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Abstract  

Background 
Chemo- and radiotherapy improve outcomes for women with breast cancer (BC), yet 
their use may lead to cardiotoxicity years after the initial treatment. The 
pathophysiology behind these late effects are poorly understood. Therefore, we 
studied a large panel of biomarkers in long-term BC survivors and compared these to 
matched controls. 
 
Patients and methods  
A panel of 91 biomarkers from different pathophysiological domains was measured in 
342 BC survivors stratified either to treatment with chemotherapy with or without 
radiotherapy (N=170) or radiotherapy-only (N=172) and compared to age and primary 
care physician matched controls. Lastly, we investigated the association of differentially 
expressed biomarkers with left ventricular ejection fraction (LVEF). 
 
Results 
Mean age was 59(±9) years and 65(±8) years respectively for women treated with 
chemotherapy+/-radiotherapy and radiotherapy-only, with a median time since 
diagnosis of 10 years (IWR 7-14 years). No biomarkers were elevated in survivors 
treated with radiotherapy-only vs. controls (P for all >0.1). In total, 19 biomarkers were 
elevated in BC survivors treated with chemotherapy ±radiotherapy after correction for 
multiple comparisons (P-value <0.05 for all), which were associated with inflammation 
and previous treatment with anti-hormonal therapy. Several inflammatory biomarkers 
including GDF15 and TNF super family member 13b, elevated in survivors treated with 
chemotherapy, showed an independent association with lower LVEF 

 
Conclusion  
BC survivors treated with chemotherapy ±radiotherapy show a distinct biomarker 
profile associated inflammation and cardiac dysfunction even 10 years after diagnosis. 
These results suggest that an ongoing pro-inflammatory state following initial 
treatment with chemotherapy might play a role in the observed cardiac dysfunction in 
BC survivors. 
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Introduction 
Breast cancer (BC) is the most common cancer in women affecting over 500.000 
patients in Europe in 2018. Improved oncological treatment has reduced mortality in 
patients with breast cancer (BC).  An unfortunate complication of anthracycline-
based chemotherapy, trastuzumab and radiotherapy is the development of 
cardiotoxicity and cardiovascular disease (CVD).107, 157-159 

Yet, the pathophysiological mechanisms leading to cardiotoxicity are poorly 
understood.  The effects of oncological treatment depend on the treatment modality 
used (for example radiotherapy, chemotherapy, or both) and dosage received. In the 
acute phase, treatment with chemotherapy may lead to necrosis, apoptosis and cell 
loss.  Agents like doxorubicin can cause oxidative stress by increasing the production 
of reactive oxygen species (ROS).  Furthermore, treatment can cause damage to 
endothelial cells and subsequent inflammation, leading to cardiac fibrosis.  

Biomarkers can be useful to study possible pathophysiological changes in 
disease and following treatment.  Data on differences in biomarker profiles of 
long-term BC survivors is lacking. Therefore, we studied biomarker profiles in long-term 
BC survivors stratified to treatment modality compared to age- and primary care 
physician (PCP) matched controls.  
 
Material & Methods 
Study population 
This study included BC survivors and age and primary care physician matched controls 
from the Breast cancer Long-term OutCome (BLOC) study, of which design and results 
have been published previously.  Between 2013 and 2016, the BLOC study enrolled 

physician (PCP) matched control women never diagnosed with cancer. Of the 350 
survivors of BC, 175 patients were post operatively treated with radiotherapy-only and 
175 with chemotherapy with or without radiotherapy. Biomarkers measurements were 
available in 342 survivors and 346 controls (total 688 participants) of the original study 
cohort. The medical ethical committee of the University Medical Center Groningen 
(UMCG) approved this study and all participants gave written informed consent. The 
study was registered on clinicaltrials.gov [ID: NCT01904331]. All subjects provided 
informed consent and this study was performed in accordance with the declaration of 
Helsinki. 

5
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Study assessment and biomarker measurements 
Data on previous medical history and medication use were collected from electronic 
patient files from the PCP based on the ICPC codes for CV risk factors and CVD at time 
of cross-sectional measurement and at a time of anti-cancer treatment. Additional 
information such as smoking history, alcohol consumption and a family history of CVD 
were answered by participants through a questionnaire. Furthermore, all participants 
underwent a physical examination at inclusion, determining blood pressure, BMI and 
waist circumference. Renal function was assessed by calculation of eGFR from serum 
creatinine. Radiotherapy in the Netherlands consists of Linac-based photon tangential 
fields up to a dose of 50 Gy with or without a boost. In addition, two-dimensional 
echocardiography was performed at the University Medical Centre Groningen (UMCG) 
by experienced blinded staff using the biplane Simpson’s method according to the 
guidelines of the European Association of Echocardiography.  Blood samples were 
drawn before echocardiographic assessment and directly analysed for lipid spectrum, 
renal function and glucose. Additionally, lithium-heparin plasma samples were 
immediately stored at -80 for biomarker assessment. 
 Biomarker analyses were performed at Olink Bioscience (Uppsala, Sweden) 
using the Olink Proseek Olink Proseek® Multiplex CVD III I96x96 kit, which measures 92 
CV-related proteins simult es.  The kit is based on a 
proximity extension assay technology, where 92 oligonucleotide-labelled antibody 
pairs are allowed to bind to their respective targets. This technique has a major 
advantage over conventional multiplex assays, in that only correctly matched antibody 
pairs provide a signal, giving a very high specificity. Amplicons were quantified using a 
Fluidigm BioMark™ HD real-time PCR platform, which provides normalized protein 
expression (NPX) data, where a high protein value corresponds to a high protein 
concentration. An overview of disease domains of biomarkers involved is provided in 
supplementary table 1. Intra- and inter- assay coefficients of variation are reported in 
supplementary table 2.  
 
