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Abstract 

Background  The introduction of antibody–drug conjugates represents a significant advancement in targeted ther-
apy of acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL). Our study aims to investigate the role 
of the DNA damage response pathway and the impact of PARP1 inhibition, utilizing talazoparib, on the response 
of AML and ALL cells to Gemtuzumab ozogamicin (GO) and Inotuzumab ozogamicin (INO), respectively.

Methods  AML and ALL cells were treated with GO, INO and γ-calicheamicin in order to induce severe DNA damage 
and activate the G2/M cell-cycle checkpoint in a dose- and time-dependent manner. The efficacy of PARP1 inhibitors 
and, in particular, talazoparib in enhancing INO or GO against ALL or AML cells was assessed through measurements 
of cell viability, cell death, cell cycle progression, DNA damage repair, accumulation of mitotic DNA damage and inhi-
bition of clonogenic capacity.

Results  We observed that both ALL and AML cell lines activate the G2/M cell-cycle checkpoint in response 
to γ-calicheamicin-induced DNA damage, highlighting a shared cellular response mechanism. Talazoparib signifi-
cantly enhanced the efficacy of INO against ALL cell lines, resulting in reduced cell viability, increased cell death, G2/M 
cell-cycle checkpoint override, accumulation of mitotic DNA damage and inhibition of clonogenic capacity. Strong 
synergism was observed in primary ALL cells treated with the combination. In contrast, AML cells exhibited a hetero-
geneous response to talazoparib in combination with GO. Our findings suggest a potential link between the differen-
tial responses of ALL and AML cells to the drug combinations and the ability of talazoparibto override G2/M cell-cycle 
arrest induced by antibody–drug conjugates.
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Background
The introduction of antibody–drug conjugates (ADCs) 
represented a relevant advancement in terms of targeted 
therapy for acute leukemia patients [1–4]. ADCs com-
bines monoclonal antibodies directed towards tumor-
associated antigens with potent anti-neoplastic agents 
such as γ-calicheamicin [5]. Calicheamicin is a potent 
antitumor antibiotic that causes single strand breaks 
(SSBs) and double-strand DNA breaks (DSBs) and rap-
idly induces cell death by binding to the DNA’s minor 
groove [6–8]. Nowadays, two ADCs, Gemtuzumab ozo-
gamicin (GO) and Inotuzumab ozogamicin (INO), have 
been approved for the treatment of CD33-positive acute 
myeloid leukemia (AML) [9, 10] and CD22-positive acute 
lymphoblastic leukemia (ALL) [11] patients, respectively. 
In AML patients, GO was firstly approved as mono-
therapy for relapsed AML patients and then withdrawn 
because of a negative confirmatory trial and concerns for 
excess toxicity and death. It has been then re-approved 
for newly diagnosed adult and pediatric relapsed/refrac-
tory CD33+ AML in combination with intensive chem-
otherapy. Regarding INO, following the success of as a 
salvage monotherapy, several trials are investigating its 
use as both salvage and frontline therapy in combination 
with low-intensity chemotherapy or other targeted anti-
ALL therapies. In addition, INO is increasingly being 
used as a bridge therapy for allogeneic haematopoietic 
stem cell transplantation [12–14].

Preclinical and clinical studies have showed that several 
factors (expression level, polymorphism or mutations 
of the target, multi-drug resistance channels and others 
[15]) modify the efficacy of GO [4, 16–19] and INO [20–
22] and are responsible for the development of treatment 
failure. For these reasons, the identification of novel drug 
combinations that can maximize the efficacy of ADCs in 
patients with acute leukemia remains an unmet clinical 
need.

In eukaryotic cells, a complex network known as 
DNA damage response (DDR) pathway, cooperates 
in the identification and repair of DNA damages [23]. 
Alterations in key DDR-related genes have been identi-
fied in several cancers and have been linked to genomic 
instability and chemo-resistance [24, 25]. In parallel, it 

has been shown that cancer cells depend on the func-
tionality of DDR pathways in order to survive and con-
tinue to proliferate. The poly (ADP-ribose) polymerase 
1 (PARP1) acts as a crucial DDR-mediator by adding 
PARylated chains to different DNA repair enzymes in 
the site of damage [24]. Indeed, PARP1 participates to 
various DNA repair pathways, including single strand 
break repair (SSBR) [26], homologous recombination 
(HR) [27], non-homologous end joining (NHEJ) [28] 
and base/nucleotide excision (NER/BER) [26] repair 
systems. Due to its central role in the response to DNA 
damages, PARP1 rapidly became an ideal target to 
enhance the efficacy of radio/chemotherapeutics [24, 
29, 30]. Talazoparib, the last generation of PARP1/2 
inhibitor, is currently proving its efficacy against acute 
leukemia at preclinical and clinical level in monother-
apy or in combination with different compounds [24, 
30–35].

This study evaluated whether the inhibition of PARP1 
could enhance the effectiveness of GO and INO against 
AML and ALL cells and investigated the potential 
mechanism of action of the combinations.

Methods
Drugs and cell lines
The study used talazoparib, Gemtuzumab ozogamicin 
(GO), and Inotuzumab ozogamicin (IO) from Pfizer 
Oncology. Olaparib, veliparib and free calicheamicin 
were purchased from MedChemExpress (https://​www.​
medch​emexp​ress.​com). Human ALL (KOPN-8, REH, 
SUP-B15 and RS4;11) and AML (KASUMI-1, KG-1, 
OCI-AML3, MOLM-13 and MV4-11) cell lines were 
cultured following manufacture’s instruction (Deutsche 
Sammlung von Mikroorganismen and Zellkulturen 
GmbH,DSMZ, Braunschweig, Germany) and analyzed 
for CD22 (#130-128-400, Miltenyi Biotec, Bergisch 
Gladbach, Germany) and CD33 (#130-133-989, Milte-
nyi Biotec) expression. Flow cytometry analyses were 
performed using the Attune Nxt flow cytometer (Ther-
moFisher Scientific, Waltham, MA, USA) and mean flu-
orescence intensity was calculated using FlowJo v.10.8.1 
software (BD Bioscience, Franklin Lakes, NJ, USA).

Conclusion  PARP1 emerges as a key player in the response of ALL cells to INO and represents a promising target 
for therapeutic intervention in this leukemia setting. Our study sheds light on the intricate interplay between the DNA 
damage response pathway, PARP1 inhibition, and response of γ-calicheamicin-induced DNA damages in AML 
and ALL. These findings underscore the importance of targeted therapeutic strategies and pave the way for future 
research aimed at optimizing leukemia treatment approaches.

Keywords  Antibody–drug conjugates, PARP1 inhibition, DNA damage response pathway, Acute myeloid leukemia 
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https://www.medchemexpress.com
https://www.medchemexpress.com


Page 3 of 18Ghelli Luserna di Rorà et al. Journal of Translational Medicine         (2024) 22:1062 	

Primary samples
Human samples were obtained approval by Comitato 
Etico della Romagna (protocol n. 5244/2019, 5710/2020, 
5805/2019) and collection of the informed consent. The 
study was carried out in accordance with the principles 
laid down in the 1964 Declaration of Helsinki. Mononu-
clear cells were obtained from peripheral blood or bone 
marrow samples of adult AML (n = 5) and ALL patients 
(n = 5) by using Histopaque-1077 solution (Merck-Milli-
pore, Burlington, MA, USA). ALL cells were cultured in 
Advanced RPMI 1640 Medium (ThermoFisher Scientific) 
with 20% FBS, while AML cells were cultured in Stem-
Span™ SFEM-II Medium (STEMCELL Technologies, 
Vancouver, Canada) with 20 ng/mL, rh IL3, FLT3L, rhIL-
6, rhSCF, rhG-CSF (PeproTech, London, UK), and 20% 
FBS.

