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of fludarabine/cytarabine-based salvage regimens against acute 
myeloid leukaemia
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Summary
Despite intensive treatment, patients with relapsed or refractory acute myeloid 
leukaemia (AML) have a dismal prognosis. A cornerstone therapy for relapsed/
refractory AML is a combination of fludarabine (F-ara-A) and cytarabine (ara-C), so-
called FLA. As the enzyme SAMHD1 mediates resistance to both ara-C and F-ara-A, 
we investigated whether SAMHD1 inhibition via hydroxyurea (hydroxycarbamide; 
HU) could improve FLA efficacy. Here, we show that HU synergistically enhanced 
ara-C-, F-ara-A- and FLA-induced cytotoxicity in an SAMHD1-dependent manner 
in AML cell lines, primary AML cells and an immunocompetent AML mouse model. 
Mechanistically, HU significantly increased the active metabolite triphosphates of 
ara-C and F-ara-A in FLA combinations. Furthermore, leukaemic SAMHD1 protein 
expression negatively correlated with overall survival in a cohort of FLA-treated 
refractory AML patients. Our findings suggest that the addition of HU improves 
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I N TRODUC TION

Over half of patients with de novo acute myeloid leukaemia 
(AML) treated with curative intent will relapse or be refractory 
to treatment.1,2 The prognosis of relapsed/refractory AML (RR-
AML) is dismal, with a 5-year overall survival (OS) of around 
10%.3 A prerequisite for long-term survival is allogeneic hae-
matopoietic stem cell transplantation (allo-HSCT), generally 
after a second complete remission following salvage therapy.4,5 
While less intensive regimens based on hypomethylating 
agents with or without the Bcl-2 inhibitor venetoclax along 
with other small-molecule inhibitors can achieve complete 
remission in a subset of patients,5,6 re-induction with chemo-
therapy is still frequently used in patients' fit for transplanta-
tion. Salvage chemotherapy, like first-line treatment, is based 
on cytarabine (ara-C) in combination with anthracyclines or 
anthraquinones. The rationale is to overcome resistance to 
first-line therapy by adding drugs with a different mode of ac-
tion, such as the topoisomerase-I inhibitor etoposide, or by ex-
changing the anthracycline daunorubicin with mitoxantrone 
or idarubicin. Importantly, overcoming resistance to ara-C 
is a central element for re-induction/salvage courses aiming 
to increase exposure to the active metabolite ara-CTP, with 
levels of ara-CTP correlating with enhanced anti-leukaemic 
effect.7–12 To this end, higher doses of ara-C have been used 
during the past decades.13 Furthermore, based on in  vitro 
experiments showing moderate increases of ara-CTP when 
pretreating leukaemic cells with fludarabine (F-ara-A),14,15 
addition of F-ara-A to ara-C with or without granulocyte 
colony-stimulating factor (G-CSF) was introduced clinically 
(FLA(G)).16–18 Subsequently, idarubicin has been incorporated 
into FLA(G)-Ida protocols,19–21 which improved complete re-
mission rates. Intensification of FLA(G)-Ida through the addi-
tion of venetoclax (FLA(G)VIda) has yielded promising results 
in a phase II trial and in registry data.22–25 Despite these mod-
ifications, prognosis for RR-AML remains bleak for most pa-
tients, warranting further work to improve the therapy.

We and others have previously identified SAMHD1 as a 
major ara-C resistance factor in AML, with higher expres-
sion correlating with poorer OS in ara-C-treated AML pa-
tients.26–33 A phenotypic small-molecule screen identified 
non-competitive inhibitors of ribonucleotide reductase 
(RNR) as inhibitors of SAMHD1 ara-CTPase. Accordingly, 
targeting SAMHD1 with hydroxyurea (hydroxycarbamide; 
HU) increased ara-C efficacy in vitro, in vivo, ex vivo and in 
a phase I clinical trial.34,35

As F-ara-A metabolites are competitive inhibitors of 
RNR, we also evaluated the ability of F-ara-A to inhibit 
SAMHD1, but only observed additive cytotoxicity with 

ara-C independent of SAMHD1.30,31 As we have also shown 
that SAMHD1 mediates resistance to F-ara-A itself, we hy-
pothesized that SAMHD1 inhibition might potentiate the 
effects of both F-ara-A and ara-C in FLA-based regimens.