Statistics 
Baseline characteristics were compared between patients previously treated with 
chemotherapy +/- or radiotherapy-only and their respective matched controls using 
Students’ t-test, the Mann-Whitney-U test or the Chi-2 test depending on the nature 
and distribution of the variable. Biomarker profiles between BC survivors and 
respective controls were compared using logistic regression analyses stratified to 
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treatment modality, correcting for age, BMI, renal function and a diagnosis of CVD in 
multivariable analyses. Sensitivity analysis was performed by repeating our analyses in 
subjects who received chemotherapy alone compared to matched controls. To correct 
for multiple comparisons, we used a false-discovery-rate (FDR) of 0.1 using the 
Benjamini-Hochberg method. Functional characterization of biomarkers found was 
performed using the Enrichr tool, using gene ontology (GO) terms.  In exploratory 
analyses, we investigated the association between the biomarkers found and different 
treatment modalities of chemotherapy by restricting analyses to survivors previously 
treated with anthracyclines, but not anti-hormonal therapy vs controls and to survivors 
treated with anti-hormonal therapy, but not anthracyclines. In both instances, we only 
corrected for age and any history of CVD, given the smaller number of cases. Lastly, we 
investigated the association of biomarkers with left ventricular ejection fraction (LVEF). 
The association of biomarkers with LVEF was tested using multivariable linear 
regression analysis, correcting for age, renal function, BMI, history of or current 
cardiovascular disease, treatment with anti-hormonal therapy and treatment with 
radiotherapy. All analyses were performed using R, version 3.5.1.  
 
Results 
Study population 
BC survivors treated with radiotherapy-only had a slightly higher prevalence of diabetes 
(12% vs 5%, P=0.016) compared to controls and were more often on beta-blockers (19% 
vs 11%, P= 0.044). BC survivors treated with chemotherapy +/- radiotherapy more often 
used ACE-inhibitors (19% vs 11%, P=0.03), anticoagulants (11% vs 5%, P =0.025) and 
antiplatelet therapy (9% vs 3%, P =0.026). Survivors treated with chemotherapy +/-
radiotherapy had a mean age of 59 years (± 9), survivors treated with radiotherapy-
only had a mean age of 65 (± 8). In the group treated with chemotherapy, 81% was 
treated with anthracyclines and 68.6% received additional radiotherapy. The median 
cumulative anthracycline doses for the chemotherapy was 238 (IQR 228-240) mg/m2. 
108 (62%) survivors treated with chemotherapy +/- radiotherapy were also treated 
with anti-hormonal therapy, while 38 (22%) of survivors treated with radiotherapy-only 
were also treated with anti-hormonal therapy. Among survivors treated with anti-
hormonal therapy, a combination of tamoxifen and aromatase inhibitors were most 
often used in both treatment groups (table 1). Median follow-up time after diagnosis 
was 10 (IQR 7-14) years.  
  

5
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Table 6 Baseline characteristics at time of assessment of survivors treated with chemotherapy ± radiotherapy (N = 
172), with radiotherapy only (N=170, and matched controls (N=346) 

 Control 
(N = 172) 

Radiothera
py-only 

(N = 170) 

 
 
 

Control 
(N = 174) 

chemotherapy ± 
radiotherapy (N = 

172) 

 
 
 