Cell viability assay
AML and ALL cell lines were incubated with talazoparib 
(3000 to 12,3 nM, 1:3 dilution rate), olaparib (100 to 1,23 
μM, 1:3 dilution rate), veliparib (100 to 1,23 μM, 1:3 dilu-
tion rate), GO (1473 to 2.02 ng/mL; 1:3 dilution rate), IO 
(1466 to 2.1 ng/mL; 1:3 dilution rate) and γ-calicheamicin 
(1 to 0.001 nM; 1:3 dilution rate) for 24, 48, and 72 h and 
cell viability was quantified using RealTime-Glo MT Cell 
Viability Assay (Promega, Madison, WI, USA) follow-
ing manufacturer’s instruction. Similarly, primary leu-
kemic cells were treated with increasing concentrations 
of talazoparib (10.000 nM to 123 nM; 1:3 dilution rate), 
INO (1466 to 2.1 ng/mL; 1:3 dilution rate) or GO (1466 
to 2.1 ng/mL; 1:3 dilution) for 24, 48 and 72 h. Viable cells 
were reported as a percentage of untreated controls (cul-
ture medium for GO and IO) or vehicle (DMSO for tala-
zoparib). Inhibitory concentration 50 (IC50) values were 
calculated using GraphPad Prism v.5 software (Dotmat-
ics, Boston, MA, USA). The long-term effect of PARP1 
inhibition has been evaluated after 5 days of treatments. 
Cell viability has been assessed using RealTime-Glo MT 
Cell Viability Assay (Promega) following manufacturer’s 
instruction.

For combination index assay, AML and ALL cell lines 
were treated simultaneously with increasing concentra-
tions of the test drugs (AML: Talazoparib + GO; ALL: 
Talazoparib + INO) for 24, 48, and 72  h (drugs’ con-
centrations are reported in Table  S1). The effect of the 
combination was quantified using Compusyn Software 
(Compusyn Inc.) and SynergyFinder online tool [36]. 
The first tool quantifies the additive, synergistic, and 
antagonistic effect of each drug-drug combinations and 
combination index (CI) is expressed as following: CI < 1 
synergism, CI = 1– 1.3 additivity, and CI > 1.3 antago-
nism. SynergyFinders quantifies the overall effect of the 

combinations using a Zero Interaction Potency (ZIP) 
model, which defines drugs interactions as either syn-
ergistic (synergy score > 10), additive (synergy score 
10/− 10), or antagonistic (synergy score < − 10).

The effect of PARP1 inhibition in combination with 
calicheamicin-induced DNA damages was evaluated by 
treating AML and ALL cell lines with subtoxic concen-
trations of calicheamicin in combination with olaparib or 
veliparib for 24 and 48  h. The reduction of the cell via-
bility was quantified by RealTime-Glo MT Cell Viability 
Assay (Promega) following manufacturer’s instruction.

Apoptosis and cell‑cycle analyses
For apoptosis and cell-cycle analyses, cells treated with 
talazoparib, GO or IO in single agent or in combination 
for 18, 24 (cell-cycle analysis) and 48  h (apoptosis and 
cell-cycles analysis; drug’s concentrations are reported in 
Table S1). After treatment, cells were stained with eBio-
science Annexin V Apoptosis Detection Kit (Invitrogen, 
Waltham, MA, USA) or propidium iodide staining mix 
(Sigma-Aldrich, St. Louis, MO, USA) and analysed by 
the Attune Nxt flow cytometer (ThermoFisher Scientific). 
The quantitative analyses were performed using Flowing 
software (Verity Software House).

Functional DNA damage response assay (UVC‑ray 
response)
To investigate the overall DNA repair proficiency, we 
exposed AML and ALL cell lines to UV-ray as a non-
chemical source of DNA damages [37]. Cells were 
exposed or not to UVC-ray (15  J/m2 × 10″) using BLX-
e254 UV-Crosslinker (Vilber Lourmat, Eberhardzell, 
Germany) for 3 h and then 0.5X106 cells were harvested 
and fixed with 95% ethanol/5% acetic acid followed by 1% 
formaldehyde, 0.25% Triton X-100 in TBS and stained 
with phospho-H2AXSer139-FITC conjugated antibody 
(Merck-Millipore) following manufacturer’s instruc-
tions. The percentage of phospho-H2AX-positive cells 
was quantified using Attune Nxt Flow cytometer (Ther-
moFisher Scientific) The remaining cells were cultured 
for additional 21  h (total 24  h) and then counted by 
Trypan blue exclusion assay (Sigma Aldrich) to evaluate 
the cell viability.

Immunoblotting analysis
Immunoblotting analyses were performed using 
Mini-Protean TGX stain-free precast gels, blotted to 
nitrocellulose membranes (Bio-Rad, Hercules, CA, 
USA) and incubated the following antibodies: pATR​
Ser428(#2853); pATMSer1981(#5883); pCHK2Thr68(#2661); 
pCHK1Ser345(#2348); pWEE1Ser642(#4910); ATM (#2873); 
ATR (#13934); CHK1 (#37010); CHK2 (#2662); WEE1 
(#13,084); BRCA1 (#9010); BRCA2 (#10741); PALB2 
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(#30253); KU70 (#4588); XLF (#2854); PCNA (#13110); 
PARP1 (#9542); CCNB1 (#4138); pCDK1Tyr15 (#9111); 
pH2AXSer139 (#2577); all from Cell Signaling Technolo-
gies (Danvers, MA, USA). The signal was detected using 
the enhanced chemiluminescence kit ECL (Bio-Rad, Her-
cules, CA, USA) and the compact darkroom ChemiDoc-
It (Bio-Rad, Hercules, CA, USA). The intensity of the 
bands were analysed using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA) as previously 
reported [38]. All the experiments have been performed 
in at least three independent experiments and immunob-
lotting analyses have been performed using independent 
cell lysates.

Phospho‑H2AX and phospho‑MPM2 staining
To evaluate the effect of the induction of DNA damages 
G2/M-arrested cells, ALL and AML cells were treated 
with sub-toxic concentrations of INO or GO for 48  h 
followed by talazoparib (IC50 values of each cell line) for 
additional 6  h. Then, cells were fixed and stained with 
anti-phospho-H2AX FITC conjugated antibody and with 
anti-phospho-Ser/Thr-Pro MPM-2 Antibody (Merck-
Millipore) following manufacturer’s instructions. All 
the flow cytometry analyses were performed using the 
AttuneNxt flow cytometer (ThermoFisher Scientific) and 
the quantitative analyses were performed using Flowjo 
software (BD Biosciences).

