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Abstract

Background: Acute myeloid leukemia (AML) is the most common acute leukemia in
adults, and chemotherapy remains the most commonly used treatment approach for
this group of hematological disorders. Drug resistance is one of the predictors of
unfavorable prognosis for leukemia patients.

Aim: The purpose of this study was to perform a retrospective analysis of the survival
rate in AML patients according to age, tumor status, and chemotherapy regimen
received and to analyze the therapy response of AML patients depending on the
treatment received, initial responsiveness of tumor cells to chemotherapeutic drugs
measured in vitro at diagnosis and expression of immunological markers.

Methods: The survival of AML patients (n = 127) was analyzed using the Kaplan-Meier
method. Drug sensitivity of tumor cells of AML patients (n = 37) and the expression of
immunological markers were evaluated by the WST test and flow cytometry, respectively.
Correlation analysis was performed using Spearman's rank order correlation coefficient.
Results: We found the treatment regimen to be the defining factor in the patient survival
rate. In addition, the initial responsiveness of tumor cells to chemotherapeutic drugs mea-
sured in vitro at diagnosis correlated with the therapy response of AML: patients with
high tumor cell sensitivity to particular cytotoxic drugs demonstrated a good response to
treatment including these drugs, and patients with initial resistance of tumor cells to a
particular chemotherapeutic agents and received it according to the clinical protocols
demonstrated a poor response to antitumor therapy. Correlations of drug resistance in
leukemic cells with the expression of immature and aberrant immunophenotype markers
as established unfavorable prognostic factors confirm our assumption.

Conclusion: The evaluation of the responsiveness of tumor cells to chemotherapy
in vitro at diagnosis can be a useful tool for predicting the response of leukemia

patients to planned chemotherapy.
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1 | INTRODUCTION
Acute myeloid leukemia (AML) is the most common acute leukemia in
adults, responsible for approximately 150 000 deaths per year world-
wide.? The main treatment approach for AML remains chemother-
apy, which can be either inductive or palliative.®>* The general
therapeutic strategy for AML patients has not changed substantially
in more than 30 years. Nowadays, initial assessment serves to con-
sider whether the patient is eligible for intensive induction chemo-
therapy.*° If induction treatment is started as soon as possible in
accordance with standard protocols, a better response to therapy is
achieved.®

Assignment of the cytotoxic treatment and prediction of the ther-
apy response for AML patients depends on patient-associated factors
(age, coexisting conditions, poor performance status) and disease-
related factors (white-cell count, prior myelodysplastic syndrome or
cytotoxic therapy, leukemic-cell genetic changes).® However, the most
serious obstacle to effective specific treatment of leukemia is still the
resistance of leukemic cells to cytotoxic drugs, which not only forms
as the result of chemotherapy, but also arises spontaneously as an
individual tumor characteristic in patients who have not previously
received antitumor therapy.” An initial assessment of the drug sensi-
tivity/resistance of tumor cells, as well as introduction of methods
providing for rapid and reliable prediction of patients' response to the
planned chemotherapy are urgently needed in clinical practice.®

Previously, we have shown that the drug responsiveness of tumor
cells detected in vitro at diagnosis correlates with the therapy
response and established prognostic markers in leukemia patients.’
The most significant correlations were identified for AML: patients
with tumor cell resistance to chemotherapeutic drugs demonstrated a
poor response to standard chemotherapy and carried immature and
aberrant immunological markers and cytogenetic abnormalities in
tumor cells associated with an unfavorable prognosis for AML
patients.” The aim of the present study was to prove our conception
that an evaluation of the initial responsiveness of tumor cells to che-
motherapeutic drugs in vitro can be useful in predicting the therapy
response of leukemia patients and to assign the most effective anti-
tumor treatment.

2 | MATERIALS AND METHODS

2.1 | Patients

The study included 127 patients with AML. All patients were enrolled
in the study by signing the informed consent and with ethical approval
from the Institutional Review Board of Novosibirsk State Medical Uni-

versity (No. 80/2015) in accordance with the ethical principles of the

Declaration of Helsinki in the current Edinburgh version (2000).1° The
diagnosis was confirmed by clinical, laboratory, and instrumental anal-
ysis according to the standard diagnostic protocols for AML>!! and
formulated on the base of the WHO classification of tumors of hema-
topoietic and lymphoid tissues.'? Immunophenotyping and cytoge-
netic analysis were performed before the start of treatment as
described in Reference 9. Demographic data including age, gender,
date of presentation, time of relapse, and mortality were obtained
from medical records or from institutional information databases.
Patients received treatment in accordance with the standard clinical
guidelines and recommendations.>%4