Demographics Mean (SD) Mean (SD) p-value Mean (SD) Mean (SD) p-value 
  Age (years) 64.8 (6.9) 65.2 (7.5) 0.59 59.6 (9.1) 59.3 (9.2) 0.71 
  BMI (kg/m2) 26.9 (4.8) 26.9 (5.5) 0.97 25.9 (4.3) 26.2 (4.0) 0.52 
  Follow-up(years) - 11.6 (5.2)  - 11.3 (5.5)  
Prior treatment  N (%)   N(%)  
  Trastuzumab  0 (0)   13 (9)  
  Cumulative AC(mg/m2)     258 (59-423)  
 Anti-hormonal  38 (22)   108 (62)  
  Tamoxifen  10 (26)   23 (21)  
  Aromatase inhibitor  4 (11)   13 (12)  
  Both  21 (55)   62 (57)  
  Other  2 (5)   9 (8)  
  Unknown   1 (3)   1 (1)  
Medical history N (%) N (%)  N (%) N (%)  
  Hypertension 61 (35.5) 60 (35.3) 0.97 42 (24.1) 46 (26.7) 0.58 
  Diabetes 8 (4.7) 20 (11.8) 0.016 7 (4.0) 9 (5.2) 0.59 
  Dyslipidemia 30 (17.4) 32 (18.8) 0.74 28 (16.1) 21 (12.2) 0.3 
  Artificial heart valve 2 (1.2) 1 (0.6) 0.57 0 (0.0) 1 (0.6) 0.31 
  Other CVD 6 (3.5) 14 (8.2) 0.061 8 (4.6) 15 (8.7) 0.12 
  Heart failure 2 (1.2) 0 (0.0) 0.16 1 (0.6) 1 (0.6) 0.99 
  Atrial fibrillation 4 (2.3) 6 (3.5) 0.51 1 (0.6) 4 (2.3) 0.17 
Medication       
  Ace-inhibitors 23 (13.4) 31 (18.2) 0.22 19 (10.9) 33 (19.2) 0.031 
  Beta-blockers 19 (11.0) 32 (18.8) 0.044 14 (8.0) 21 (12.2) 0.2 
  CCB 13 (7.6) 7 (4.1) 0.18 9 (5.2) 7 (4.1) 0.63 
  Diuretics 26 (15.1) 18 (10.6) 0.21 12 (6.9) 13 (7.6) 0.81 
  Anticoagulants 11 (6.4) 18 (10.6) 0.16 8 (4.6) 19 (11.0) 0.025 
  Antiplatelet therapy 5 (2.9) 13 (7.6) 0.05 6 (3.4) 16 (9.3) 0.026 
  Statins 26 (15.1) 30 (17.6) 0.53 13 (7.5) 23 (13.4) 0.072 
Laboratory Mean (SD) Mean (SD) p-value Mean (SD) Mean (SD) p-value 
  HDL-cholesterol 1.8 (0.5) 1.7 (0.4) 0.038 1.8 (0.5) 1.7 (0.5) 0.77 
  Total cholesterol 5.7 (1.0) 5.6 (1.1) 0.73 5.6 (1.2) 5.5 (1.1) 0.9 
  Triglycerides 1.2 (0.7) 1.4 (0.8) 0.13 1.3 (0.7) 1.3 (0.8) 0.43 
  LDL-cholesterol 3.5 (1.0) 3.5 (1.1) 0.7 3.5 (1.1) 3.4 (1.0) 0.6 
  Glucose 5.6 (1.0) 5.9 (1.7) 0.063 5.5 (1.0) 5.5 (1.0) 0.73 

  C-reactive protein 1.4  
(0.8, 3.0) 

1.7 
 (0.9, 4.0) 0.19 1.4 (0.8, 

3.0) 1.9 (1.0, 4.0) 0.017 

  NT-proBNP 82.0 (50.5, 
140.5) 

97.0 (51.0, 
160.0) 0.15 71.5 (46.0, 

125.0) 97.5 (58.0, 148.5) 0.002 

Echocardiography       

  LVEF (mean, range) 59.0 (57.5, 
61.5) 

58.0 (55.0, 
62.0) 0.11 59.0 (57.0, 

62.0) 57.5 (55.0,60.0) <0.001 

  LVEF < 54% 13 (7.7) 27 (16.3) 0.016 13 (7.5) 25 (15.0) 0.029 
  E’septal 7 (6, 9) 7 (6, 9) 0.73 8 (7, 10) 8 (6,9) 0.31 

  E’lateral 10 (8, 11) 9 (7, 11) 0.416 10.7 (8.8, 
12.4) 10.4 (7.9, 12.4) 0.23 

( ) Tested with Students’ t-test, the Mann-Whitney-U test or the Chi-2 test depending on the nature and distribution of 
the variable  
Abbreviations: AC, anthracycline; BMI, body mass index; CCB, calcium channel blockers; eGFR, estimated glomerular 
filtration index; HDL, high-density lipoprotein; LDL, low density lipoprotein; LV, left ventricular; LVEF, left ventricular 
ejection fraction; NT-proBNP, N-terminal pro-B-type natriuretic peptide. 
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Study assessment and biomarker measurements 
No significant differences were found in biomarker levels between BC survivors treated 
with radiotherapy-only and controls (Figure 1A). In sharp contrast, 19 biomarkers 
related to inflammation and arteriosclerosis had significantly higher levels in survivors 
treated with chemotherapy +/-radiotherapy compared to matched controls (Figure 
1A). After multivariable adjustment for age, BMI, renal function and a diagnosis of CVD, 
all these 19 biomarkers remained significantly higher in survivors treated with 
chemotherapy +/-radiotherapy compared to controls (Figure 1B). Further correction 
for LVEF did not affect our results (P for all <0.05). Biomarker levels were not associated 
to time since treatment (P>0.1 for all). Functional characterization of these biomarkers 
revealed that these were associated with positive regulation of macrophage 
chemotaxis and positive regulation of macrophage migration (Figure 2).  

To exclude the possibility that biomarkers found elevated in the chemotherapy 
± radiotherapy group were the consequence of the higher prevalence of current and 
past CVD events, we performed additional sensitivity analyses restricting our analyses 
to BC survivors without any history of CVD. This analysis did not affect our findings. 
Secondly, to exclude the possibility that the biomarkers found elevated were the 
consequence of a combination of radiotherapy and chemotherapy, we performed 
analyses restricting to BC survivors only treated with chemotherapy, which showed 
similar results. When looking at the association of biomarkers found within BC survivors 
stratified to treatment modality (hormonal therapy vs. anthracyclines), we observed 
that the majority of biomarkers increased in BC survivors treated with chemotherapy ± 
radiotherapy, were associated with prior treatment with anti-hormonal therapy rather 
than anthracyclines (supplementary table 3). When further stratifying to type of 
antihormonal therapy (tamoxifen, aromatase inhibitor or both), survivors treated with 
aromatase inhibitors alone had higher levels of PCSK9 (beta 0.22, P= 0.024), CXCL16 
(beta 0.20, P= 0.041) and MCP1 (beta =0.24, P=0.016) compared to those treated with 
tamoxifen alone after correction for age, BMI, history or current CVD, treatment with 
radiotherapy and treatment with anthracyclines.  

