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KEYWORDS Abstract  Background: Thymidine kinase 1 (TK1) is an enzyme downstream of the CDK4/6
Advanced breast pathway, with a critical role in DNA synthesis; serum TK1 activity (sTKa) is a novel liquid
cancer; biopsy biomarker of tumour cell proliferation.

Ribociclib; Methods: The phase IIIb, BioltaLEE trial (NCT03439046) collected sera from post-
Letrozole; menopausal patients with hormone receptor—positive (HR+), HER2-negative (HER2-) ad-
Thymidine kinase; vanced breast cancer (ABC) treated with first-line ribociclib plus letrozole at baseline, day 15
Biomarker of cycle 1 (C1D15), day 1 of cycle 2 (C2D1), and at first imaging. Associations between sTKa

assessed at different time points or sTKa dynamic patterns, and progression-free survival
(PFS) were evaluated using multivariate Cox models.

Results: Overall, 287 patients were enroled. Median follow-up was 26.9 months. High sTKa
(> median) at baseline was associated with higher risk of progression (hazard ratio [HR], 2.21;
95% confidence interval [95% CIJ, 1.45, 3.37; P = 0.0002); similar results were observed for
patients with high sTKa levels at C1D15 and C2DI1. Early sTKa dynamic patterns were
strongly predictive of PFS. The pattern with high sTKa levels at C2D1 following initial de-
crease at C1D15 was associated with higher risk of progression versus the pattern with low
sTKa levels at both time points (HR, 2.89; 95% CI, 1.57, 5.31; P = 0.0006), while the pattern
with high sTKa levels at C1D15 was associated with the shortest PFS (HR, 5.65; CI: 2.84,
11.2; P < 0.0001). Baseline and dynamic sTKa changes provided independent information.
Conclusions: sTKa appears to be a new promising prognostic and pharmacodynamic bio-
marker in patients with HR+/HER2— ABC treated with ribociclib plus letrozole as first-line
therapy.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cyclin-dependent kinase 4/6 inhibitors (CDK4/6i) in
combination with endocrine therapy are currently the
cornerstone of treatment for advanced hormone re-
ceptor—positive (HR+), human epidermal growth factor
receptor 2-negative (HER2-) advanced breast cancer
(ABC); however, approximately 10-30% of patients
display primary resistance to treatment [1-3]. Upfront
identification of discrete subsets of patients with dif-
ferent risk of disease progression during treatment with
a CDK4/6i may help tailor clinical management and
disease monitoring.

Previous studies showed that CDK4/6i can modulate
serum thymidine kinase 1 activity (sTKa), a marker of
cell proliferation, both in cellular models and in patients
with early or metastatic breast cancer [4-8]. In an early
disease setting, sTKa was strongly inhibited at day 15 of
neoadjuvant treatment with the CDK4/6i palbociclib
plus anastrozole [4], with a significant rebound at the
time of surgery, after palbociclib wash-out. In the

metastatic setting, similar sTKa dynamics were also
observed, and absence of reduction of sTKa below the
limit of detection (LOD) at day 15 of therapy with
palbociclib and fulvestrant was associated with an ad-
verse outcome in patients with endocrine-resistant dis-
ease [8]. Collectively, these data suggest that sTKa may
represent a non-invasive marker of tumour proliferation
and of a luminal B-like phenotype in HR+/HER2- tu-
mours; however, the role of sTKa as a prognostic and
monitoring biomarker in patients with endocrine-sensi-
tive ABC remains unexplored.

BioltaLEE is a phase IIIb study evaluating multiple
potential biomarkers of response, their evolution during
treatment, and their association with clinical outcomes in
postmenopausal women with HR+, HER2— ABC treated
with ribociclib plus letrozole as first-line therapy. Here,
we attempt to define the role of baseline and on-treat-
ment sTKa levels as prognostic and predictive bio-
markers of response to first-line treatment with ribociclib
plus letrozole in patients enroled in the BioltaLEE study
(CLEEO11AITO1; ClinicalTrials.gov NCT03439046).
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2. Materials and methods
2.1. Study design and patients

BioltaLEE is a phase IIIb, multicentre, open-label,
single-arm trial conducted in postmenopausal women
with HR+, HER2- ABC enroled across 47 Italian cen-
tres and treated upfront with ribociclib plus letrozole
(Supplementary Fig. 1). Patients were enroled from 2nd
February 2018 to 28th November 2018. The results
presented here are relative to the core phase of the trial,
with a cut-off date of 15th October 2020.

