.91-3.79)

4.15 (2.94-5.85)

0.77 (0.58-1.01)

Ref.
1.23 (0.81-1.86)
0.97 (0.66-1.41)

Ref.

P
<0.001
0.047

0.018

0.019
<0.001

0.2

<0.001

<0.001

0.032

<0.001

<0.001

0.05

0.3
0.9

Non-relapse mortality

HR (95% CI)
1.05 (1.03-1.07)
0.66 (0.42-1.01)

1.65 (1.08-2.52)

Ref.
1.37 (0.75-2.53)
0.98 (0.51-1.89)

Ref.

1.13 (0.66-1.93)

Ref.
1.78 (1.11-2.84)

Ref.
1.83 (1.10-3.06)

Ref.

1.63 (0.93-2.89)
1.66 (0.84-3.26)

2.60 (1.27-5.32)

0.56 (0.37-0.86)

Ref.
0.51 (0.19-1.40)
1.01 (0.57-1.80)

Ref.

P
<0.001
0.056

0.020

0.3
>0.9

0.7

0.016

0.021

0.091

0.14

0.009

0.008

0.2
>0.9

1.73 (1.34-2.23) <0.001 2.74 (1.81-4.15) <0.001

*Absolute neutrophil count (ANC) >1x10°/L and platelets >100x10°%/L. AML: acute myeloid leukemia; BM: bone marrow; HCT: hematopoietic cell
transplantation; HLA: human leukocyte antigen; MAC: myeloablative conditioning; MFC: multiparameter flow cytometry; MRD: measurable
residual disease; PB: peripheral blood; UCB: umbilical cord blood.

Haematologica | 108 February 2023



ARTICLE - Cytogenetics and flow cytometry before allogeneic HCT for AML

The emerging data for the current and a prior study from
our institution indicate that the same principle is true for
cytogenetics/MFC MRD testing.?® Almost a quarter of pa-
tients (24% in the present series) have discordant re-
sults.?® Whereas normal cytogenetics with positive MFC

C. Orvain et al.

can be explained by the low sensitivity of cytogenetics,
abnormal cytogenetics with negative MFC might be due
to some leukemic cells having normal patterns of antigen
expression or changing immunophenotypes and/or to the
presence of preleukemic cytogenetic abnormalities.”° In

Table 4. Multivariable regression models of study cohort (patients with abnormal cytogenetics at diagnosis).

Relapse

HR (95% CI)
Median age at HCT 1.00 (0.98-1.01)

Female sex 1.15 (0.84-1.57)
Secondary AML

(n=149) 0.83 (0.59-1.17)
Cytogenetic risk

(MRC)

Favorable (n=69)
Intermediate
(n=229)

Adverse (n=208) 3.44 (1.68-7.05)

Remission status
at HCT
First remission
(n=421)
Second
remission (n=85)
Pre-HCT cytogene-

Ref.

2.69 (1.33-5.42)

Ref.

1.97 (1.24-3.12)

tics status
Negative Ref.
Positive 1.72 (1.21-3.12)
Pre-HCT MFC
status
Negative Ref.
Positive 4.41 (3.12-6.22)
Recovered peri-
223:1?; tl)alglfz)dre He | 1-891(0-96-2.01)
(n=368)
Stem cell source
PB (n=389) Ref.
BM (n=44) 1.78 (1.11-2.86)
81(:?3?'00(1 0.83 (0.49-1.39)
Conditioning
regimen
MAC (n=318) Ref.

Non-MAC (n=188) 1.75 (1.20-2.55)

P

0.7
0.4

0.3

0.006

<0.001

0.004

0.002

<0.001

0.083

0.016

0.5

0.003

RFS

HR (95% CI)
1.01 (1.00-1.02)
1.00 (0.77-1.29)

0.93 (0.70-1.22)

Ref.
1.78 (1.07-2.94)

1.79 (1.06-3.01)

Ref.

1.66 (1.13-2.43)

Ref.
1.56 (1.17-2.08)

Ref.
3.25 (2.45-4.33)

1.15 (0.87-1.54)

Ref.
1.50 (0.98-2.30)

1.07 (0.72-1.60)

Ref.
1.66 (1.22-2.25)

P

0.054
>0.9

0.6

0.026

0.028

0.010

0.002

<0.001

0.3

0.061

0.7

0.001

os

HR (95% Cl)
1.01 (1.00-1.02)
0.85 (0.65-1.12)

1.01 (0.76-1.35)

Ref.
1.99 (1.17-3.38)

2.02 (1.17-3.47)

Ref.