Comet assay
ALL and AML cells were treated with γ-calicheamicin 
(IC50 value) with or without talazoparib (IC50 value), 
harvested and seeded at 1 × 106/mL with 1% low melt-
ing point agarose in phosphate-buffered saline (PBS) 
at 37  °C to a final concentration of approximately 0.7%, 
and then transferred to comet slides. Slides were placed 
in pre-cooled lysis solution (2.5 M NaCl, 100 mM EDTA, 
10 mM Tris, pH 10, 1% Triton X-100) for 1.5 h at 4 ℃. 
After lysis the slides were transferred to an electrophore-
sis slide tray containing pre chilled electrophoresis buffer 
(300  mM NaOH, 1  mM EDTA, pH > 13). Voltage was 
fixed at power source to 0.6 V/cm. After electrophoresis, 
slides were removed from chamber, drained, and sub-
merged in neutralisation buffer (0.4 M Tris–HCl pH 7.5). 
Cells were then stained with Dapi solution and viewed on 
confocal microscope Olympus FV3000. Images were ana-
lysed using Fiji ImageJ software with Open Comet plug-
in. At least 50–100 randomly selected cells were analyzed 
per sample.

Clonogenic assay
Cells were seeded at 0.01X106 cells/well in semi-solid 
medium added with 0.2% of Methyl-cellulose (Merck-
Millipore) with or without subtoxic concentrations 

of calicheamicin (SUP-B15: 0.07  pM; REH: 2  pM; 
RS4;11: 0.0013  pM; KOPN-8: 0.2  pM; OCI-AML3: 
5  pM; KG-1: 7.5  pM; MV4-11: 2  pM; MOLM-13: 
0.3  pM; KASUMI-1:0.02  pM) in combination with tala-
zoparib (SUP-B15: 0.00019 μM; REH: 0.055 μM; RS4;11: 
0.0016 μM; KOPN-8: 0.0055 μM; OCI-AML3: 0.166 μM; 
KG-1: 0.05 μM; MV4-11: 0.33 μM; MOLM-13: 0.06 μM; 
KASUMI-1:0.11  μM). After 10–14  days, the experi-
ments were stopped and the colonies were photographed 
(Nikon Eclipse Ci microscope). The number of the colo-
nies were automatically analysed using ImageJ software.

Statistical analyses
Data are presented as mean ± standard deviation of at 
least three independent experiments or biological repli-
cates. Pearson correlation analysis, two-tailed t tests or 
two-way ANOVA tests were used to assess statistical sig-
nificance by Graphpad v.5 software (GraphPad Inc., San 
Diego, CA, USA). Statistical significance is expressed as 
p value (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001). The data sup-
porting the conclusions are included within the article 
and its Supplementary Material.

Results
ALL and AML cell lines respond to calicheamicin‑induced 
DNA damages by activating the G2/M cell‑cycle checkpoint
We firstly evaluated the efficacy of GO and INO against a 
panel of AML (KASUMI-1, KG-1, OCI-AML3, MOLM-
13 and MV4-11) and ALL (KOPN8, REH, SUP-B15 
and RS4;11) cell lines. The different cell lines have been 
chosen based on their molecular and cytogenetic back-
ground as they represent diverse acute leukemia sub-
types. A significant heterogeneity in terms of reduction 
of the cell viability in response to ADCs was observed 
among them. KASUMI-1 (IC50 at 24  h: 1.14  ng/mL) 
and SUP-B15 (IC50 at 24  h: 9.45  ng/mL) were the most 
sensitive cell lines to GO and INO, respectively, while 
OCI-AML3 (IC50 at 24 h: 18.7 μg/mL) and REH (IC50 at 
24 h: 319.7 ng/mL) showed the lowest response (Fig. 1A; 
Table 1). We asked whether such heterogeneity in terms 
of response was associated with the levels of expression 
of CD22 (INO) or CD33(GO). In line with observations 
from the several clinical trials [39, 40], we found that the 
expression of CD33 positively correlates with response to 
GO after 48 and 72 h of treatment (Fig. 1B). Conversely, 
in ALL cell lines no significant correlation was found.

To discriminate the potential cofounding effect of tar-
get expression in the evaluation of ADC response, we 
treated the cells with γ-calicheamicin alone. We con-
firmed that the AML and ALL cell lines exhibiting the 
highest response to the corresponding ADCs were also 
the most sensitive to γ-calicheamicin (Fig. 1C, Table 1).
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We thus sought to address whether the heterogenous 
sensitivity of acute leukemia cell lines to ADCs was 
linked to their capability to respond to γ-calicheamicin-
induced DNA damage. We firstly evaluated the effect of 
INO and GO on the activation of cell-cycle checkpoints 
as a consequence of DNA damage induction. Both ADCs 
significantly modified the cell-cycle profile of AML and 
ALL cell lines by inducing a significant G2/M-phase 
arrest, while reducing the number of cells in the G1 and 
S phase (Fig. 1D). The induction of the G2/M cell cycle 
arrest was then confirmed by immunoblotting analysis 
(Fig. 1E, F, S1A-S1B). In ALL, we observed a significant 
induction of phospho-CDK1Tyr15 and Cyclin B1 expres-
sion, which represent the mitotic promoting factors 
(MPF complex) regulating the transition from G2 to M 
phase. As expected, INO induced DNA damages in ALL 
cell lines, as shown by the induction of phospho-H2AX-
Ser139 (Fig. 1E, 1G). Focusing on GO, we found a signifi-
cant increase of CCNB1 in OCI-AML3 and KG-1 cells 
and an increase of phospho-CDK1Tyr15 in all the cell lines 
with the exception of MOLM-13 cells. Finally, GO signif-
icantly induced DNA damages (phospho-H2AXSer139) in 
all the treated AML cell lines with the exception of MV4-
11, in which only a trend of increase could be detected 
(Fig.  1F, G). To deeper investigate the involvement of 
the G2/M cell cycle checkpoint in the response to ADCs 
we performed immunoblotting analyses focusing on the 
activation of cell cycle checkpoint kinases. Sub-toxic con-
centrations of γ-calicheamicin led to activation of both 
the ATR/CHK1 and the ATM/CHK2 pathways in ALL 
cell lines. In AML cells, only MV4-11 and KG-1 cells 
exhibited a similar response (Fig.  1H, I, S1C). Despite 
significant heterogeneity, we found that the activation of 
the G2/M checkpoint was confirmed by a reduction in 
phospho-WEE1ser642 levels in nearly all tested cell lines, 

including RS4;11, KOPN-8, SUP-B15, KASUMI-1, and 
MOLM-13..

ALL cell lines are more sensitive to PARP inhibitors 
and to single strand breaks inducers compared to AML 
cells
Before assessing whether PARP1 inhibition could 
improve ADC’s cytotoxicity, we evaluated the impact of 
single agents veliparib, olaparib and talazoparib in ALL 
and AML cell lines. The three compounds share the abil-
ity to inhibit PARP1 functionality with different specific-
ity and are differentially able to induce PARP1 trapping 
on DNA [41]. Talazoparib was the most effective agent, 
inducing a dose- and time-dependent decrease in cell via-
bility in all treated cells, with ALL cells showing greater 
sensitivity than AML cell lines, although this was not sta-
tistically significant (Fig. 2A; Table 2). In particular, SUP-
B15 demonstrated the highest sensitivity (IC50 at 24  h: 
24  nM), while MV4-11 exhibited the lowest sensitivity 
(IC50 at 72 h: 52 µM) to talazoparib.. Consistently, SUP-
B15 and MV4-11 were respectively the most and least 
sensitive cells to olaparib and veliparib (Table 2). Similar 
results have been obtained by evaluating the long-term 
exposure to PARP1 inhibitors against ALL and AML 
cells. Indeed, ALL showed a greater sensitivity compared 
to AML cells to PARP1 inhibitors after 5  days of treat-
ment (Fig.S2A).Based on the enhanced efficacy of tala-
zoparib in the reduction of cell viability, we decided to 
better investigate its mechanism of action and to corre-
late its response to the molecular background and DNA 
repair proficiency of AML and ALL cell lines. Preliminar-
ily, we consulted genomic online databases (Cosmic, Cell 
model passport and Cacner Cell Line Encyclopedia [42, 
43]) searching for inactivating mutations or other genetic 
alterations in DDR genes known to modify the response 