Eligible patients were postmenopausal women with a
histologically and/or cytologically confirmed diagnosis
of locoregionally recurrent, not amenable to surgery or
metastatic HR+, HER2- ABC, who were treatment
naive for the advanced setting and had adequate bone
marrow and organ function, as well as an Eastern
Cooperative Oncology Group performance status <2.
Patients who received (neo)adjuvant therapy for breast
cancer were eligible, as were those who received prior
(neo)adjuvant therapy with letrozole or anastrozole if
the treatment-free interval was> 12 months from the
completion of treatment until study entry. Patients who
received <28 days of letrozole or anastrozole for ad-
vanced disease prior to inclusion in this trial were also
eligible.

The full analysis set comprised all eligible patients
who received at least one dose of either ribociclib or
letrozole. The biomarker analysis set comprised patients
who had at least one valid baseline serum sample
(Supplementary Fig. 2A).

2.2. Objectives and end-points

The primary objective of the BioltaLEE study was to
identify ctDNA alterations, their changes during treat-
ment and possible association with clinical outcomes [9].
Evaluation of sTKa levels over time during treatment
with ribociclib plus letrozole and their association with
clinical outcomes was a key, pre-specified secondary
objective of the study; time to progression and pro-
gression-free survival (PFS) were secondary end-points.

2.3. Treatment, assessments, and samples

Patients received ribociclib (600 mg per day, orally) on a
3 weeks on/1 week off schedule, plus letrozole (2.5 mg
orally) once a day. Treatment was continued until dis-
ease progression, unacceptable toxicity, or patient de-
cision to withdraw from the study. Tumour
measurements according to Response Evaluation
Criteria in Solid Tumours 1.1 criteria were performed
locally with a recommended frequency of every 12
weeks from start of study treatment. Serum samples
were collected at baseline (DO, before treatment start),
on day 15 of cycle 1 (C1D15 + 3 days), on day 1 of

cycle 2 (C2D1 * 3 days), and at the time of first ima-
ging (FI) tumour evaluation (foreseen at approximately
12 weeks after treatment start). Investigators were re-
commended to collect C2D1 samples approximately 4
weeks after day 1 of cycle 1, even when the beginning of
cycle 2 was delayed due to toxicity.

2.4. Thymidine kinase activity

Three-hundred microlitre serum aliquots were shipped
to the central laboratory at Hospital of Prato (Italy),
labelled with an anonymised code. The central labora-
tory had no access to clinical data. sTKa was de-
termined by the DiviTum® assay, a commercial ELISA-
based method (Biovica, Uppsala, Sweden) [10]. Briefly,
the DiviTum® assay measures bromo-deoxyuridine
(BrdU) incorporation into an immobilised synthetic
DNA strand that is further revealed via an anti-BrdU
monoclonal antibody. The resulting signal in the sample
was expressed as DiviTum units per litre (Du/L); the
LOD of the assay was 20 Du/L. The median coefficient
of variation of all samples was 4.6% at baseline. For all
analyses, a conventional value of 19 Du/L was given to
all samples with values below the LOD.

2.5. Statistical methods

Descriptive statistics of sTKa over time were provided,
together with an assessment of the potential association
between sTKa levels and clinical outcomes. The study
was descriptive in nature, and no pre-specified sample
size considerations were applied. The results were in-
tended to be hypothesis-generating. The association
between sTKa levels at different time points and PFS
was assessed by Kaplan-Meier method and multivariate
Cox models. For the pre-specified analysis, sTKa at
baseline and C2D1 was dichotomised (high versus low)
relative to the median value at that time point. For
baseline and C2D1 data, an exploratory analysis was
also performed using a cut-off of 200 Du/L, which has
been recently proposed as clinically informative [11].
For CIDI15, sTKa was dichotomised relative to the
LOD. Patient status (i.e. recurrent versus de novo), tu-
mour subtype (i.e. luminal A versus luminal B), visceral
metastases (presence versus absence) and number of
organs involved by metastases (< 3 versus >3) were the
clinical variables included in the models to adjust for
possible confounding factors.