 
 

 
  

5
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Figure 1 (A) heatmap depicting -log10(p-value) of biomarker associations with the chemotherapy/radiotherapy and 
radiotherapy group vs. age- and sex matched controls. Red signifies P<0.05 while blue signifies P>0.05. (B) Forest 
plot depicting multivariable odds ratios for biomarker levels in survivors treated with chemotherapy +/-
radiotherapy versus controls

Figure 2 bar graph depicting results of pathway analyses. The Y-axis shows the top 10 upregulated pathways, while 
the X-axis showed the combined score presented by Enrichr. 

Protein auto processing

Regulation of positive chemotaxis

Positive regulation of macrophage chemotaxis

Positive regulation of macrophage migration

Low density lipoprotein particle receptor catabolic process

Protein processing

Regulation of low-density lipoprotein particle clearance

Negative regulation of membrane 
protein ectodomain proteolysis

Cell chemotaxis

Angiogenesis maturation
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Association with left ventricular ejection fraction  
Higher levels of TNF super family member 13b (TNFSF13B), monocyte chemoattractant 
protein 1 (MCP1), growth differentiation factor 15 (GDF15), Chemokine (C-X-C motif) 
ligand 16 (CXCL16), peptidase inhibitor 3 (PI3), insulin growth factor binding protein 7 
(IGFBP7), PCSK9, osteopontin (OPN) and perlecan (PLC) showed a significant 
association (P for all <0.05) with lower LVEF in the group treated with chemotherapy 
+/- radiotherapy, independent of age, renal function, BMI, history of or current 
cardiovascular disease, treatment with anti-hormonal therapy and treatment with 
radiotherapy (Table 2).  
 
 
Table 2.   Association of biomarkers with left ventricular ejection fraction after correction for age, renal function, 
BMI, history of or current cardiovascular disease, treatment with anti-hormonal therapy and treatment with 
radiotherapy in survivors treated with chemotherapy and/or radiotherapy 

Biomarker Standardized beta P-value 

TNSF13B -0.18 0.02 

Gal4 -0.11 0.184 

MCP1 -0.21 0.011 

KLK6 0.01 0.864 

FABP4 -0.2 0.033 

GDF15 -0.26 0.002 

SCGB3A2 0.03 0.739 

RARRES2 -0.2 0.017 

CXCL16 -0.19 0.019 

PI3 -0.17 0.041 

IGFBP7 -0.18 0.026 

CNTN1 -0.15 0.06 

TIMP4 -0.08 0.294 

OPN -0.16 0.04 

PCSK9 -0.16 0.041 

PLC -0.21 0.011 

CTSZ -0.11 0.16 

Gal3 -0.14 0.079 

TFPI -0.15 0.05 

 

5

141080-Boerman_BNW.indd   87 08-01-20   08:48



Chapter 5 
 

 88 

Discussion 

The alarming results of this study show that BC survivors treated with chemotherapy 
have increased levels of inflammatory markers even more than 10 years following 
systemic anti-cancer treatment. This suggests a possible persistent pro-inflammatory 
state in BC survivors following treatment with hormonal therapy. This pro-
inflammatory state might be an important risk factor for CV events in BC survivors 
previously treated with chemotherapy. 

This is the first study of its kind studying a large panel of biomarkers in late BC 
survivors. Previous studies investigated biomarkers during or right after treatment.