(See figure on next page.)
Fig. 1  Effect of INO, GO and γ-calicheamicin on cell viability, cell-cycle perturbation and G2/M checkpoint activation in ALL and AML cell 
lines. A Reduction of the cell viability of ALL (blue) and AML (red) cell lines treated for 24, 48 and 72 h with increasing concentration of INO 
and GO, respectively. Each point represents the mean ± standard deviation of normalized cell viability obtained from at least three independent 
experiments. Dashed lines represent the indicative values of inhibitory concentration 50 (IC50). B Expression of CD33 and CD22 in AML (red) and ALL 
(blue) cell lines by flow cytometry. Histograms represent the mean and standard deviation of the mean fluorescence intensity (MFI) of AML and ALL 
cell lines obtained from at least three independent experiments. The table reports the Pearson correlation coefficient in AML and ALL cell lines 
between CD22 expression and IC50 values after 24, 48 and 72 h of GO and INO, respectively. C Reduction of the cell viability of ALL (blue) and AML 
(red) cell lines treated for 24, 48 and 72 h with increasing concentrations of γ-calicheamicin. Each point represents the mean ± standard deviation 
of normalized cell viability obtained from at least three independent experiments. Dashed lines represent the indicative values of inhibitory 
concentration 50 (IC50). D Cell-cycle profile analysis of ALL and AML cell lines treated for 18, 24 and 48 h with subtoxic concentrations of INO (near 
IC50 values after 24 h) and GO (near IC50 values after 24 h), respectively. E, F Representative immunoblotting analysis of ALL and AML cell lines 
treated with INO (near IC50 values after 24 h) or GO (near IC50 values after 24 h) for 18 h. β-actin was used for loading normalization. G Histograms 
representing the mean ± standard deviation the relative bands intensity of CCNB1, phospho-CDK1Tyr15 and phospho-H2AXSer139 proteins in ALL 
(blue) and AML (red) cell lines treated INO or GO for 18 h. H Immunoblotting analysis of ALL and AML cell lines treated with γ-calicheamicin (IC50 
values after 24 h) for 18 h. β-actin was used for loading normalization. I Histograms represent the mean and standard deviation the relative bands 
intensity of phospho-ATMSer1981, phospho-ATR​Ser428, phospho-CHK2Thr68, phospho-CHK1Ser345 and phospho-WEE1Ser642 proteins in ALL (blue) 
and AML (red) cell lines treated INO or GO for 18 h. All error bars represent the mean ± SD



Page 6 of 18Ghelli Luserna di Rorà et al. Journal of Translational Medicine         (2024) 22:1062 

A

C

F
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Pearson 
correlation (r) 24h 48h 72h

CD22/INO 0.6381 (ns) 0.4083 (ns) 0.4104 (ns)
CD33/G0 0.7115 (ns) 0.9096 (p= 0.01) 0.818 (p= 0.03)

Fig. 1  (See legend on previous page.)
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to PARP1 inhibitors. No alterations affecting the sensi-
tivity to PARP1 inhibition was identified. Therefore, we 
evaluated the level of expression and the functionality 
of the DDR machinery. Firstly, we analyzed the expres-
sion of key proteins involved in HR (BRCA1, BRCA2 
and PALB2), NHEJ (KU70, XLF and DNA-PK) and SSBR 
(PARP1 and PCNA) repair systems (Fig.  2B, S2B). We 
did not observe any correlation between the response 
to talazoparib (IC50 values) and the basal level of expres-
sion of these proteins in the analyzed cell lines. However, 

considering the two groups of leukemias, we found that 
ALL models, that display a higher sensitivity to tala-
zoparib, expressed significantly higher levels of BRCA1, 
BRCA2, PCNA and PARP1 proteins compared with 
AML ones (Fig. 2C, S2C). Subsequently, we investigated 
the DNA repair proficiency of AML and ALL cell lines by 
evaluating their response to UV rays, as a non-chemical 
source of DNA damage. Flow cytometry analysis of phos-
pho-H2AXSer139 showed a significantly different response 
to UV-damages expressed as DBS induction. In particu-
lar, after UV exposure, AML cell lines expressed lower 
level of phospho-H2AXSer139 compared with ALL cells 
(Fig.  2D). In details, we observed a significant increase 
of phospho-H2AXSer139 expression in REH, RS4;11 and 
KOPN8 cells. In terms of cytotoxicity, ALL cells were 
more sensitive to UV ray exposure compared with AML 
ones, with a 50% decrease of cell viability of UV-treated 
cells compared to untreated cells (Fig.  2E). Finally, we 
evaluated the effect of talazoparib on the cell-cycle pro-
file. AML and ALL cell lines showed a heterogeneous 
response. Indeed, depending on the cell line and the drug 
exposure, talazoparib increased or reduced the percent-
age of cells in S and G2/M phase (Fig. 2F).

Talazoparib enhances the efficacy of INO by interfering 
with the G2/M cell‑cycle checkpoint stability in ALL cell 
lines.
To evaluate whether the inhibition of PARP1 potenti-
ate the anti-leukemic effect of ADCs, we performed 
combination index (CI) analyses using sub-toxic con-
centrations of INO and talazoparib. We observed a 
significant reduction of the cell viability in all ALL cell 
lines treated with the combination (Fig. 3A). CI analy-
ses and ZIP score analysis highlighted that the efficacy 
of the combination shifted from antagonism to strong 
synergism depending on drug concentrations and time 
of exposure, with the highest efficacy being observed at 

Table 1  IC50 values of AML and ALL cell lines treated with GO, 
INO or γ-calicheamicin as single agents

IC50 24 h 48 h 72 h

Gemtuzumab ozogamicin (GO, ng/mL)

 KASUMI-1 1.14 0.15 0.27

 OCI-AML3 18,787 1120 66.7

 MOLM-13 3.58 0.23 0.017

 KG-1 501.6 29.13 9.30

 MV4-11 477.1 510 8.38

Inotuzumab ozogamicin (INO, ng/mL)

 SUP-B15 9.45 0.58 0.22

 REH 319.7 55.16 34.73

 RS4;11 53.8 2.88 0.75

 KOPN8 149.1 11.73 7.72

γ-calicheamicin (pM)