Here, we show that the addition of HU to FLA synergisti-
cally enhances cytotoxicity in a SAMHD1-dependent man-
ner in a panel of AML cell lines, a mouse model and in AML 
primary patient samples. These data indicate that the addi-
tion of HU to FLA increases treatment efficacy and suggests 
that this may be a promising treatment strategy to improve 
outcomes for patients with relapsed/refractory AML.

M ETHODS

Cell lines, cell proliferation inhibition assay and 
immunoblotting

Cell lines were purchased from ATCC or DSMZ. See 
supplementary information for detailed information on 
culturing, assays and immunoblotting.

Primary AML blasts

Experiments were approved by the regional ethical review 
board in Stockholm (no. 2018/38-22, no. 2017/2085-31/2 and 
no. 2018/464-31/2) and adhered to the WMA Declaration of 
Helsinki and the Department of Health and Human Services 
Belmont Report. Patient sample cytogenetics and methods 
can be found in Table S1 and supplemental methods.

Analysis of pCHK1 and apoptosis

Protocols can be found in the supplemental methods.

Nucleotide measurements

Cells were collected and processed as previously described.34 
Nucleotide quantification was done as described in the 
supplemental methods.

Animal experiments

Animal experiments were carried out in accordance with 
Swedish animal welfare rules and regulations as stated by 

the efficacy of FLA-based regimens and warrant clinical trials to test the safety and 
efficacy of this combination in patients with relapsed/refractory AML.

K E Y W O R D S
AML, relapse/refractory, SAMHD1

 13652141, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bjh.70180 by U

ppsala U
niversity, W

iley O
nline L

ibrary on [25/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2464  |      IMPROVING AML SALVAGE THERAPY VIA SAMHD1 INHIBITION

the Swedish Board of Agriculture and in the ethical permits. 
Details can be found in the supplemental methods.

Patient cohort for clinical outcome and 
SAMHD1 immunohistochemistry

Consenting adult patients with RR-AML during 2014–2022 
at the Karolinska University Hospital were reviewed. Data 
collection management and analyses were approved by the 
ethical review board in Stockholm (no. 2019-01805). Details 
regarding disease definitions and patient sample SAMHD1 
immunohistochemistry can be found in the supplemental 
methods.

Statistics

Analyses were done using Prism 9. See supplemental 
methods for further details.

R E SU LTS

HU potentiates efficacy of fludarabine–
cytarabine combinations in a 
SAMHD1-dependent manner

Based on previous reports that SAMHD1 is a resistance 
factor for both F-ara-A and ara-C in AML cells,30,34,35 we 
hypothesized that HU would alleviate SAMHD1-mediated 
resistance to F-ara-A. As expected, using cell prolifera-
tion inhibition assays as a functional read-out, HU sen-
sitized SAMHD1-expressing AML cell lines, but not their 
SAMHD1-deficient counterparts, to ara-C in a dose-
dependent manner, reducing the half-maximal effective 
concentration (EC50) of ara-C by over 100-fold. This ef-
fect was more pronounced in cells expressing high levels 
of SAMHD1 (THP-1) than in those with low SAMHD1 
(HL-60)34 (Figure  1A,D; Figure  S1B). Similarly, HU 
shifted the EC50 of F-ara-A by up to 20-fold in SAMHD1-
proficient, but not SAMHD1-deficient, cells (Figure 1B,D; 
Figure  S1A). Similar results were observed for five addi-
tional SAMHD1-positive AML cell lines (Figure  1A–D; 