2.6. Ethics

The study was designed, implemented, and reported in
accordance with the International Council for
Harmonization of Technical Requirements for
Pharmaceuticals for Human Use Harmonized Tripartite
Guidelines for Good Clinical Practice, with applicable
local regulations, and with the ethical principles laid
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down in the Declaration of Helsinki. The protocol and
informed consent form were reviewed and approved by
a properly constituted Institutional Review Board/
Independent Ethics Committee/Research Ethics Board
before study commencement. Written informed consent
was obtained from all patients. A steering committee
oversaw the conduct of the trial as per the approved
protocol.

3. Results
3.1. Patients and treatment

A total of 287 patients were enroled, of whom 280 were
eligible (e.g. had no major deviation from inclusion/ex-
clusion criteria). A valid baseline sample was available
for 263 patients, representing the biomarker population.

Among all enroled patients, with a median follow-up
of 26.9 months (range, 22.3-32.3), 64.1% (n = 184) had
discontinued treatment whereas 35.9% (n = 103) were
still on ribociclib plus letrozole (Supplementary
Fig. 2B). Median PFS was 23.4 months (95% confidence
interval [95% CI], 20.8-not estimable).

In the biomarker population, patients had a median
age of 66 years (interquartile range [IQR], 60.0-72.0),
35.4% were aged 270 years and 39.9% had a diagnosis of
de novo metastatic disease (Table 1). Nearly half (43%)
of patients presented with visceral disease, with one or
two organs involved in the majority of cases.

Of the 166 patients with measurable disease at base-
line, 149 patients performed at least one post-baseline
imaging evaluation up to the cut-off date. The overall
response rate was 53.0% (52.3% of patients experienced
a partial response and 0.7% a complete response); 35.6%
of patients experienced stable disease and progressive
disease was observed in 10.7% of patients, while the best
overall response was unknown in 0.7% of patients. In
patients achieving a response, the median duration of
response was not reached (95% CI, 22.3-not estimable).

3.2. sTKa levels across study timepoints

sTKa was assessed at baseline in all patients from the
biomarker population (n = 263), in 245 patients at
C1D15 (93.2%), 241 patients at C2D1 (91.6%), and 208
patients at FI (79.1%). A total of 232 patients had sTKa
levels assessed in matched pre-treatment, C1D15 and
C2D1 samples (Supplementary Fig. 2A). At baseline,
median sTKa was 74.8 Du/L (IQR, 34.8-243.5), and 31
patients (11.8%) had sTKa below the LOD (20 Du/L)
(Fig. 1). When using a cut-off of 200 Du/L, 74 (28.1%)
patients had high and 189 (71.9%) had low sTKa levels
at baseline.

Median sTKa was below LOD at C1D15, 48.1 Du/L
(IQR, 19.0-121.7) at C2DI1, and 31.5Du/L (IQR,
19.0-99.2) at FI. The proportion of patients displaying
sTKa levels below the LOD were 84.9%, 28.6%, and

Table 1
Patient demographics and disease characteristics.

Patient characteristic Enrolled Biomarker
patients population
N =287 N =263
Age (years), median (IQR) 65.5 (59.0-71.0) 65.7 (60.0-72.0)
>70 years, n (%) 98 (34.2) 93 (35.4)
ECOG PS, n (%)
0 205 (71.4) 191 (72.6)
1 77 (26.8) 68 (25.9)
2 5(1.7) 4 (1.5)
Disease characteristics,
n (‘Vo)
Tumour subtype
Luminal A® 83 (28.9) 74 (28.1)
Luminal B 185 (64.5) 173 (65.8)
Unknown 19 (6.6) 16 (6.1)
Disease status
De novo metastatic® 114 (39.7) 105 (39.9)
Recurrent 173 (60.3) 158 (60.1)
Disease-free interval
period, n (%)°
<2 years 19 (11.0) 18 (11.4)
>2 years and <5 years 10 (5.8) 8 (5.1)
>5 years and <7 years 18 (10.4) 14 (8.9)
>7 years 118 (68.2) 111 (70.3)
Missing 8 (4.6) 7 (4.4)
Metastatic sites, n (%)
Bone 206 (71.8) 193 (73.4)
Bone only 64 (22.3) 62 (23.6)
Visceral 127 (44.3) 114 (43.3)
Liver 41 (14.3) 36 (13.7)
Lung 96 (33.5) 87 (33.1)
Other visceral 18 (6.3) 17 (6.5)
CNS 0 0
Lymph nodes 159 (55.4) 142 (54.0)
Skin 8 (2.8) 8 (3.0)
Breast 21 (7.3) 21 (8.0)
Other 28 (9.8) 26 (9.9)
Number of organs of
interest involved, n (%)
0 2(0.7) 1(0.4)
1 107 (37.3) 99 (37.6)
2 124 (43.2) 113 (43.0)
>3 54 (18.8) 50 (19.0)