 KASUMI-1 1.011 0.08079 0.01589

 OCI-AML3 130.5 32.43 6.94

 MOLM-13 4.678 0.8594 0.193

 KG-1 77.79 19.27 10.49

 MV4-11 174.3 57.83 2.441

 SUP-B15 1.574 0.5606 0.007481

 REH 157.6 81.16 3.095

 RS4;11 29.27 0.6273 0.001039

 KOPN8 20.04 0.5876 0.1517

Fig. 2  Effect of PARP1 inhibition on cell viability, cell-cycle regulation and DDR in ALL and AML cell lines. A Reduction of the cell viability 
of ALL (blue) and AML (red) cell lines treated for 24, 48 and 72 h with increasing concentration of veliparib, olaparib or talazoparib. Each point 
represents the mean ± standard deviation of normalized cell viability obtained from at least three independent experiments. Dashed lines 
represent the indicative values of inhibitory concentration 50 (IC50). B Representative immunoblot showing the basal expression level of proteins 
from different DDR pathways. β-actin was used for loading normalization. C Box-plots showing the distribution of the normalized protein levels 
(normalization: bands intensity of protein of interest/band intensity of β-actin) in ALL (n = 5; blue) and AML (n = 5; red) cell lines. In the graph, 
the box-plots represent the distribution of the mean values of at least two independent experiments. D Histograms show the percentages 
of phospho-H2AXSer139 expressing cells after 3 h from the exposure to UVC ray in ALL (blue) and AML (red) cells. The left panel of the figure 
represents the effect of all cell lines together while the right panel represents the effect of each cell lines. In the graph, histograms represent 
the results of at least three independent experiments. E Cell viability of AML and ALL cell lines after 24 h from UV-ray exposure. The left panel 
of the figure represents the normalized cell viability (UV-treated/untreated cells) of all cell lines together while the right panel represents the effect 
of each cell line. Histograms represent the results of at least three independent experiments. F Effect of subtoxic concentrations of talazoparib 
on cell-cycle profiles of ALL (RS4;11 = 333.3 nM, REH = 1000 nM, KOPN8 = 111.1 nM and SUP-B15 = 37.0 nM) and AML (KASUMI-1 = 3000 nM, 
MOLM-13 = 3000 nM, OCI-AML3 = 3000 nM, MV4-11 = 1000 nM and KG-1 = 1000 nM) cell lines treated for 18, 24 and 48 h. The different 
cell-cycle-phases are represented as percentage of cells. All error bars represent the mean ± SD

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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72 h (Fig. S3A). The SUP-B15 cells were identified as the 
most sensitive cells (δ = 18.27, strong synergism), while 
the KOPN-8 cells were determined to be the least sen-
sitive (δ = 4.98, additive; Fig. 3B; Table S1). To confirm 
the role of PARP1 inhibition in enhancing the cytotox-
icity of γ-calicheamicin, we treated ALL cell lines with 
subtoxic concentrations of γ-calicheamicin with and 
without talazoparib, veliparib, or olaparib. Consist-
ent with previous results, the inhibition of PARP1 by 
talazoparib significantly increased the cytotoxicity of 
γ-calicheamicin in ALL cell lines, with SUP-B15 prov-
ing to be the most sensitive model to this combination. 
Olaparib and veliparib also enhanced the cytotoxic 

effects of γ-calicheamicin, although this enhancement 
varied among the different cell lines, with SUP-B15 
again showing the highest sensitivity. Additionally, we 
observed that REH cells were significantly more sensi-
tive to the combination of veliparib and γ-calicheamicin 
compared to the single treatments and control condi-
tions. (Fig.  3C). We then addressed whether the inhi-
bition of cell viability was associated with an increased 
cell death and we observed that INO combined with 
talazoparib significantly enhanced apoptosis in ALL 
cell lines compared with single agent treatments and 
controls (Fig. 3D). To deeply investigate the mechanism 
of action of this combination, we performed cell-cycle 

Table 2  IC50 values of AML and ALL cell lines treated with talazoparib, olaparib or veliparib as single agent

PARP inhibitor Talazoparib [μM] Olaparib [μM] Veliparib [μM]
IC50 24 h

KASUMI-1 19.83 32.2 42.05

OCI-AML3 8.57 55 101.9

MOLM-13 8.32 18.58 27.23

KG-1 3.55 177 105.8

MV4-11 52.95 776.3 59.64

SUP-B15 0.24 9.252 58.02

REH 9.69 238.1 90.32

RS4;11 1.07 66.08 124

KOPN8 1.02 54.73 98.86

IC50 48 h

Talazoparib [μM] Olaparib [μM] Veliparib [μM]

KASUMI-1 8.15 11.08 19.62

OCI-AML3 3.15 33.71 81.22

MOLM-13 0.73 8.343 14.3

KG-1 3.3 54.29 105

MV4-11 7.55 376.1 83.09

SUP-B15 0.04 1.288 20.16

REH 7.8 149.8 64.59

RS4;11 0.41 3.677 18.72

KOPN8 0.9 4.501 31.45

IC50 72 h

Talazoparib [μM] Olaparib [μM] Veliparib [μM]

KASUMI-1 4.24 4.901 29.69

OCI-AML3 1.74 15.88 46.79

MOLM-13 0.92 3.61 27.22

KG-1 0.68 19.58 88.39

MV4-11 5.9 116.2 70.18

SUP-B15 0.02 0.8496 6.529

REH 2.57 40.9 59.1

RS4;11 0.34 1.321 12.77

KOPN8 0.73 1.692 13.75
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analysis in ALL cell lines treated with INO and talazo-
parib for 18, 24 and 48  h. In the samples treated with 
the combinations, we observed a progressive reduc-
tion of the percentage of cells in G2/M phase compared 
with INO in single agent, that was in line with the effect 
of talazoparib as single agent (Fig.  3E, F, Table  S2). 
Immunoblotting analysis performed on ALL cell lines 
confirmed the effect of the combination on the G2/M 
cell-cycle checkpoint stability and in the induction of 
DNA damages and cell death. We observed a significant 
increase of phospho-H2AXSer139 and cleaved CASP3 in 
SUP-B15, REH and KOPN-8 cells. IN RS4;11 cells we 
found a significant increase of phospho-H2AXSer139 
and a trend of increase of cleaved CASP3, although 
not significant. Regarding the effect of combination on 
the G2/M cell-cycle checkpoint, in all the treated ALL 
cells we found a trend of reduction of the MPF complex 
(CCNB1 or phospho-CDK1Tyr15) levels in the samples 
treated with the combination in comparison with INO 
alone (Fig. 3G, S3B). We then assessed the potential fate 
of the G2/M arrested cells (as induced by INO treat-
ment) when forced by talazoparib to progress to cell 
division by evaluating the induction of DNA damages 
in mitotic cells. Therefore, we treated ALL cell lines 

with INO for 48  h followed by talazoparib for addi-
tional 6  h and stained cells with anti phospho-H2AX-
Ser139 antibody and anti-phospho-Ser/Thr-Pro MPM-2 
antibody, as a marker of mitotic activity [44]. Compared 
with the control cells treated with DMSO, the percent-
age of pH2AX+/pMPM2+ cells progressively increased 
in the samples treated with talazoparib or INO or with 
their sequential combination (Fig.  3H). The most sig-
nificant effect of the combinations in comparison with 
control and single treatments was observed in KOPN8 
cells. We then evaluated the effect of talazoparib in 
the repair of γ-calicheamicin-induced DNA damages 
using Comet assay in SUP-B15 cells. We found a sig-
nificant increase of DNA damages in the combination 
compared to control and single treatments expressed 
as comet’ tail moment, area and length suggesting an 
active role of PARP1 in the repair of calicheamicin-
induced DNA breaks (Fig. 3I). Lastly, we evaluated the 
effect of long-term exposure to talazoparib and INO 
or γ-calicheamicin in term of inhibition of clonogenic 
capacity. In all the treated cells the exposure to talazo-
parib in combination with INO or γ-calicheamicin sig-
nificantly reduced the clonogenic capacity compared to 
controls and single treatments (Fig. 3J, K).