Figure  S1C–E). As expected, addition of gemcitabine, 
another non-competitive RNR inhibitor, to ara-C and F-
ara-A also resulted in a SAMHD1-dependent EC50 reduc-
tion for both drugs (Figure S1F,G). In line with previous 
results,34 addition of F-ara-A to ara-C did not alter the 
EC50 of ara-C (Figure 1C; Figure S2). However, addition of 
HU and F-ara-A to ara-C reduced the EC50 of ara-C more 
than the addition of HU alone (Figure 1C; Figure S1B–E).

As ara-C induces DNA damage responses leading to apop-
tosis, we compared the effect of ara-C, FLA and FLA + HU 
on apoptosis using flow cytometry and of phosphorylated 
checkpoint kinase 1 (pCHK1) using immunocytochemistry. 
Compared to ara-C alone, FLA did not increase Annexin-V or 
pCHK1 staining. Addition of HU to FLA, in contrast, signifi-
cantly increased the percentage of Annexin-V-stained cells 
and pCHK1-positive cells by a factor of 2 and 6 respectively 
(Figure 1E,F). Apoptosis was not increased in the SAMHD1-
deficient cells upon the addition of HU to FLA (Figure S1H).

In the experiments described thus far, ara-C, F-ara-A and 
HU were added simultaneously. Clinically, however, F-ara-A 
is administered 4 h and HU is given 1 h prior to ara-C35. We 
therefore investigated the effect on total cytotoxicity when 
adding F-ara-A and HU at 4 or 1 h before ara-C. No signifi-
cant differences in cell killing were observed in vitro follow-
ing 24 h, 48 h or 72 h of treatment (Figure S3A).

Given that current FLA-based regimens usually include 
additional agents, we wished to investigate potential inter-
actions of FLA + HU with venetoclax or idarubicin. While 
demonstrating additive cytotoxicity when combining ida-
rubicin with FLA + HU, the reduction in ara-C EC50 by F-
ara-A and HU was preserved with idarubicin (Figure S3B), 
consistent with previous reports on the effect of anthracy-
clines on ara-C/HU combinations.34 Similarly, potentiation 
of FLA + HU was preserved with venetoclax (Figure S3C).

Taken together, HU-mediated inhibition of SAMHD1 
potentiated the individual cytotoxic effects of ara-C and F-
ara-A and of FLA combinations.

HU increases levels of active ara-C and F-ara-A 
phosphates

Ara-C and F-ara-A require phosphorylation into ara-CTP 
and F-ara-AMP, -ADP and -ATP by intracellular kinases to 