AML patients were assigned into two groups: “primary” and “sec-
ondary.” Patients with newly diagnosed acute leukemia not receiving
chemotherapy were attributed to “primary.” Patients with compli-
cated hematological anamnesis and who had received chemotherapy
previously for hematological disorders were attributed to “secondary.”
Secondary leukemias are characterized by a poorer prognosis and a
different therapeutic approach to primary leukemias, so they need to
be analyzed separately.*>¢ Primary and secondary patients were also
divided into groups according to the treatment they received as the
first-line therapy, in compliance with clinical recommendations.
Patients who received induction therapy with anthracycline-based
regimens and those who received palliative therapy with protocols
including low-dose cytarabine due to severe concomitant pathology
or serious disease complications were analyzed separately.

AML patients with HIV, hepatitis B and C, and tuberculosis were

excluded from the study.

2.2 | Collection of peripheral blood and bone
marrow samples

Peripheral blood (PB) and/or bone marrow (BM) samples were
obtained from leukemia patients (n = 37) at diagnosis before chemo-
therapy as described previously® and were transported to the labora-

tory for in vitro studies within 3 hours of material collection.

2.3 | Cellisolation and culture

Tumor cells were isolated from PB and/or BM of leukemia patients by
centrifugation in lymphocyte separation medium (MP Biomedicals,
USA), according to the manufacturer's instructions. The PB and/or
BM samples were processed within 1-3 hours following transporta-
tion to the laboratory. Cells were further cultured in the Iscove's Mod-
ified Dulbecco's Medium (IMDM) supplemented with 10% fetal
bovine serum and a 1% solution of antibiotics and antimycotic
(10 000 pg/mL streptomycin, 10 000 IU/mL penicillin, and 25 pg/mL
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amphotericin; ICN, Germany) at 37°C in a 5% CO, humidified atmo-

sphere for 12-24 hours for adaptation to in vitro conditions.

24 | Water-soluble tetrazolium (WST)-test
For drug sensitivity estimation, tumor cells isolated from PB and/or
BM of leukemia patients were used. Cells were plated in 96-well flat-
bottom plates at a density of 0.5 x 10° to 2 x 10° cells per well and
were incubated in the presence of daunorubicin at concentrations of
0,0.05,0.1,0.2,04, 0.6, 1, and 2 pM, or cytarabine at concentrations
0, 0.001, 0.01, 0.2, 0.8, 4, 40, and 82 uM (both obtained from TEVA,
Israel) for 72 hours at 37°C. Following incubation with chemothera-
peutic drugs, 10 pL WST-1 in a 0.5 mg/mL solution (Roche, Switzer-
land) was added to each well, and cells were incubated with WST-1
for 3 hours at 37°C. Thereafter, the absorbance was measured spec-
trophotometrically using Multiscan RC (Labsystems, Finland) at
450 and 620 nm. The concentration of cytostatics that caused the
death of 50% of tumor cells (ICso) was calculated as described in
Reference 9.

Thus, the evaluation of the drug responsiveness of tumor cells
in vitro takes no more than 120 hours from sample collection to the

procurement of the WST-test results.

2.5 | Flow cytometry

Immunophenotyping of leukemia patients was performed by flow
cytometry. BM and/or PB samples were incubated with Versalyse
Lysing Solution (A09777, Beckman Coulter, USA) at 37°C for
2 minutes. Then, leukemic cells were isolated by centrifugation at
400xg for 3 minutes and 30 seconds. The supernatant was removed,
and the cells were washed and fixed with |OTest 3 Fixative Solution
(AO7800, Beckman Coulter) and incubated with monoclonal anti-
bodies. The resulting samples were assayed using a Cytomics FC500
(Beckman Coulter) flow cytometer and CXP Software. At least
3 x 10° cells were analyzed from each sample.

The expression of CD2, CD3, cCD3, CD4, CD5, CD7, CD10,
CD11c, CD13, CD14, CD15, CD16, CD19, CD20, sCD22, CD23,
CD25, CD26, CD30, CD33, CD34, CD38, CD43, CD45, CD56, CD61,
CDé64, CD65, CD71, cCD79a, CD103, CD117, CD138, HLA-DR, TCR,
FMC7, TdT, cMPO, Ki-67, bcl-2, and ZAP-70 were analyzed.

2.6 | Statistical analysis
Survival (number of patients = 127) was estimated using the Kaplan-
Meier method, and comparisons between groups were performed
using the log-rank test.