1.81 (1.24-2.64)

Ref.
1.49 (1.11-2.02)

Ref.
2.42 (1.82-3.23)

1.00 (0.74-1.35)

Ref.
1.35 (0.87-2.10)

1.25 (0.84-1.86)

Ref.
1.47 (1.07-2.03)

P

0.056
0.2

>0.9

0.011

0.011

0.002

0.009

<0.001

>0.9

0.2

0.3

0.019

Non-relapse mortality

HR (95% CI)
1.04 (1.02-1.07)
0.75 (0.48-1.18)

1.17 (0.73-1.89)

Ref.
1.13 (0.54-2.33)

0.69 (0.32-1.49)

Ref.

1.36 (0.69-2.67)

Ref.
1.27 (0.76-2.11)

Ref.
1.48 (0.85-2.60)

0.81 (0.50-1.30)

Ref.
0.79 (0.28-2.26)

1.83 (0.97-3.45)

Ref.
1.42 (0.83-2.43)

P

<0.001
0.2

0.5

0.7

0.3

0.4

0.4

0.2

0.4

0.7

0.063

0.2

*Absolute neutrophil count (ANC) 21x10° and platelets =100x10°. AML: acute myeloid leukemia; BM: bone marrow; HCT: hematopoietic cell
transplantation; HLA: human leukocyte antigen; MAC: myeloablative conditioning; MFC: multiparameter flow cytometry; MRD: measurable
residual disease; MTX: methotrexate; PBSC: peripheral blood; UCB: umbilical cord blood.
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Figure 3. Post-hematopoietic cell transplantation (HCT) outcomes for 506 adults with acute myeloid leukemia and initial
abnormal cytogenetics undergoing allogeneic HCT while in first or second morphologic remission, stratified by both pre-HCT
cytogenetics and multiparameter flow cytometry and conditioning intensity. (A) Cumulative incidence of relapse and (B) overall
survival for patients receiving myeloablative conditioning (MAC) and (C) cumulative incidence of relapse and (D) overall survival

for patients receiving non-MAC, respectively. Cyto N:
multiparameter flow cytometry.

contrast to a previous study including some of the patients
used in the current analysis, combining pre-HCT cytogen-
etics and MFC distinguished four groups of patients with
different prognosis whereas the first study showed that
patients with either or both markers positivity had similar
outcomes.?® Whereas we have previously shown that MFC
MRD identified two groups of patients with different prog-
nosis,?*?%%32 we show herein that also considering pre-HCT
cytogenetics may further refine the prognostication of pa-
tients. This assay could distinguish a group of patients with
decreased survival among those with non-measurable re-
sidual disease by MFC and a group of patients with very
poor outcome among those with MRD by MFC. The predic-
tive value of MFC MRD was also improved when consider-
ing pre-HCT cytogenetics with increased C-statistic values

normal cytogenetics;

Cyto ADbN: abnormal cytogenetics; MFC:

from 0.63 with MFC MRD alone to 0.65 with the combined
assays for RFS and from 0.61 to 0.63 for OS. The combina-
tion of cytogenetics and MFC has also been shown to be
associated with post-HCT outcomes in other studies al-
though because of the relative small sample size, the input
of each MRD method on outcome prognostication could
not be assessed.**? Similar results were observed in other
series combining two of the following: MFC, WTT quantifi-
cation, NPM1 quantification, or next-generation sequencing
(NGS).12134043-4% How pre-HCT cytogenetics and MFC MRD
can be used together with newer methods for MRD detec-
tion such as NGS will require further studies.

The retrospective nature of our study analyzing patients
nonrandomly assigned to different conditioning regimens
limits our ability to draw definitive conclusions on the
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management of patients with pre-HCT MRD. Our general
preference has been for the use of myeloablative con-
ditioning whenever we felt it could be safely administered
based on patient age and comorbidities. MFC-based MRD
testing has been routinely performed on bone marrow
specimens during the pre-HCT work-up in our institution
since 2006 and has always been available to transplanta-
tion teams. Despite being recognized as a relevant prog-
nostic marker, the pre-HCT MRD status did not play any
major role in the selection of the type of preparative
regimen. In addition, we did not preemptively apply other
strategies to try and prevent relapse (i.e., withdrawal of
immunosuppressive agents, donor lymphocyte infusions,
or maintenance chemotherapy) based on pre-HCT MRD
status. Because mutational profiles were only available for
a small subset of patients, our ability to account for dis-
ease risk is limited. Pre-HCT molecular data was also in-
frequently available and potential associations with
pre-HCT cytogenetics and MFC MRD could not be exten-
sively explored in this study.

This study confirms that data from pre-HCT cytogenetic
studies are associated with post-HCT outcomes, as are
data from MFC MRD testing. The combined use of pre-HCT
cytogenetics and MFC MRD data further refines risk as-
sessment. Our findings indicate that more accurate prog-
nostic information can be gained by distinguishing four
groups of patients based on data from cytogenetic and
MFC MRD testing. The observation that these four patient
subsets have different post-HCT outcome expectations
could serve as the basis for the refined evaluation of pre-
HCT or post-HCT preemptive strategies aimed at reducing
relapse risks and improving outcomes in adults with AML
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