F I G U R E  1   Hydroxycarbamide (HU) sensitizes cells to ara-C, F-ara-A and the FLA combination and leads to increased apoptosis and checkpoint 
activation in SAMHD1-positive acute myeloid leukaemia (AML) cells. Proliferation inhibition assay combining HU with ara-C (A), F-ara-A (B) or the 
FLA (ara-C + F-ara-A) combination (C) in SAMHD1-proficient THP-1 (left panels), MV4-11 (middle panels) and OCI-AML-3 (right panels) cells. For (C), 
ara-C treatment was combined with 2.9 μM F-ara-A (FLA), 60 μM HU (ara-C + HU) or a combination of both (FLA + HU). Error bars indicate mean and 
standard deviation from replicates from a representative out of three independent experiments. (D) EC50 values plotted as a function of HU concentration 
for ara-C (solid line) and F-ara-A (dashed line), for cell lines for experiments shown in (A) and (B). Cells were treated for 72 h. Statistical testing was 
performed by comparing the logEC50 values using an extra-sum-of-squares F-test: (A) THP-1: F = 21.3, MV4-11: F = 15.82, OCI-AML-3: F = 26.69 with 
DFn = 4, DFd = 60 for all; (B) THP-1: F = 6.861, MV4-11: F = 14.82, OCI-AML-3: F = 41.73 with DFn = 3, DFd = 48 for all; (C) THP-1: F = 13.51, MV4-11: 
F = 13.26, OCI-AML-3: F = 15.81 with DFn = 3, DFd = 40 for all. ****p < 0.0001. (E) Percentage of Annexin-V-positive cells in SAMHD1-proficient THP-1 
cells. Cells were treated for 48 h with 500 nM ara-C, 300 nM F-ara-A, 60 μM HU as indicated. Error bars represent mean and standard deviation from 
triplicate assays from a representative out of three independent experiments. (F) Fraction of pCHK1-positive cells detected in SAMHD1-proficient THP-1 
cells by immunofluorescence for indicated treatments. Error bars represent mean and standard error from two independent experiments. Cells were 
treated for 24 h with the same concentrations as given in (E). Analyses were performed using unpaired two-tailed t-tests. *p < 0.05. Representative images 
with pCHK1 in red and DAPI (4',6-diamidino-2-phenylindole; to stain for the DNA) in blue. Scale bars, 10 μm.
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exert their anti-leukaemic effects.26 Given the lack of synergy 
of FLA combinations (Figure 1; Figure S2) and that F-ara-A 
and ara-C compete for the rate-limiting phosphorylation 
step by deoxycytidine kinase (dCK) (with F-ara-A having 
a much lower affinity for the enzyme),26,36 we investigated 
the mutual effects of ara-C and F-ara-A on intracellular 
levels of their active metabolites following 24-h treatment. 
Levels of ara-CTP were not increased by the presence of 
F-ara-A neither in SAMHD1-proficient nor in SAMHD1-
deficient cells (Figure  2A). Instead, levels of all three ana-
lysed F-ara-A phosphates were reduced by a factor of ~2 to 
~30 (Figure  2B; Figure  S4A,B) in the presence of ara-C in 
SAMHD1-proficient cells. Adding HU to the FLA combi-
nations significantly increased the levels of ara-CTP (36x), 
F-ara-AMP (2x), F-ara-ADP (2x) and F-ara-ATP (5x) in the 
SAMHD1-proficient cell lines (Figure 2A,B; Figure S4A,B).

Importantly, time-resolved experiments showed that the 
addition of HU to FLA significantly increased ara-CTP and 
F-ara-ATP over time, reflected in the increased area under 
the curve by a factor of ~8 for ara-CTP and ~3 for F-ara-
ATP in FLA + HU versus FLA in SAMHD1-proficient, but 
not SAMHD1-deficient, THP-1 cells (Figure 2C,D).

Addition of HU increased the deoxycytidine triphosphate 
(dCTP)-to-deoxyadenosine triphosphate (dATP) ratios by a 
factor of ~5 in an SAMHD1-dependent manner in the pres-
ence of ara-C, F-ara-A or FLA (Figure 2E; Figure S4C). This 
is consistent with our previous findings and a model of al-
losteric SAMHD1 inhibition.34

In sum, HU-mediated SAMHD1-dependent FLA poten-
tiation correlates with increased intracellular exposure to 
both F-ara-ATP and ara-CTP.

In vivo studies of FLA and FLA + HU

Next, we sought to validate FLA potentiation by HU in vivo 
using our established immunocompromised AML xenotrans-
plant models.31 Unfortunately, while F-ara-A combined with 
HU tended to improve survival to a similar extent as com-
binations of ara-C and HU, combinations of F-ara-A and 
ara-C triggered humane end-points much earlier than for 
PBS-treated animals (Figure  S5A). Follow-up experiments 
with fewer doses and/or lower concentrations also proved 
toxic (Figure  S5B). Chemotherapy toxicity is known to be 
more pronounced in immunocompromised mouse models.37 
Therefore, we employed an immunocompetent murine AML 
model using MLL-AF9-transformed mouse myeloid precur-
sors.38 For this aggressive, SAMHD1-expressing AML model, 