CNS, central nervous system; ECOG PS, Eastern Cooperative
Oncology Group performance status; eCRF, electronic case report
form; ER, oestrogen receptor; HER2, human epidermal growth factor
receptor 2; IQR, interquartile range; PgR, progesterone receptor.

% Luminal A: Ki67 <20%, ER-positive, PgR >20%, HER2-negative;
or Ki67 <20%, ER-negative, PgR >20%, HER2-negative. Luminal B:
Ki67 220% or PgR <20%.

® De novo patients were defined as patients with the ‘date of first
recurrence/progression’ information blank in the ‘Diagnosis and ex-
tent of cancer’ eCRF page.

¢ Percentages were computed on non de novo patients.

4 Patients could report more than one metastatic site within the
same macro-category or in different macro-categories.

40.4% at C1DI15, C2D1, and FI, respectively (Fig. 1). At
FI, we performed an exploratory analysis taking into
account whether patients were on or off ribociclib at the
time of sTKa sampling; patients who were off ribociclib
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Fig. 1. sTKa levels across study time points. Thick black line re-
presents median value; white boxes represent the interquartile
range. Dots represent individual data; dots outside upper and
lower fences are considered outliers (higher or lower than
1.5*Q1-Q3 range). sTKa levels recorded as <20 Du/L have been
considered as 19 Du/L to calculate median values. C, cycle; D,
day; sTKa, serum thymidine kinase activity.

at the time of sampling were split according to the last
day of ribociclib treatment. For patients with ongoing
treatment with ribociclib (n = 113; 54.3%), median sTKa
was 26.9 Du/L (IQR, 19.0-95.1); for patients off-treat-
ment <7 days (n=067; 32.2%) it was 19.0 Du/L (IQR,
19.0-56.9), and for patients off-treatment>7 days
(n=28; 13.5%) it was 116.0 Du/L (IQR, 63.8-429.1).

At baseline, high sTKa levels (> median) were sig-
nificantly associated with younger mean age
(P =0.0214) and higher tumour proliferation as assessed
by Ki67-positive tumour cells (stratified according to
Ki67 staining <20%, 20-35%, and > 35%; P =0.0278),
suggesting a difference in tumour type distribution in
patients with high versus low sTKa at baseline
(Supplementary Table 1).

3.3. sTKa levels and clinical outcomes

Patients with high sTKa levels (> median) at baseline
had a significantly higher risk of progression compared

to patients with low sTKa levels (hazard ratio [HR] for
disease progression 2.21; 95% CI, 1.45, 3.37; P =0.0002)
(Fig. 2A and Table 2). Similar results were obtained
when using the 200 Du/L cut-off (>200 Du/L versus
<200 Du/L: HR, 2.53; 95% CI, 1.68, 3.81; P < 0.0001)
(Supplementary Fig. 3A).

Risk of disease progression for the group of patients
with sTKa>LOD at CID15 was significantly higher
than for patients with sTKa < LOD at that time point
(HR, 2.62; 95% CI, 1.64, 4.20; P < 0.0001) (Fig. 2B and
Table 2). Similarly, patients with high sTKa levels
(> median) at C2D1 had a significantly higher risk of
disease progression compared to those with low sTKa
levels (HR, 3.05; 95% CI, 1.98, 4.69; P < 0.0001)
(Fig. 2C and Table 2). Similar results were obtained
when using the 200Du/L cut-off (Supplementary
Fig. 3B).