(See figure on next page.)
Fig. 3  Talazoparib enhances INO and γ-calicheamicin cytotoxicity in ALL cell lines in terms of reduction of cell viability, induction of apoptosis 
and DNA damage. A Heatmaps showing the effect on cell viability of subtoxic concentrations of INO in combination with talazoparib for 72 h 
in ALL cells. In the heatmaps, the color scale represents the values of mean normalized cell viability (% of cell viability relative to control) of at least 
three independent experiments. The white number inside each square of the heatmap represents the combination index (CI) value. C.I < 1 means 
synergism; C.I = 1–1.3 means additivity; C.I > 1.3 means antagonist; B two-dimensional ZIP synergy map of ALL cell lines treated with increasing 
concentrations of INO and talazoparib for 72 h. Zero Interaction potency (ZIP) score is expressed as δ value. The black cross represents the highest 
values of ZIP score for each combination. C Reduction of cell viability of ALL cell lines treated with γ-calicheamicin (RS4;11 = 25 pM; REH = 160 pM; 
SUP-B15 = 3 pM; KOPN-8 = 20 pM) in combination with talazoparib (RS4;11 = 1 μM; REH = 5 μM; SUP-B15 = 0.2 μM; KOPN-8 = 1 μM), olaparib 
(RS4;11 = 10 μM; REH = 50 μM; SUP-B15 = 3 μM; KOPN-8 = 54 μM) or veliparib (RS4;11 = 70 μM; REH = 100 μM; SUP-B15 = 50 μM; KOPN-8 = 98 μM) 
for 24 h. Histograms represent the mean and standard deviation of normalized cell viability of three independent experiments. D Histograms 
represent the percentage of Annexin V + cells of CD22-positive ALL cell lines treated with INO (SUP-B15 = 4.9 ng/mL, RS4;11 = 14.7 ng/mL, 
KOPN-8 = 44.2 ng/mL and REH = 14.7 ng/mL) and talazoparib (SUP-B15 = 37.0 nM, RS4;11 = 333.3 nM, KOPN8 = 111.1 nM and REH = 1000 nM) 
for 48 h (results of at least three independent experiments). E Histograms represent the percentage of cells in different cell-cycle phases 
after 18, 24 and 48 h of treatment with INO alone or in combination with talazoparib. ALL cell lines were treated with INO (SUP-B15 = 4.9 ng/mL, 
RS4;11 = 14.7 ng/mL, KOPN-8 = 44.2 ng/mL and REH = 14.7 ng/mL) and/or talazoparib (SUP-B15 = 37.0 nM, RS4;11 = 333.3 nM, KOPN8 = 111.1 nM 
and REH = 1000 nM). Histograms represent mean ± standard deviation of at least three independent experiments. F Histograms represent 
the variation of G2/M and S phase cells between INO in combination with talazoparib and cells treated with INO alone. Positive fold-change (FC) 
indicates increased values while negative FC indicates decreased values. G Immunoblot analysis of ALL cells treated with INO (SUP-B15 = 4.9 ng/
mL; RS4;11 = 14.7 ng/mL; KOPN8 = 44.27 ng/mL; REH = 14.7 ng/mL,) and talazoparib (SUP-B15 = 37.0 nM; RS4;11 = 333.3 nM; KOPN8 = 111.1 nM; 
REH = 1000 nM) for 24 h. β-actin was used for loading normalization. The numbers above the bands represent the relative quantification of band 
intensity. On the right, histograms represent the average signal obtained from relative band quantification of at least three independent 
experiments. H Histograms showing the percentage of pH2AX+/pMPM2+ cells in ALL cell lines treated with subtoxic concentrations of INO 
for 48 h and with talazoparib (IC50 values after 24 h of treatment) for additional 6 h. I Comet assay in SUP-B15 cell lines treated with γ-calicheamicin 
(IC50 value) in combination with talazoparib (IC50 value) for 18 h. Scatter-plots with histograms show the variation of Tail Area, Tail Length 
and Tail moment between controls and treatments. J Clonogenic results of RS4;11, REH, SUP-B15 and KOPN-8 cells treated with sub-toxic 
concentrations of γ-calicheamicin (SUP-B15 = 0.07 pM; REH = 2 pM; RS4;11 = 0.0013 pM; KOPN-8 = 0.2 pM) and talazoparib (SUP-B15 = 0.00019 μM; 
REH = 0.055 μM; RS4;11 = 0.0016 μM; KOPN-8 = 0.0055 μM) for 10–14 days. K Clonogenic results of RS4;11, REH, SUP-B15 and KOPN-8 cells treated 
with sub-toxic concentrations of INO (SUP-B15 = 4.8 ng/mL; RS4;11 = 17.4 ng/mL ng/mL; KOPN8 = 48 ng/mL; REH = 4.8 ng/mL) and talazoparib 
(SUP-B15 = 0.00019 μM; REH = 0.055 μM; RS4;11 = 0.0016 μM; KOPN-8 = 0.0055 μM) for 10–14 days
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Fig. 3  (See legend on previous page.)
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AML cell lines display a heterogeneous response 
of talazoparib in combination with GO
The efficacy of combining GO with PARP1 inhibitors has 
been suggested by previous studies on HL-60 and HEL 
cellular models [45, 46]. We here evaluated the efficacy 
of combining GO and talazoparib in our panel of AML 
cell lines. The combination index analyses and ZIP syn-
ergy score showed that the efficacy of the combination 
was dependent on the leukemia model, the dose and the 
time of exposure with KG-1, OCI-AML3 and MV4-11 
being the most sensitive while KASUMI-1 and MOLM-
13 the lowest sensitive cells (Fig.  4A, B; S4A; Table  S3). 
As for ALL cell lines, we evaluated the efficacy of com-
bining γ-calicheamicin with different PARP1 inhibi-
tors. The results of the experiments confirmed that 
OCI-AML3 cells were the most sensitive models while 
MOLM-13 and KASUMI-1 the least sensitive (Fig.  4C). 
In terms of induction of cell death, OCI-AML3 and 
MOLM-13 confirmed to be the most and least sensi-
tive cells to the combination, respectively (Fig. 4D). The 
combination of GO and talazoparib heterogeneously 
altered the cell-cycle profile of treated cells, with only 
OCI-AML3 cells showing a significant and progressive 
reduction in G2/M arrest induced by GO (Fig.  4E, F). 

Immunoblotting confirmed this effect, showing reduced 
levels of phospho-CDK1Tyr15 after 24 h of co-treatment. 
Additionally, the combination treatment led to enhanced 
DNA damage in OCI-AML3 cells compared to the con-
trol and talazoparib alone, and in MV4-11 cells compared 
to the control and GO alone. In KG-1 cells, we observed 
a progressive induction of pH2AX (Ser139) and cleaved 
CASP-3 with the combination treatment, compared to 
both the control and single treatments. In MOLM-13 and 
KASUMI-1 cells, the combination did not alter the levels 
of phospho-CDK1Tyr15 or CCNB1; however, we reported 
an increased induction of DNA damage compared to 
controls and GO as a single agent, but not when com-
bined with talazoparib. (Fig.  4G, S4B). The quantifica-
tion of pH2AX+/pMPM2+ cells did not show a significant 
increase in double positive cells between samples treated 
with GO in combination with talazoparib compared to 
single treatments (Fig.  4H). To investigate whether the 
treatment with talazoparib inhibits the overall capacity 
of repairing γ-calicheamicin-induced DNA damages, we 
performed Comet assay on OCI-AML3 cells, which were 
sensitive to the combination. The combination signifi-
cantly enhanced DNA damages as showed by comet tail 
moment, area and length (Fig. 4I). Finally, we evaluated 