we have previously shown that both ara-C and combinations 
of ara-C and HU significantly prolonged survival.34 Addition 
of HU moderately sensitized MLL-AF9 blasts to FLA in vitro 
(Figure S6A). In vivo, FLA + HU more significantly prolonged 
survival as compared to PBS than FLA alone (Figure  3A, 
p = 0.008 for FLA + HU vs. p = 0.03 for FLA) and showed a 
trend towards reduced spleen weight (Figure  S6A). Median 
survival was 27, 29 and 30 days in mice treated with PBS, FLA 
or FLA + HU respectively (Figure 3A). Myelotoxicity was com-
parable between FLA and FLA + HU (Figure S6C–H). In sum, 
FLA + HU appeared efficacious against AML in vivo.

HU potentiates FLA in primary paediatric and 
adult AML cells

Next, we subjected primary paediatric and adult AML cells 
to cell proliferation inhibition assays using ara-C, F-ara-A 
and HU. In line with previous results,34 addition of HU 
significantly decreased EC50 values for ara-C and F-ara-A 
(Figure 3B). Importantly, the strongest potentiation of ara-C 
was observed when F-ara-A and HU were supplemented, re-
sulting in a up to a sixfold reduction of EC50 values for ara-C 
as compared to F-ara-A alone (Figure 3B–F). This was ob-
served both for samples at diagnosis (Figure 3B,D) and re-
lapse (Figure 3C,E), irrespective of paediatric or adult origin 
(Figure  3D,E). Consistently, we also found an increase in 
ara-CTP and F-ara-ATP levels when HU was added to FLA 
(Figure 3F–H; Figure S7A,B).

To assess the SAMHD1 status in the AML patient sam-
ples, we performed immunoblotting using the loading con-
trol α-tubulin (Figure S8). In the 14 patients with quantifiable 
α-tubulin, we found that adding HU to FLA significantly 
sensitized cells to ara-C in SAMHD1-high (median fold 
change in EC50: 1.7) as compared to SAMHD1-low samples 
(median fold change in EC50: 0.9) (Figure 3I; Figures S8–S12).

Taken together, HU was also able to potentiate FLA in 
primary AML samples in a SAMHD1-dependent manner.

SAMHD1 level predicts response to FLA courses 
in patients with relapsed/refractory AML

Higher SAMHD1 levels may have a negative impact on the 
outcome of patients treated with FLA in RR-AML. To in-
vestigate this, we performed immunohistochemistry for 
SAMHD1 on bone marrow samples at the time of relapse/re-
fractory disease in a cohort of 45 RR-AML patients who were 

F I G U R E  2   Hydroxyurea (HU) increases levels of active ara-C and F-ara-A metabolites in an SAMHD1-dependent manner. SAMHD1-proficient 
THP-1, OCI-AML-3, MV4-11 and SAMHD1-deficient THP-1 cells were treated as indicated, and deoxyribonucleotide triphosphate (dNTP) and 
metabolite levels were determined using Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS). Concentrations used: HU—60 μM, 
ara-C—500 nM, F-ara-A—150 nM. Levels of ara-CTP (A) and F-ara-ATP (B) in pmol/106 cells after 24 h. (C, D) Metabolite levels over time as indicated in 
cells treated with FLA or FLA + HU in THP-1 SAMHD1+/+ (left) and SAMHD1−/− (right) for ara-CTP (C) and F-ara-ATP (D) in pmol/106 cells. AUC, area 
under the curve. (E) Ratio of dCTP-to-dATP for indicated treatments in THP-1 SAMHD1+/+ (left) and SAMHD1−/− (right) cells. Points, columns and error 
bars correspond to individual values, means and SEM of three independent experiments. Statistical analyses were done using unpaired two-tailed t-tests: 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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treated with FLA-based courses at the Karolinska University 
Hospital (Table  S2). As expected, SAMHD1 expression in 
leukaemic cells was variable (Figure 4A). As predicted, pa-
tients with a high proportion of SAMHD1-positive cells had 
inferior survival compared to patients with a low propor-
tion (Figure  S12). Intriguingly, patients essentially lacking 
SAMHD1-positive cells (≤2%) had the poorest outcome, on 
par with patients with high expression (Figure S13). Subgroup 
analyses showed that this essentially SAMHD1-negative pa-
tient group was enriched for patients with relapse, especially 
following allo-HSCT (Table  S3). Further subgroup analy-
ses showed that the effect of SAMHD1 expression levels on 
OS was stronger in refractory patients (Figure  4B). When 
excluding SAMHD1-negative samples, multivariable Cox 
regression analyses confirmed a significantly worse OS for 
patients with high SAMHD1 as compared to patients with 
low SAMHD1 levels when adjusting for age, risk group and 
disease state (p = 0.041; Table S4).