Correlation analysis (number of patients = 37) was performed
using Spearman's rank order correlation coefficient (r), which reflects
the strength of the statistical relationship between the studied param-

eters: drug responsiveness, therapy response, and expression of

immunological markers. All these variables were analyzed in addition
to the treatment received. A value of rs between 0.01 and 0.29 indi-
cates of a weak positive correlation, between 0.30 and 0.69 a moder-
ate positive correlation and between 0.70 and 1.0 a strong positive
correlation. A value of r; between —0.01 and —0.29 indicates a weak
negative correlation, between —0.30 to —0.69—moderate negative
correlation, and —0.70 to —1.0—strong negative correlation.

The data were analyzed using a Student's t-test (unpaired, two-tailed).
Values of P < .05 were considered statistically significant. All statistical ana-

lyses were performed with MS Excel, OriginPro 7.5, and Statistica 10.0.

3 | RESULTS

3.1 | Survival of AML patients

The survival rate of AML patients (n = 127) admitted to the Novosi-
birsk Hematology Center in the period from January 1, 2014 to
December 31, 2018 was evaluated. The age and gender distributions
of the patients are presented in Table S1.

The cumulative survival of patients with AML is demonstrated in
Figure 1A: 3-month survival was 60.6%, 6-month survival 50.4%,
12-month survival 40%, 3-year survival 27.5%, and 5-year survival
26%, in complete agreement with world statistics.>?

Next, we assessed the survival of AML patients according to age,
tumor status (primary or secondary), and chemotherapy received as
independent criteria in the prediction of survival.'”"*® The median sur-
vival rate in patients under the age of 40 years was 308.5 days, from
40 to 60vyears 184 days, and older than 60 years 128.5 days
(Figure 1B). In primary AML the median survival rate was 199 days,
while in secondary AML it was 135 days (Figure 1C). Despite the dif-
ferences between the groups were statistically insignificant, a ten-
dency to decrease in the in patients older than 60 years and those
with complicated hematological anamnesis (secondary AML) was
observed, which is fully consistent with the published data.

As expected, patients who received induction chemotherapy with
anthracycline-based regimens demonstrated statistically significantly
improved survival rates (median follow-up: 292 days) compared with
patients who received palliative chemotherapy with low-dose
cytarabine (median follow-up: 107.5 days) (Figure 1D).

Then, we separately assessed the survival of patients who
received anthracycline-based therapy (n = 71), depending on the
patient's age and the presence of primary or secondary AML. The
median survival rate was 417, 242, and 214 days in patients under
the 40 years, from 40 to 60 years and older than 60 years, respec-
tively (Figure S1A). In primary AML patients who received
anthracycline-based regimens, the median survival rate was 367 days,
while in secondary AML patients, it was 202 days (Figure S1B). How-
ever, differences between these patient groups were also not statisti-
cally significant, but with the tendency mentioned previously.

It is known that the prescribed treatment regimen is based on
both patient-related and disease-related factors®; however, survival

prediction in AML patients depends more on the antitumor therapy
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than on the patient's age and tumor status evaluated separately. Thus,
only the chemotherapy received, which comprehensively reflects
patient and disease conditions at diagnosis, defines the survival rate.

3.2 | Responsiveness to chemotherapeutic drugs
and therapy response of AML patients

We compared the drug responsiveness of tumor cells of leukemia
patients at diagnosis with the therapy response depending on the
treatment received. This part of the study included 37 patients with
AML (22 primary and 15 secondary): 17 patients with primary AML
received induction chemotherapy with anthracycline-based regimens,
and 5 patients with primary AML received palliative chemotherapy
with low-dose cytarabine; 8 patients with secondary AML received
anthracycline-based regimens, and 7 patients with secondary AML
received low-dose cytarabine (Table 1). It should be noted that such
limited patients' cohorts may impose the restrictions in the extrapola-
tion the results of our study into clinical practice and requires an addi-
tional enrollment of patients and further investigations, but despite
this, important results were obtained.