Fig. 4  Effect of talazoparib in combination with GO against AML cell lines. A Heatmaps showing the effect on cell viability of subtoxic 
concentrations of GO in combination with talazoparib for 72 h in AML cells. In the heatmaps, the color scale represents the values of mean 
normalized cell viability (% of cell viability relative to control) of at least three independent experiments. The white number inside each square 
of the heatmaps represents the combination index (C.I) values. C.I < 1 means synergism; C.I = 1–1.3 means additivity; C.I > 1.3 means antagonist; 
NC = combination index Not Calculable using Compusyn software. B Two-dimensional synergy map of AML cell lines treated with increasing 
concentrations of GO and talazoparib for 72 h. Zero Interaction Potency (ZIP) score is expressed as δ value. C Reduction of cell viability of AML cell 
lines treated with γ-calicheamicin (OCI-AML3 = 150 pM; KG-1 = 70 pM; MV4-11 = 150 pM; MOLM-13 = 4.7 pM; KASUMI-1 = 1.9 pM) in combination 
with olaparib (OCI-AML3 = 50 μM; KG-1 = 100 μM; MV4-11 = 200 μM; MOLM-13 = 18 μM; KASUMI-1 = 32 μM) or veliparib (OCI-AML3 = 100 μM; 
KG-1 = 100 μM; MV4-11 = 100 μM; MOLM-13 = 27 μM; KASUMI-1 = 42 μM) for 24 h. Histograms represent the mean ± standard deviation 
of normalized cell viability of three independent experiments. D Histograms represent the percentage of Annexin V + cells of AML cell lines treated 
with GO (OCI-AML3 = 1473 ng/mL; KG-1 = 1473 ng/mL; MV4-11 = 1473 ng/mL; MOLM-13 = 1.97 ng/mL; KASUMI-1 = 1.97 ng/mL) and talazoparib 
(OCI-AML3 = 3 μM; KG-1 = 3 μM; MV4-11 = 3 μM; MOLM-13 = 3 μM; KASUMI-1 = 3 μM) for 48 h (results of at least three independent experiments). 
E Histograms represent the percentage of cells in different cell-cycle phases after 18, 24 and 48 h of treatment with GO (OCI-AML3 = 1473 ng/mL; 
KG-1 = 1473 ng/mL; MV4-11 = 1473 ng/mL; MOLM-13 = 1.97 ng/mL; KASUMI-1 = 1.97 ng/mL) and/or talazoparib (OCI-AML3 = 3 μM; KG-1 = 3 μM; 
MV4-11 = 3 μM; MOLM-13 = 3 μM; KASUMI-1 = 3 μM). Histograms represent mean and standard deviation of at least three independent experiments. 
F Histograms represent the variation of G2/M and S phase cells between GO in combination with talazoparib and cells treated with GO alone. 
Positive fold-change (FC) indicates increased values while negative FC indicates decreased values. Asterisks indicate statistical significance 
of each condition compared to control cells. G Immunoblot analysis of AML cells treated with GO (OCI-AML3 = 1473 ng/mL; KG-1 = 1473 ng/
mL; MV4-11 = 1473 ng/mL; MOLM-13 = 1.97 ng/mL; KASUMI-1 = 1.97 ng/mL) and talazoparib (OCI-AML3 = 3 μM; KG-1 = 3 μM; MV4-11 = 3 μM; 
MOLM-13 = 3 μM; KASUMI-1 = 3 μM) for 24 h. β-actin was used for loading normalization. In the lower part of the figure histograms represent 
the average signal obtained from relative band quantification of at least three independent experiments. H Histograms showing the percentage 
of pH2AX+/pMPM2+ cells in AML cell lines treated with GO (KASUMI-1 = 1.97 ng/mL, MOLM-13 = 1.97 ng/mL, OCI-AML3 = 1473 ng/mL, 
MV4-11 = 1473 ng/mL and KG-1 = 1473 ng/mL) for 48 h and with talazoparib (IC50 values after 24 h of treatment) for additional 6 h. I Comet assay 
in OCI-AML3 cell line treated with γ-calicheamicin (IC50 value) in combination with talazoparib (IC50 value) for 18 h. In the lower part of the figure 
scatter-plots with histograms show the variation of Tail Area, Tail Length and Tail moment between controls and treatments. J Clonogenic results 
of MV4-11, KG-1, OCI-AML3, MOLM-13 and KASUMI-1 cells treated with sub-toxic concentrations of γ-calicheamicin (OCI-AML3: 5 pM; KG-1: 
7.5 pM; MV4-11: 2 pM; MOLM-13: 0.3 pM; KASUMI-1:0.02 pM) and talazoparib (OCI-AML3: 0.166 μM; KG-1: 0.05 μM; MV4-11: 0.33 μM; MOLM-13: 
0.06 μM; KASUMI-1:0.11 μM) for 10–14 days. K Clonogenic results of MV4-11, KG-1, OCI-AML3, MOLM-13 and KASUMI-1 cells treated with sub-toxic 
concentrations of GO (OCI-AML3 = 1473 ng/mL; KG-1 = 1473 ng/mL; MV4-11 = 1473 ng/mL; MOLM-13 = 1.97 ng/mL; KASUMI-1 = 1.97 ng/mL) 
and talazoparib (OCI-AML3: 0.166 μM; KG-1: 0.05 μM; MV4-11: 0.33 μM; MOLM-13: 0.06 μM; KASUMI-1:0.11 μM) for 10–14 days

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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also for AML cell lines the effect of the combination on 
clonogenic capacity. We found that in all the treated 
AML cell lines, the prolonged treatment with talazoparib 
and calicheamicin significantly reduced the clonogenic 
capacity compared to control and single treatments. 
Interestingly, also MOLM-13 and KASUMI-1 cells which 
showed antagonistic response in the combination index 
analysis were significantly sensitive to the combination 
in terms of reduction of clonogenic capacity. These data 
suggested that in AML cell lines the effect of the combi-
nation is delayed compared to ALL cells (Fig. 4J). Similar 
results were observed when evaluating the effect of GO 
and talazoparib on the reduction of clonogenic capacity 
in AML cell lines. (Fig. 4K)

The inhibition of PARPs functionality synergized with INO 
against ALL primary leukemic cells and partially with GO 
against AML primary leukemic cells
The efficacy of the two combinations was then evalu-
ated in primary ALL (n = 5) and AML (n = 5) samples 
(Table S6 for patients’ characteristics). The combination 
of INO and talazoparib reduced cell viability in all ALL 
samples in a dose- and time-dependent manner to vary-
ing degrees (Fig.  5A; S5A). Interestingly, the efficacy of 
the combination in terms of Z scores increased over time 
in the majority of samples (Fig. 5A; S5B). Primary AML 
samples responded heterogeneously to the combination 
of GO and talazoparib shifting from synergism (AML#3) 
to antagonism (AML#1, Fig. 5B). In contrast to ALL pri-
mary cells, in AML the strongest effect was observed 24 h 
after exposure, with strong synergism in AML#2, AML#3 
and AML#4, compared to later time points (Fig.S6A-B).