DISCUSSION

The most reliable curative option for patients with RR-AML 
is still allo-HSCT, preferentially in complete remission.6,39 
Current salvage strategies include intensive chemotherapy 
based on a backbone of ara-C or more targeted approaches 
with other agents.5,6,13,40–42 The necessity of intensive sal-
vage chemotherapy in patients requiring allo-HSCT has 
been debated with the advent of non-intensive alternatives 
and targeted therapies.43 Furthermore, results from the re-
cent ASAP phase 3 trial suggest that patients with poor re-
sponse to the first induction course as well as patients at first 
AML relapse could omit salvage chemotherapy prior to allo-
HSCT, at least if a donor is readily available.44

In this study, we have demonstrated that HU is able to po-
tentiate the cytotoxic effect of FLA in AML in an SAMHD1-
dependent manner using cell lines, primary human AML 
blasts and a mouse model.

Addition of F-ara-A to ara-C is used to increase accu-
mulation of intracellular ara-CTP and overcome ara-C 
resistance.15,45 Here, however, we found that the FLA 

combination did not increase accumulation of ara-CTP ver-
sus ara-C alone. Furthermore, FLA significantly reduced F-
ara-ATP levels as compared to F-ara-A alone, which might 
be explained by competition of F-ara-A with ara-C for the 
rate-limiting anabolic enzyme dCK.26 This is consistent 
with a lack of synergy with the FLA combination in  vitro 
demonstrated here and previously.34 It is conceivable that 
the laboratory results do not correctly model the effect in pa-
tients. However, to our knowledge, there are no solid clinical 
data demonstrating that the addition of F-ara-A to ara-C im-
proves treatment efficacy in AML, as indicated by two phase 
III trials. Holowiecki et al. compared outcomes in 652 newly 
diagnosed AML patients randomized to daunorubicin plus 
ara-C (DA), DA plus F-ara-A (DAF) and DA plus cladribine 
(DAC) and observed no improvement in complete remission 
rate (CRR) or OS when adding F-ara-A although there was 
a survival benefit in the cladribine group.46 Along the same 
line, Fiegl et al. randomized 326 RR-AML patients to ara-C 
and idarubicin ± F-ara-A without significant differences in 
CRR or OS21. Hence, there are only limited data suggesting 
that F-ara-A has an additive effect to ara-C.