 Furthermore, in previous studies biomarkers were used to predict future cardiac 
events. Particularly troponin-I and T have shown promise in predicting cardiotoxicity 
following anti-cancer treatment and suggest that direct cardiac damage might be a 
causative factor in early onset cardiotoxicity.  We found no differences in 
biomarker profiles in survivors treated with radiotherapy-only vs. controls. This can 
potentially be explained by the relatively low-dose of radiotherapy received and the 
relatively modern machines used in administering radiotherapy, which greatly reduce 
the radiation dosages.  
 In contrast, a considerable number of biomarkers were elevated in BC survivors 
treated with chemotherapy. These biomarkers were primarily associated with 
inflammatory pathways. Scuric et al. found that BC survivors treated with chemo- 
and/or radiotherapy had higher markers of cellular aging, including more DNA damage 
and lower telomerase activity. These markers of cellular aging were associated with 
higher levels of pro-inflammatory cytokines including soluble tumor necrosis factor 
receptor II (sTNF-RII) and objective measures of cognitive performance.  In 
addition, increases in pro-inflammatory cytokines during and after anti-cancer 
treatment are related to increased fatigue and depression and an important risk factor 
for future CV events.  Pro-inflammatory and cardiac remodelling markers 
including growth differentiation factor 15, galectin-3 and IGFBP7 are associated with 
incident CV events and heart failure.  Epigenetic imprinting might be responsible 
for this pro-inflammatory state — a previous study in BC patients showed that 
treatment with chemotherapy left an epigenetic imprint leading to increased 
inflammation. Furthermore, this imprint was associated with symptoms of depression 
and fatigue long after treatment.  Importantly, our results showed that a number 
of biomarkers including inflammatory marker TNFSF13B, remodelling markers IGFBP7, 
TIMP4, PLC and OPN, were independently associated with lower LVEF. This suggests a 
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possible functional link between inflammatory/remodelling biomarkers and cardiac 
dysfunction in BC survivors treated with chemotherapy.  
 Interestingly, the majority of markers increased in survivors treated with 
chemotherapy ± radiotherapy, were associated with prior treatment with anti-
hormonal therapy. Particularly, a number of biomarkers including PCSK9, CXCL16 and 
MCP1 were higher in survivors previously treated with aromatase inhibitors, suggesting 
that the possible increased inflammatory markers in BC survivors in the chemotherapy 
± radiotherapy group might be mediated by the higher prevalence of treatment with 
anti-hormonal therapy. Aromatase inhibitors reduce oestrogen concentrations by 
inhibiting conversion of androgens to oestradiol by the aromatase enzyme.  
Oestrogens have a cardio-protective effects   and it has been hypothesized that 
oestrogens are in part responsible for the lower risk of CV and heart failure in 
women.  Reducing oestrogens by aromatase inhibitors, especially when used 
adjuvantly for a longer period of time, might increase future risk of CVD and heart 
failure in BC survivors. Yet, data on the safety for CV events of aromatase inhibitors 
compared to tamoxifen are mixed.  Our data suggest that compared to survivors 
treated with tamoxifen, treatment with aromatase inhibitors might be in part 
responsible for the unfavourable biomarker profile of BC survivors. Nevertheless, 
results of our cross-sectional studied were not powered to perform these types of 
analyses and should thus be confirmed in future studies.  
 The findings of this study suggest that BC survivors might benefit from anti-
inflammatory treatment. Treatment of inflammation via interleukin-
prevented recurrent CV events in the Canakinumab Anti-inflammatory Thrombosis 
Outcome Study (CANTOS) study. Therefore, anti-inflammatory drugs might be relevant 
for breast-cancer survivors.  In this study, survivors previously treated with 
chemotherapy showed higher levels of proprotein convertase subtilisin/kexin type 
9(PCSK9), which is an important risk factor for the development of arteriosclerosis , 
suggesting that BC survivors might benefit from specific treatment modalities and close 
follow up.  
 
Limitation 
This study only included women who survived BC for at least 5 years after diagnosis 
and are therefore perhaps healthier than patients at the time of treatment, therefore 
the effect of the biomarkers found in this study, might be escalated in the direct phase 
of treatment. Furthermore, the risk for CV events might have been over-estimated in 
the BLOC study due to non-participation of controls with higher rates of (previous) CV 

5
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events. Lastly, the cross-sectional design and type of analysis used excludes inference 
of causality. 
 
Conclusion 
Late BC survivors treated with systemic chemotherapy are subject to increases in 
biomarkers related to inflammatory processes compared to matched controls. These 
increases were independent of time since treatment, suggesting a persistent 
pathological response following treatment. Furthermore, previous treatment with 
aromatase inhibitors was associated with this pro-inflammatory biomarker profile, 
suggesting a mediating effect. Lastly, many of these biomarkers were associated with 
cardiac dysfunction, suggesting a possible functional link between a pro-inflammatory 
state in BC survivors and cardiac dysfunction. 

Disclosure 
None 
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Supplementary table 1 overview of disease domains of biomarkers 

Biomarker Wo
und 
heal
ing 

Resp
onse 

to 
pepti

de 
horm
one 

Hyp
oxia 

Prote
olysis 

Platel
et 

activ
ation 

MA
PK 
casc
ade 

Inflam
mation 

Coagu
lation 

Chem
otaxis 

Cell 
adhe
sion 

Angiogene
sis/blood 

vessel 
morphoge

nesis 

Cata
bolic 
proce

ss 

Ot
her 

N              

Aminopepti
dase N (AP-
N) 

          X X  

Azurocidin 
(AZU1) 

   X   X  X X    

Bleomycin 
hydrolase 
(BLM 
hydrolase) 

   X          

C-C motif 
chemokine 
15 (CCL15) 

     X X  X     

C-C motif 
chemokine 
16 (CCL16) 

     X X  X     

C-C motif 
chemokine 
22 (CCL22) 

     X X  X     

C-C motif 
chemokine 
24 (CCL24) 

     X X  X  X   

C-X-C 
motif 
chemokine 
16 
(CXCL16) 

        X     

Cadherin-5 
(CDH5) 

         X    

Carboxype
ptidase A1 
(CPA1) 

   X          

Carboxype
ptidase B 
(CPB1) 

            X 

Caspase-3 
(CASP-3) 

X  X X      X  X  

Cathepsin 
D (CTSD) 

           X  

Cathepsin Z 
(CTSZ) 

   X        X  

CD166 
antigen 
(ALCAM) 

        X X    

Chitinase-
3-like 
protein 1 
(CHI3L1) 