3.4. sTKa early dynamic changes and clinical outcomes

Based on the changes in sTKa levels across the first
treatment cycle, patients were divided into three major
groups: Group 1 (n=62) with sustained inhibition
(sTKa<LOD at CIDI5 and at C2Dl1); Group 2
(n=135) with sTKa rebound at C2D1 after initial in-
hibition at C1D15 (sTKa <LOD at C1D15 but > LOD
at C2D1) and Group 3 (n=37) with insufficient in-
hibition at CIDI5 (sTKa>LOD at CIDI15) in-
dependently of their sTKa levels at C2D1 (Fig. 3A).
This analysis was based on 232 (88.2%) patients with
matched sTKa values at baseline, C1D15 and C2Dl1,
and included also two patients with sTKa above the
LOD at CIDI15 and sTKa missing at C2D1 (categorised
in Group 3).

The three groups showed distinct prognosis, with
Group 1 having the best outcomes (mPFS, not estim-
able [95% CI, 28.1, not estimable]), and Group 3 having
the worst prognosis (mPFS, 10.1 months [95% CI, 3.4,
17.3]) (Fig. 3B), whereas Group 2 had an intermediate
outcome which was similar to that of the overall po-
pulation (mPFS, 22.1 months [95% CI, 16.8, not es-
timable]). These differences were statistically significant
(HR for disease progression Group 2 versus Group 1,
2.89 [95% CI, 1.57, 5.31; P=10.0006]; Group 3 versus
Group 1, 5.65 [95% CI, 2.84, 11.23; P < 0.0001]) at
multivariate analysis.

Median (IQR) sTKa levels at baseline were sig-
nificantly different among these three groups: 39.8 Du/L
(19.0-80.6), 83.8 Du/L (43.5-178.1) and 1163.0 Du/L
(606.8-1950.8) in Groups 1, 2 and 3, respectively
(P < 0.0001). This prompted an exploratory analysis of
whether the prognostic information provided by the
three groups was affected by baseline sTKa levels. In
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Fig. 2. Correlation between PFS and sTKa levels at different time points in the study: (A) baseline; (B) C1D15; (C) C2D1. Curves
represent Kaplan-Meier estimates of PFS. Dots represent censored events. Subjects at risk are patients who have no censored ob-
servations and have not experienced a PFS event at the evaluated time point. For (A) and (C), ‘low’ means sTKa levels were equal or
lower than the median value (74.8 Du/L at baseline; 48.1 Du/L at C2D1), while ‘high’ means sTKa levels were higher than the median; for
(B), ‘low’ means sTKa levels were equal or lower than the LOD (20 Du/L), while ‘high’ means sTKa levels were higher than the LOD. C,
cycle; D, day; HR, hazard ratio; LOD, limit of detection; mPFS, median progression-free survival; NE, not estimable; PFS, progression-

free survival; sTKa, serum thymidine kinase activity.

patients with low baseline sTKa levels (<median)
(n=114), we did not observe a significantly different
outcome among the three groups (P =0.099)
(Supplementary Fig. 4A). It should be noted that there
were only three patients in Group 3 with sTKa le-
vels < median (two of which stopped therapy within the
first three months of treatment without disease pro-
gression), limiting the power of this analysis. On the
other hand, among patients with high baseline sTKa
levels (> median) (n = 120), the three groups showed a
significantly different outcome (P < 0.001), with pa-
tients in Group 2 (n=70) and Group 3 (n=34) dis-
playing a significantly higher risk of progression
compared to patients in Group 1 (n=16) (HR for dis-
ease progression, 3.33 [95% CI, 1.17, 9.51]; P=0.0243
and 6.18 [95% CI, 2.09, 18.22]; P =0.001, respectively)
(Supplementary Fig. 4B).

3.5. sTKa levels at FI and clinical outcomes

Median sTKa at FI was 31.5 Du/L (IQR, 19.0-99.2).
Out of 208 patients with evaluable disease at FI and a
valid sTKa value, 20 (9.6%) had progressive disease as
assessed by imaging and clinical evaluation at this time
point (early progressors). Notably, sTKa levels in early
progressors were significantly higher than in patients
without progression at all time points assessed in the
study (baseline, C1D15 and C2D1; P < 0.001) (Fig. 4).
Of note, only 4 out of 101 (4.0%) patients with
sTKa <median at FI had progressive disease at this
time point.