Like for ara-C, SAMHD1 limits F-ara-A efficacy,30 and 
F-ara-ATP has been described as a SAMHD1 substrate be-
fore.30,47 In a retrospective study, the negative impact of 
SAMHD1 on the efficacy of ara-C-based therapy was evident 
also for a subgroup of patients treated with FLA.28 We have 
previously suggested to enhance ara-C-based AML ther-
apies through the addition of the SAMHD1 inhibitor HU 
with promising early-phase clinical trial results.34,35 In the 
present study, we found a significant increase in both ara-C 
and F-ara-A metabolites when HU was added to FLA. This 
suggests that SAMHD1 is a resistance factor for FLA treat-
ments. Evaluating the efficacy of HU together with FLA in 
our established human xenograft AML mouse models was 
hampered by FLA toxicity in these mice, perhaps explain-
ing the absence of published studies of FLA in these mod-
els. Immunodeficient mice may be more sensitive to F-ara-A 
given its lymphodepletion potential.48 Using an immu-
nocompetent AML model, on the other hand, was feasible 
from a toxicity point of view and showed the effectiveness 
of FLA + HU treatments. The addition of HU to FLA-based 

F I G U R E  3   Addition of Hydroxycarbamide (HU) to FLA is effective in a murine acute myeloid leukaemia (AML) model and in AML primary 
patient samples. (A) Kaplan–Meier survival analysis of CD45.2 C57BL/6J mice intravenously injected with mouse MLL-AF9-transformed AML blasts 
(day 0) and treated with PBS, FLA or FLA + HU days 20–24. n = 6 per treatment group. Statistical analysis was done using the Mantel–Cox log-rank test; 
p = 0.03 for FLA versus PBS, p = 0.008 for FLA + HU versus PBS. (B) Primary paediatric AML sample at diagnosis (A4326) with HU added to ara-C (left 
panel), F-ara-A (middle panel) and FLA (right panel). FLA with and without HU in an AML paediatric sample at relapse (A3793) (C), an adult patient 
sample at diagnosis (ALG20_049) (D) and an adult patient sample at relapse (ALG20_018) (E). (F) Dose–response curves for an adult patient at diagnosis 
(ALG2011_23). Points represent the mean and standard deviation from replicate values after treating cells for 72 h. Concentrations used: 0.7 μM F-ara-A, 
60 μM HU. Absolute ara-CTP (G) and F-ara-ATP (H) levels in pmol/106 cells 24 h after indicated treatments as determined by LC-MS/MS in the same 
patient as shown in (F); statistical analyses were done using unpaired two-tailed t-tests. For metabolite measurements, 500 nM ara-C, 150 nM F-ara-A and 
60 μM HU were used. Points, columns and error bars correspond to individual values, means and SD of two independent experiments. Statistical testing 
for dose–response curves in (B–F) was performed by comparing the logEC50 values using an extra-sum-of-squares F test: (B) left: F = 56.51, DFn = 1, 
DFd = 24; (B) middle: F = 35.24, DFn = 1, DFd = 24; (B) right: F = 91.64, DFn = 1, DFd = 24; (C) F = 98, DFn = 1, DFd = 24; (D) F = 12.83, DFn = 1, DFd = 24; (E) 
F = 15.98, DFn = 1, DFd = 20; (F) ara-C only versus ara-C + HU: F = 8.18, DFn = 1, DFd = 20; (F) FLA versus FLA + HU: F = 54.59, DFn = 1, DFd = 20. (I) High 
and low SAMHD1 groups as determined from blots shown in Figure S8A plotted against the EC50(log10M) of ara-C for FLA (ara-C with 0.7 μM F-ara-A) 
and FLA + HU (ara-C + 0.7 μM F-ara-A + 60 μM HU). Individual points correspond to patient samples as colour-coded in Figure S8A; horizontal lines 
depict median. Statistical analysis in (I) was performed using paired non-parametric t-test (Wilcoxon test). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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regimens thus may be feasible in humans. Of note, we have 
shown that adding HU to intensive treatment with ara-C 
and daunorubicin was safe.35