     X X    X   

Chitoriosid
ase-1 
(CHIT1) 

           X  

Collagen 
alpha-1 (I) 
chain 
(COL1A1) 

X X   X   X  X  X  

Complemen
t 
component 
C1q 
receptor 
(CD93) 

         X  X  

Contactin-1 
(CNTN1) 

         X    

Cystatin-B 
(CSTB) 

   X          

E-selectin 
(SELE) 

      X   X    

5
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Elafin (PI3)             X 

Ephrin 
type-B 
receptor 4 
(EPHB4) 

         X X   

Epidermal 
growth 
factor 
receptor 
(EGFR) 

     X    X  X  

Epithelial 
cell 
adhesion 
molecule 
(Ep-Cam) 

         X    

Fatty acid-
binding 
protein 
4(FABP4) 

      X     X  

Galectin-3 
(Gal-3) 

        X X    

Galectin-4 
(Gal-4) 

         X    

Granulins 
(GRN) 

            X 

Growth 
differentiati
on factor 15 
(GDF-15) 

     X        

Insulin-like 
growth 
factor-
binding 
protein 1 
(IGFBP-1) 

X X            

Insulin-like 
growth 
factor-
binding 
protein 2 
(IGFBP-2) 

         X    

Insulin-like 
growth 
factor-
binding 
protein 7 
(IGFBP-7) 

         X    

Integrin 
beta-2 
(ITGB2) 

      X  X X X   

Intercellula
r adhesion 
molecule 2 
(ICAM-2) 

         X    

Interleukin-
1 receptor 
type 1 (IL-
1RT1) 

      X       

Interleukin-
1 receptor 
type 2 (IL-
1RT2) 

            X 

Interleukin-
17 receptor 
A (IL-
17RA) 

      X       

Interleukin-
18 binding 
protein (IL-
18BP) 

            X 

Interleukin-
2 receptor 
subunit 
Alpha (IL2-
RA) 

     X X   X    

Interleukin-
6 receptor 
subunit 

     X X  X     
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Alpha (IL6-
RA) 
Junctional 
adhesion 
molecule A 
(JAM-A) 

      X       

Kallikrein-
6 (KLK6) 

X   X        X  

Low-
density 
lipoprotein 
receptor 
(LDL 
receptor) 

           X  

Lympotoxi
n-beta 
receptor 
(LTBR) 

     X X       

Matrix 
extracellula
r 
phosphogly
coprotein 
(MEPE) 

            X 

Matrix 
metalloprot
einase-2 
(MMP-2) 

  X X       X X  

Matrix 
metalloprot
einase-3 
(MMP-3) 

   X        X  

Matrix 
metalloprot
einase-9 
(MMP-9) 

   X        X  

Metalloprot
einase 
inhibitor 4 
(TIMP4) 

 X  X        X  

Monocypte 
chemotactic 
protein 1 
(MCP-1) 

 X X   X X  X X X   

Myeloblasti
n (PRTN3) 

X       X    X  

Myeloperox
idase 
(MPO) 

           X  

Myoglobin 
(MB) 

  X           

NT-
proBNP 

            X 

Neurogenic 
locus notch 
homolog 
protein 3 
(NOTCH3) 

          X   

Osteoponti
n (OPN) 

      X   X    

Osteoprote
gerin 
(OPG) 

     X        

P-selectin 
(SELP) 

X    X  X X  X    

Paraoxnase 
(PON3) 

           X  

Peptidoglyc
an 
recognition 
protein 1 
(PGLYRP1
) 

      X     X  

Perlecan 
(PLC) 

          X X  

Plasminoge
n activator 

X   X   X X X X X   
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inhibitor 1 
(PAI) 
Platelet 
endothelial 
cell 
adhesion 
molecule 
(PECAM-1) 

         X    

Platelet-
derived 
growth 
factor 
subunit A 
(PDGF 
subunit A) 

X  X  X X  X   X   

Proprotein 
convertase 
subtillisin/k
exin type 9 
(PCSK9) 

 X  X        X  

Protein 
delta 
homolog 1 
(DLK-1) 

            X 

Pulmonary 
surfactant-
associated 
protein D 
(PSP-D) 

        X X    

Resistin 
(RETN) 

 X            

Retinoic 
acid 
receptor 
responder 
protein 2 
(RARRES2
) 

 X     X  X   X  

Scavenger 
receptor 
cysteine-
rich type 1 
protein 
m130 
(CD163) 

      X       

Secretoglob
in family 3A 
member 2 
(SCGB3A2) 

            X 

Spondin-1 
(SPON1) 

         X    

ST2 protein 
(ST2) 

      X       

Tartrate-
resistant 
acid 
phosphatas
e type 5 
(TR-AP) 

      X   X    

Tissue 
factor 
pathway 
inhibitor 
(TFPI) 

X       X      

Tissue-type 
plasminoge
n activator 
(t-PA) 

X  X X    X      

Trassferrin 
receptor 
protein 1 
(TR) 

  X    X       

trefoil 
factor 3 
(TFF3) 

            X 

Trem-like 
transcript 2 
protein 
(TLT-2) 

         X    
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Tumor 
necrosis 
factor 
ligand 
superfamily 
member 
13B 
(TNFSF13B
) 