4. Discussion

Our study showed that pre-treatment and dynamic as-
sessment of sTKa levels is a novel informative bio-
marker of progression risk in patients with HR+,
HER2- ABC treated with ribociclib plus letrozole as
first-line therapy, independent of standard clinico-pa-
thological features and outperforming other markers,
such as luminal phenotype classification. sTKa dynamic
changes were also informative of patient outcomes and
provided independent information compared to baseline
sTKa levels. Persistent sTKa decrease < LOD at C1D15

and C2D1 may identify patients with sustained CDK4/6
inhibition and excellent prognosis. Interestingly, pa-
tients in this group had the lowest sTKa levels at base-
line. However, patients with high sTKa levels at baseline
(n=16) with persistent sTKa decrease below LOD at
C1D15 and C2DI1 also had excellent outcomes, in-
dicating that positive response to treatment can revert
poor prognosis associated with intrinsic tumour
biology. Conversely, lack of sTKa decrease at C1DI15,
which was observed in a minority of patients (15.1%),
may identify patients with primary resistance to treat-
ment, resulting in poor prognosis. The majority of these
patients (91.9%) had high sTKa levels at baseline, sug-
gesting that primary resistant tumours are enriched with
factors associated with aggressive clinical behaviour and
poor response to treatment [12]. Patients with a rebound
in sTKa levels at C2D1 had an intermediate outcome,
which may indicate early tumour adaptation to riboci-
clib plus letrozole treatment, linked to a specific tumour
biology; however, it should be noted that these patients
still had a good prognosis and benefited from treatment.

At FI, patients with sTKa levels < median had a low
likelihood of experiencing progressive disease. This
finding warrants independent confirmation, but it might
suggest an additional role for sTKa in monitoring dis-
ease progression, with the potential to reduce the use of
radiological assessments in patients with low or non-
increasing sTKa levels, or to adapt and optimise radi-
ological tumour re-evaluation schedules.

A major strength of our study is that this is a pro-
spective phase IIIb biomarker discovery study with a
large sample size. In addition, sTKa was analysed via a
commercially available ELISA-based assay using serum
samples, which has analytical and practical advantages
compared to other approaches, including ctDNA ana-
lysis. This study is limited by the lack of a control arm to
explore the predictive value of sTKa dynamic patterns.
Another limitation is that we did not collect serum
samples at regular intervals beyond FI, and therefore
could not ascertain the potential additional value of
sTKa measurement during the entire duration of first-
line treatment.

Overall, our findings suggest that sTKa may be a
novel tool to stratify risk of progression based on



Table 2

Multivariate analysis of PFS for sTKa levels at different time points in the study.

C2D1

CIDI15

Baseline

P value
<0.0001
0.7877
0.0631
0.0783
0.8713

HR (95% CI)

P value
<0.0001
0.9037
0.0431
0.2096
0.8085

HR (95% CT)

P value
0.0002
0.9147
0.2097
0.0612
0.6860

HR (95% CI)

Characteristic

3.05 (1.98, 4.69)
1.06 (0.70, 1.59)

2.62 (1.64, 4.20)
0.98 (0.65, 1.46)
1.69 (1.02, 2.80)
0.75 (0.48, 1.17)
0.94 (0.55, 1.59)

2.21 (1.45, 3.37)
C, cycle; CI, confidence interval; D, day; HR, hazard ratio; PFS, progression-free survival; sTKa, serum thymidine kinase activity.

0.98 (0.66, 1.45)

sTKa levels at time point (high versus low)

Recurrent versus de novo disease

1.63 (0.97, 2.74)
0.66 (0.41, 1.05)

1.38 (0.83, 2.27)
0.65 (0.42, 1.02)
0.9 (0.53, 1.51)

Tumour type (luminal B versus luminal A)

No visceral metastases versus visceral metastases

1.05 (0.61, 1.81)

>3 organs involved by metastases versus <3 organs involved by metastases
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assessment of this biomarker at baseline and during the
first treatment cycle; this may represent a new strategy
for patient stratification for clinical trials. Further stu-
dies are needed to ascertain the clinical utility of sTKa
as a biomarker to guide treatment tailoring.
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