In addition, FLA-treated RR-AML patients with a high 
frequency of SAMHD1 expressing leukaemic cells had a sig-
nificantly worse outcome than the patients with a lower fre-
quency. Hence, patients in whom high leukaemic SAMHD1 
expression leads to FLA resistance might be salvaged by 
the addition of HU. Intriguingly, we identified a subset of 
nearly completely SAMHD1-negative patients who had a 
very poor outcome despite FLA-based treatment. This can 
partially be explained by the patient characteristics since the 
SAMHD1-negative subset was enriched in patients having 
relapsed after allo-HSCT. In addition, beyond its role as a 
resistance factor for nucleoside analogues, SAMHD1 also 

harbours tumour suppressor functions.29,49,50 It is conceiv-
able that there is a categorical biological difference between 
the SAMHD1 tumour suppressor functions (SAMHD1 sta-
tus positive vs. negative) and the SAMHD1 drug resistance 
properties (dose dependent with respect to SAMHD1 ex-
pression) in RR-AML. Further investigations are required 
to elucidate the biological foundation for these results, in-
cluding in-depth functional assays and single-cell transcrip-
tomics, where leukaemic cell subsets with different levels of 
SAMHD1 expression are compared.

Here, the effect of HU on FLA efficacy is based on bulk 
read-outs (cell viability, nucleotide measurements, western 
blot, immunohistochemistry). Heterogeneity within indi-
vidual AML cases and in particular the impact of leukaemic 
stem cells is unaccounted for. Specifically, the expression 

F I G U R E  4   SAMHD1 levels correlate with outcome in FLA-treated relapsed/refractory acute myeloid leukaemia (AML) patients. (A) Representative 
image of a patient with high SAMHD1 expression (top) and a patient with low SAMHD1 expression (bottom). Left panels show haematoxylin–eosin 
(H&E) staining; right panels show SAMHD1 (brown)/CD68 (magenta) staining. SAMHD1 is mainly expressed in the nucleus of AML blasts, while 
CD68+ macrophages are strongly SAMHD1-positive and serve as an internal positive control. Scale bars = 100 μm. (B) Kaplan–Meier survival curves 
showing overall survival in patients treated with FLA-based regimens in the subgroup of refractory disease only. *p < 0.05.
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levels of SAMHD1 in leukaemic stem cells are currently un-
known, and future studies using single-cell techniques are 
needed to address this. While synergistic potentiation of FLA 
by HU is dependent on SAMHD1 expression, the addition of 
HU resulted in additive cytotoxicity of ara-C, F-ara-A and 
FLA even in cells with low expression of SAMHD1 in vitro. 
We are thus optimistic that the addition of HU to FLA will 
result in better treatment responses that can be consolidated 
by subsequent allo-HSCT.

Despite increasing knowledge of genetic subsets and a 
growing array of targeted drugs, outcomes for patients with 
RR-AML remain poor.3,51 Our findings demonstrate that 
HU potentiates the effect of FLA, which is a key component 
of potent salvage regimens. Neither the time of addition of 
F-ara-A and HU nor the addition of venetoclax or idarubicin 
hampered the FLA potentiation by HU. Based on this, HU 
could be directly incorporated into existing FLA regimens to 
overcome SAMHD1-mediated resistance (Figure 5). Unlike 
most newly developed targeted drugs, HU is cheap and read-
ily available worldwide. Therefore, it is warranted to explore 
the effect of the FLA + HU combinations in clinical trials in 
adult and paediatric patients with RR-AML.
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F I G U R E  5   Model for the action of SAMHD1 on ara-C and F-ara-A metabolism. Ara-C and F-ara-A are substrates of the rate-limiting enzyme 
deoxycytidine kinase (dCK) in the process of their phosphorylation and activation. SAMHD1 limits the efficacy of these agents by converting the 
cytotoxic triphosphate metabolites of ara-C and F-ara-A to their inactive precursors. Hydroxycarbamide (HU) inhibits SAMHD1, preventing it from 
metabolizing ara-CTP and F-ara-ATP, and allowing accumulation of cytotoxic products that lead to apoptosis of leukaemic cells. In addition, HU can 
activate dCK, leading to further accumulation of active ara-C and F-ara-A in the presence of HU.
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