The responsiveness of tumor cells to daunorubicin and cytarabine
was estimated using the WST test as the preferred method for cell
viability assessment.’® Sensitivity to daunorubicin was evaluated,
since this drug refers to anthracyclines mostly used for induction ther-
apy in AML patients. Sensitivity to cytarabine was evaluated, since it
is used for palliative therapy in AML patients with severe com-
orbidities and disease complications (infectious, hemorrhagic, etc.).2°
The obtained ICsq values for the studied drugs for each leukemia
patient, as well as immunological markers, treatment regimens and
therapy responses, are listed in Table 1. As seen from the presented

data, patients with primary AML were predominately sensitive to

daunorubicin (10 patients—high sensitivity, 4 patients—moderate sen-
sitivity, 6 patients—resistance, and 2 patients—not detected) and
resistant to cytarabine (6 patients—high sensitivity, 2 patients—
moderate sensitivity, 13 patients—resistance, and 1 patient—not
detected) (Table 1). Patients with secondary AML mainly demon-
strated resistance both to daunorubicin (4 patients—high sensitivity,
2 patients—moderate sensitivity, 6 patients—resistance, and
3 patients—not detected) and cytarabine (1 patient—high sensitivity,
3 patients—moderate sensitivity,
(Table 1).

When the therapy response was evaluated, it was found that

and 11 patients—resistance)

patients with primary AML receiving induction chemotherapy mostly
had a good response to treatment and achieved remission, but there
were also patients who were initially resistant to treatment
(8 patients—remission, 3 patients—relapse, and 6 patients—resistance)
(Table 1). Patients with primary AML receiving palliative chemother-
apy mostly demonstrated resistance (1 patient—remission and
4 patients—resistance) (Table 1). Patients with secondary AML had a
poor response to therapy regardless of the treatment received
(1 patient—remission, 4 patients—relapse, and 11 patients—resistance)
(Table 1).

Next, we developed appropriate scales for subsequent correlation
analysis (see Table S2) as described in Reference 9, and all patients
were scaled according to the responsiveness of their tumor cells to
chemotherapeutic drugs, therapy response, and expression of immu-

nological markers (Table 1).

3.3 | Correlation analysis

To perform retrospective correlation analysis, patients with primary

and secondary AML were divided according to the treatment
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protocols received: patients treated with anthracycline-based induc-
tion chemotherapy (cohort 1 and cohort 3 for primary and secondary
AML, respectively) and patients treated with palliative chemotherapy
by low-dose cytarabine (cohort 2 and cohort 4 for primary and sec-
ondary AML, respectively). These cohorts of patients were analyzed
separately to determine the correlations between the sensitivity of
tumor cells to chemotherapeutic drugs and the therapy response
depending on the treatment received. The data obtained are summa-
rized in Table 2.

In cohort 1, the therapy response exhibited a moderately positive
correlation with the sensitivity of tumor cells to daunorubicin
(r = 0.68) and a weak correlation with sensitivity to cytarabine
(r = 0.12) (Table 2). Patients in cohort 2 demonstrated a moderate cor-
relation between the therapy response and sensitivity to daunorubicin
(r = 0.54) as well as a negative correlation between the therapy
response and sensitivity to cytarabine (r = —0.33) (Table 2). In cohort
3, moderate positive correlations between the therapy response and
the sensitivity of tumor cells to daunorubicin (r = 0.56) and cytarabine
(r = 0.54) were found (Table 2). Patients in cohort 4 demonstrated no
correlations between the therapy response and cell responsiveness to
cytotoxic drugs (Table 2).

Analysis of the correlations between the responsiveness of tumor
cells to chemotherapeutic drugs and the expression of immunological
markers that have unfavorable predictive value for leukemia patients
(markers of immaturity and an aberrant immunophenotype)?! shows
that in patients of cohort 1 and cohort 2 (both belong to primary
AML), correlations between the resistance of leukemic cells to cyto-
statics and positive expression of immature markers were predomi-
nantly weak or absent (Table 2). On evaluation of aberrant
immunophenotype markers in cohort 1, T-cell and B-cell lymphoid
markers had predominantly moderate correlations with sensitivity to
daunorubicin (CD2, CD3, CD7, CD11c, CD56) and weak correlations
with sensitivity to cytarabine (CD2, CD3, CD7, CD11c, CD20, CD56)
(Table 2). In cohort 2, no correlations between drug sensitivity and
aberrant markers were detected.

When the relationships with immature markers for secondary
AML were evaluated, only correlations between sensitivity to dauno-
rubicin and expression of CD34 in cohort 3 (weak) and cohort 4 (mod-
erate) were found (Table 2). As for markers of an aberrant
immunophenotype, in cohort 3, moderate and strong correlations
between T-cell markers and sensitivity to daunorubicin (CD2, CD3,
CD5, CD7) and cytarabine (CD2, CD3, CD5, CD7) were found
(Table 2). In cohort 4, a moderate correlation between sensitivity to
daunorubicin and CD2 expression only was detected (Table 2).