Discussion
Our study investigated whether the effectiveness of ADCs 
is associated with acute leukemia cells’ ability to repair 
calicheamicin-induced DNA damage. Preclinical data 
supports this proposal, indicating the efficacy of combin-
ing ADCs with selective DDR inhibitors [45–48]. Here, 
we evaluated whether the inhibition of PARPs functional-
ity, using talazoparib, could enhance the cytotoxicity of 
GO and INO against AML and ALL cells, respectively. 
We found that, at least in vitro, the response to INO does 

not strictly correlate with the expression of CD22 on ALL 
cell lines. The available in  vivo data on the correlation 
between CD22 expression INO efficacy suggest that low 
CD22 expression is a marker of good response to INO-
based therapies [49]. Conversely, ALL patients express-
ing the highest level of CD22 seem to benefit more of 
INO-based treatments [50]. Instead in AML cells, in line 
with clinical observations [39, 40], we found a correlation 
between CD33 expression and the in  vitro response to 
GO. However, our data showed a concordance between 
response to ADCs and γ-calicheamicin (the cytotoxic 
payload of GO and INO) in AML and ALL cell lines, sug-
gesting a driver role of cell sensitivity to γ-calicheamicin 
over target expression.

To deeper understand the response to γ-calicheamicin-
induced DNA damages and to confirmed the rationale 
for combining ADCs with PARP1 inhibitors, we studied 
cell cycle and pathway alterations. We observed that INO 
and GO caused a robust G2/M cell-cycle arrest in acute 
leukemia cell lines, as confirmed by increased levels of 
pCDK1Tyr15 (MPF complex inactive [51]) in ALL. In AML 
cell lines only OCI-AML3 and KG-1 showed a significant 
inactivation of the MPF complex following treatment.

In ALL cells INO strongly induced the DNA damage 
as showed by enhanced pH2AXSer139 after treatment. 
Similar results were observed in KASUMI-1, MOLM-
13 and OCI-AML3 cells, while only a weak increase of 
pH2AXSer139 was seen in MV4-11 and KG-1 cells. Look-
ing specifically to the G2/M cell cycle checkpoint activa-
tion following γ-calicheamicin-induced DNA damage, 
we found that ALL cell lines responded to calicheamicin 
activating the ATM/CHK1/CHK2 pathway. Regarding 
AML models, only MV4-11 and KG-1 cells activated the 
same pathway.

Among different PARP1 inhibitors (veliparib, olapa-
rib, and talazoparib), talazoparib exhibited the most 
pronounced cytotoxic effects across all cell lines, and 
particularly in ALL ones. Overall, our data suggests that 
ALL cell lines are more sensitive to PARP1 inhibitors 
compared to AML cells and this difference is not related 
to the presence of genomic alterations in DNA dam-
age repair genes. Conversely, ALL cell lines exhibited 
elevated expression levels of key DNA repair proteins 

(See figure on next page.)
Fig. 5  Reduction of cell viability of primary leukemic ALL and AML cells treated with talazoparib in combination with INO and GO, respectively. 
A Cell viability analysis and Zero Interaction Potency (ZIP) score of bone marrow or peripheral blood cells from adult ALL patients (n = 5) treated 
with escalating concentrations of talazoparib and INO for 72 h. In the histograms, viable cells are shown as a percentage of the control cell 
(DMSO-treated), while the two-dimensional synergy map shows the ZIP score for each drug combination. B Cell viability analysis and ZIP scores 
of bone marrow or peripheral blood cells from adult AML patients (n = 5) treated with escalating concentrations of talazoparib and GO for 72 h. In 
the histograms, viable cells are shown as a percentage of the control cell (DMSO-treated), while the two-dimensional synergy map shows the ZIP 
score for each drug combination. The patient-specific drug concentrations are reported in the figure axes
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compared to AML cell lines. In line with the observed 
response to PARPs inhibition in monotherapy, ALL cell 
lines were more sensitive to UV-damages compared with 
AML cells. UV-ray was chosen as a non-chemical source 
of DNA damages in order to evaluate the intrinsic DDR-
proficiency of our panel of acute leukemia cell lines, since 
the response is mediated by PARP1 [52, 53].

We then evaluated the effect of combining tala-
zoparib with INO or GO on ALL and AML cell lines, 
respectively. We here report, for the first time based 
on our knowledge, the synergistic effect of INO and 
talazoparib combination in ALL cell lines and primary 
ALL leukemic cells, as supported by combination index 
analysis, Z-synergy score, induction of cell death and 
DNA damage and clonogenic analysis. Interestingly, 
cell-cycle analyses suggested that the efficacy of the 
combination may be related to the ability of talazoparib 
to abrogate the G2/M cell-cycle checkpoint induced 
by INO. In this scenario, the cell lines with the lowest 
G2/M phase fold-changes (INO versus INO + talazo-
parib) showed the strongest effect in terms of reduction 
of cell viability, induction of apoptosis and inhibition 
of clonogenic capacity. From a biological point of view, 
our Comet assay data, suggest that PARP1 is directly 
involved in the response and repair of γ-calicheamicin 
induced DNA damages. Regarding AML cell lines, 
some preclinical in  vitro and in  vivo preliminary data 
regarding the efficacy of talazoparib in combination 
with GO have been previously reported [46]. Here 
we evaluated the efficacy of the combination in AML 
cell lines with diverse molecular backgrounds and in a 
small panel of primary AML cells. The response to the 
combination was heterogenous both in AML cell lines 
and primary leukemic cells. We observed a synergis-
tic effect of the combination in OCI-AML3, KG-1 and 
MV4-11 AML models, while we found poor additive or 
antagonistic effect in MOLM-13 and KASUMI-1 cells. 
Again, cell-cycle profile data suggested that the highest 
sensitivity to the combination (OCI-AML3 and MV4-
11) was coupled with the lowest G2/M fold-change 
(GO versus GO + talazoparib). Although, combination 
index and apoptosis analyses reported heterogenous 
response to the combination, clonogenic assay showed 
that the long-term treatment with talazoparib and 
γ-calicheamicin significantly reduced the number of 
colonies in all the AML cell lines compared to controls 
and single treatments. These data suggest that AML 
may have a delayed response to the combination com-
pared to ALL cells. This hypothesis may be supported 
by the absence of increased pH2AX + /pMPM2 + cells 
in the samples treated with the combination compared 
to GO alone (6  h of co-treatment) and instead by the 
increased of overall genotoxicity (Comet assay and 

immunoblotting analysis) seen after 18  h of co-treat-
ments. In ALL cells everything seems earlier as cells 
showed increased DNA damages in the combinations 
even after 6 h of co-treatment.

Evaluation of primary AML and ALL samples fur-
ther demonstrated varying responses to the combina-
tion treatments, with ALL cells consistently showing 
increased sensitivity to the INO and talazoparib com-
bination compared to AML cells. However, responses 
varied among individual patient samples, suggesting 
the importance of patient-specific factors in treatment 
outcomes that need to be further investigated in larger 
patient cohorts.

Conclusion
Our findings underscore the potential of combining 
PARP1 inhibition with ADCs to enhance therapeutic effi-
cacy in acute leukemias, particularly in ALL. Our results 
provide data on the direct involvement of PARPs protein 
in the response and repair of γ-calicheamicin-induced 
DNA damages. Talazoparib demonstrated promising 
cytotoxic effects and synergistic interactions with INO, 
highlighting its potential as a therapeutic adjunct in the 
treatment of acute leukemias. Clinical validation of these 
findings is warranted to exploit the therapeutic potential 
of these combinations in clinical settings.
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