            X 

Tumor 
necrosis 
factor 
receptor 1 
(TNF-R1) 

      X       

Tumor 
necrosis 
factor 
receptor 2 
(TNF-R2) 

   X  X X     X  

Tumor 
necrosis 
factor 
receptor 
superfamily 
member 
10C 
(TNFRSF1
0C) 

      X       

Tumor 
necrosis 
factor 
receptor 
superfamily 
member 14 
(TNFRSF1
4) 

     X X   X    

Tumor 
necrosis 
factor 
receptor 
superfamily 
member 6 
(FAS) 

 X X X  X X   X    

Tyrosine-
protein 
kinase 
receptor 
UFO (AXL) 

X    X  X X  X    

Tyrosine-
protein 
phosphatas
e non-
receptor 
type 
substrate 1 
(SHPS-1) 

         X    

Urokinase 
plasminoge
n activator 
surface 
receptor (U-
PAR) 

X   X    X      

Urokinase-
type 
plasminoge
n activator 
(uPA) 

X  X X    X X X X   

von 
Willebrand 
factor 
(vWF) 

X       X     X   X       
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Supplementary table 2 intra- and inter- assay coefficients of variation 

 Analytical measurement Precision 
 pg/mL log10 % CV 
Target LOD LLOQ ULOQ Hook  Range Intra Inter 
Tumor necrosis factor receptor superfamily 
member 14 (TNFRSF14) 0.2 1.0 15625 31250 4.2 7.8 10.3 
Low-density lipoprotein receptor (LDL receptor) 1.9 1.9 31250 31250 4.2 8.0 9.4 
Integrin beta-2 (ITGB2) 1.9 7.6 62500 62500 3.9 8.4 10.9 
Interleukin-17 receptor A (IL-17RA) 1.0 1.0 31250 62500 4.5 7.6 10.0 
Tumor necrosis factor receptor 2 (TNF-R2) 1.9 3.8 31250 62500 3.9 7.8 9.7 
Matrix metalloproteinase-9 (MMP-9) 244.1 244.1 500000 500000 3.3 8.4 12.2 
Ephrin type-B receptor 4 (EPHB4) 7.6 7.6 62500 125000 3.9 7.9 8.8 
Interleukin-2 receptor subunit alpha (IL2-RA) 0.1 0.1 1953 7812 4.5 7.6 8.3 
Osteoprotegerin  (OPG) 0.5 1.0 15625 31250 4.2 8.1 10.7 
CD166 antigen (ALCAM) 0.2 0.2 7812 15625 4.5 7.0 8.3 
Trefoil factor 3 (TFF3) 0.2 0.2 3906 7812 4.2 7.7 8.8 
P-selectin (SELP) 0.1 0.5 15625 15625 4.5 7.8 9.8 
Cystatin-B (CSTB) 1.0 1.9 7812 15625 3.6 7.6 9.4 
Monocyte chemotactic protein 1 (MCP-1) 0.1 0.1 1953 3906 4.2 7.9 11.5 
Scavenger receptor cysteine-rich type 1 protein 
M130 (CD163) 3.8 7.6 62500 62500 3.9 6.7 8.6 
Galectin-3 (Gal-3) 30.5 30.5 62500 62500 3.3 7.6 9.2 
Granulins (GRN) 61.0 61.0 62500 62500 3.0 7.4 10.9 
Matrix extracellular phosphoglycoprotein (MEPE) 61.0 61.0 62500 62500 3.0 8.7 11.7 
Bleomycin hydrolase (BLM hydrolase) 7.6 15.3 62500 62500 3.6 7.7 10.8 
Perlecan (PLC) 7.6 15.3 62500 125000 3.6 7.3 9.0 
Lymphotoxin-beta receptor (LTBR) 0.2 0.5 15625 15625 4.5 7.6 10.5 
Neurogenic locus notch homolog protein 3  
(Notch 3) 1.9 3.8 62500 62500 4.2 8.7 9.5 
Metalloproteinase inhibitor 4 (TIMP4) 3.8 7.6 31250 62500 3.6 9.0 12.1 
Contactin-1 (CNTN1) 3.8 7.6 31250 62500 3.6 7.5 9.3 
Cadherin-5 (CDH5) 122.1 122.1 125000 125000 3.0 11.0 12.4 
Trem-like transcript 2 protein (TLT-2) 3.8 3.8 15625 31250 3.6 7.9 11.9 
Fatty acid-binding protein, adipocyte (FABP4) 1.9 1.9 15625 62500 3.9 8.2 9.2 
Tissue factor pathway inhibitor (TFPI) 3.8 7.6 31250 62500 3.6 8.8 12.0 
Plasminogen activator inhibitor 1 (PAI) 1.0 1.0 15625 15625 4.2 7.9 9.9 
C-C motif chemokine 24 (CCL24) 1.0 1.9 7812 15625 3.6 9.2 13.3 
Transferrin receptor protein 1 (TR) 30.5 61.0 125000 125000 3.3 6.4 8.6 
Tumor necrosis factor receptor superfamily 
member 10C (TNFRSF10C) 0.1 0.1 3906 7812 4.8 7.4 10.0 