Correlation analysis confirms our assumption that the therapy
response of leukemia patients correlates with the drug responsiveness
of tumor cells estimated in vitro. Patients with high sensitivity to dau-
norubicin  retrospectively demonstrated good response to
anthracycline-based therapy. Patients resistant to daunorubicin, but
received it as part of induction chemotherapy according to the stan-
dard clinical recommendations, did not respond to treatment. Regard-
ing cytarabine, the correlations are not so clear: patients sensitive to

cytarabine, but resistant to daunorubicin and received low-dose

cytarabine due to comorbidity and complicated hematological anam-
nesis, did not respond well to the palliative chemotherapy. Thus, the
responsiveness of tumor cells to daunorubicin can reflect the total
sensitivity to chemotherapy. Correlations of drug resistance with
unfavorable prognostic immunological markers are the additional con-

firmation of the validity of our approach.

4 | DISCUSSION

Although leukemia accounts only for 4% of all cancers, this heteroge-
neous group of hematological disorders remains the sixth most lethal
malignancy in the world.?2 AML is the most common leukemia in
adults with approximately 50% 1-year survival in elderly patients.?32*
Our study showed that the survival rates of AML patients receiving
standard chemotherapy are consistent with published statistical data.
A comparison of lifespan depending on age, tumor status (primary or
secondary), and therapy received revealed that the treatment regimen
is the defining factor in patient survival. This may be related to the
fact that prognostic factors evaluated separately (such as age and
tumor status) have a lesser predictive impact on survival than a factor
taking into account several variables, such as prescribed treatment.®

Approximately 80% success in AML treatment is achieved with
standard chemotherapy.*®?> The standard induction chemotherapy
for AML patients still remains the anthracycline-based regimen by the
7 +3 protocol including cytarabine 7 days and daunorubicin
3 days.?%2% When induction therapy is not possible due to the severe
comorbidity and complicated hematological anamnesis of the patient,
palliative therapy by low-dose cytarabine is used.*82”

One of the main predictors of unfavorable prognosis for leukemia
patients is the resistance of tumor cells to cytotoxic drugs, which can
be both initially found at diagnosis and acquired as a result of chemo-
therapy.28 The presence of an aberrant immunophenotype, as well as a
mixed phenotype of leukemia, is an additional marker of poor progno-
sis.2?%0 When the therapeutic response of leukemia patients was eval-
uated retrospectively as a function of the drug responsiveness of tumor
cells and the treatment received, some important correlations were
revealed. Patients with high sensitivity of tumor cells to cytostatics
in vitro who were receiving these drugs as a part of their treatment had
a good response to therapy. Conversely, patients whose tumor cells
exhibited resistance to a number of cytostatics in vitro and who
received them within standard clinical protocols had a poor response to
treatment. Associations of drug resistance with adverse factors such as
immaturity and an aberrant immunophenotype were also found.

Current strategies for drug responsiveness assessment include
combinations of gene expression markers, the mutational status of
leukemic cells and standard clinical and laboratory variables.3132
However, techniques based on genetic profiling are time consuming.
Our approach allows the determination of a treatment strategy and
the commencement of proper chemotherapy within 5 days of diagno-
sis. Moreover, once drug resistance can be detected in patients' tumor

cells, the relevant approaches may be taken to overcome it.
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The common approaches to overcome drug resistance in clinical
practice are the administration of cytotoxic drugs not previously used
by the particular patient®?; a shift to high doses of previously used
cytotoxic drugs®*; continuous exposure to low doses of chemothera-
peutic drugs®®; induction of tumor cell differentiation®®; use of drugs
based on herbal extracts and their derivatives which have a wide

range of biological activities®” 22

and may inhibit the binding of cyto-
statics with P-glycoprotein.3? All these approaches can be used both
independently and in combination with standard chemotherapy.

Thus, using a retrospective approach, we proved our conception
that an evaluation of the initial responsiveness of tumor cells to che-
motherapeutic drugs in vitro can be useful in predicting the therapy
response of leukemia patients and can be applied to newly diagnosed

AML to assign the most effective antitumor treatment.

5 | CONCLUSIONS

We demonstrated that the survival of leukemia patients predomi-
nately depends on the treatment received, and the response of leuke-
mia patients to chemotherapy correlates with the drug
responsiveness of tumor cells estimated in vitro at diagnosis. Thereby,
evaluation of the initial sensitivity/resistance of tumor cells to chemo-
therapeutic drugs may be useful in predicting the patient's response
to planned chemotherapy and may serve as a substantial basis for
modification of standard treatment protocols to overcome drug resis-

tance in leukemia patients.
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