Growth/differentiation factor 15 (GDF-15) 1.0 1.0 15625 15625 4.2 8.9 11.4 
E-selectin (SELE) 3.8 3.8 7812 15625 3.3 6.9 9.5 
Azurocidin (AZU1) 7.6 7.6 15625 31250 3.3 7.4 7.8 
Protein delta homolog 1 (DLK-1) 3.8 3.8 31250 62500 3.9 8.2 10.7 
Spondin-1  (SPON1) 122.1 122.1 62500 125000 2.7 8.0 12.0 
Myeloperoxidase (MPO) 7.6 7.6 7812 15625 3.0 6.6 8.2 
C-X-C motif chemokine 16 (CXCL16) 1.9 3.8 31250 62500 3.9 8.6 11.8 
Interleukin-6 receptor subunit alpha (IL-6RA) 0.1 0.2 7812 15625 4.5 7.7 9.4 
Resistin (RETN) 0.1 0.1 7812 15625 5.1 7.4 13.0 
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Insulin-like growth factor-binding protein 1  
(IGFBP-1) 15.3 15.3 125000 125000 3.9 7.8 9.6 
Chitotriosidase-1 (CHIT1) 15.3 15.3 31250 62500 3.3 7.7 10.5 
Tartrate-resistant acid phosphatase type 5 (TR-AP) 1.9 7.6 15625 62500 3.3 7.4 10.4 
C-C motif chemikine 22 (CCL22) 61.0 61.0 15625 15625 2.4 8.2 14.9 
Pulmonary surfactant-associated protein D (PSP-D) 15.3 15.3 62500 125000 3.6 9.2 9.1 
Elafin (PI3) 1.0 15.3 15625 15625 3.0 8.2 12.9 
Epithelial cell adhesion molecule (Ep-CAM) 0.5 1.0 15625 62500 4.2 8.2 11.4 
Aminopeptidase N (AP-N) 61.0 122.1 125000 125000 3.0 7.3 8.0 
Tyrosine-protein kinase receptor UFO (AXL) 0.5 1.0 15625 15625 4.2 7.8 10.7 
Interleukin-1 receptor type 1 (IL-1RT1) 0.0 0.0 3906 31250 5.1 8.0 10.3 
Matrix metalloproteinase-2 (MMP-2) 61.0 122.1 62500 125000 2.7 9.2 13.1 
Tumor necrosis factor receptor superfamily 
member 6 (FAS) 0.5 1.0 15625 62500 4.2 7.7 12.2 
Myoglobin (MB) 0.1 0.1 7812 31250 5.1 7.9 14.8 
Tumor necrosis factor ligand superfamily member 
13B (TNFSF13B) 0.2 0.5 15625 31250 4.5 8.0 11.7 
Myeloblastin (PRTN3) 0.5 7.6 31250 62500 3.6 8.2 14.2 
Proprotein convertase subtilisin/kexin type 9 
(PCSK9) 122.1 122.1 125000 1000000 3.0 10.0 25.3 
Urokinase plasminogen activator surface receptor 
(U-PAR) 0.2 0.2 3906 62500 4.2 7.6 10.2 
Osteopontin (OPN) 122.1 122.1 31250 62500 2.4 7.8 10.5 
Cathepsin D (CTSD) 976.6 976.6 62500 125000 1.8 6.6 10.3 
Peptidoglycan recognition protein 1 (PGLYRP1) 1.0 1.0 15625 15625 4.2 8.4 12.2 
Carboxypeptidase A1 (CPA1) 1.0 1.0 31250 62500 4.5 7.5 10.0 
Junctional adhesion molecule A (JAM-A) 0.1 0.2 3906 31250 4.2 7.6 11.2 
Galectin-4 (Gal-4) 3.8 7.6 62500 62500 3.9 8.3 10.4 
Interleukin-1 receptor type 2 (IL-1RT2) 1.0 1.9 15625 62500 3.9 7.9 10.1 
Tyrosine-protein phosphatase non-receptor type 
substrate 1 (SHPS-1) 1.9 1.9 15625 62500 3.9 7.5 8.6 
C-C motif chemokine 15 (CCL15) 7.6 7.6 31250 62500 3.6 9.1 15.1 
Caspase-3 (CASP-3) 1.9 1.9 31250 62500 4.2 9.0 15.7 
Urokinase-type plasminogen activator (uPA) 0.5 1.0 15625 31250 4.2 8.4 14.4 
Carboxypeptidase B (CPB1) 1.0 1.0 31250 62500 4.5 7.5 11.7 
Chitinase-3-like protein 1 (CHI3L1) 1.9 1.9 3906 15625 3.3 7.6 10.1 
ST2 protein  (ST2) 7.6 7.6 62500 62500 3.9 7.9 10.5 
Tissue-type plasminogen activator (t-PA) 1.9 1.9 62500 62500 4.5 9.4 16.1 
Secretoglobin family 3A member 2 (SCGB3A2) 61.0 244.1 500000 1000000 3.3 10.3 21.7 
Epidermal growth factor receptor (EGFR) 30.5 30.5 31250 62500 3.0 6.9 10.2 
Insulin-like growth factor-binding protein 7  
(IGFBP-7) 30.5 61.0 31250 62500 2.7 9.1 13.0 
Complement component C1q receptor (CD93) 1.0 1.9 15625 62500 3.9 8.1 11.4 
Interleukin-18-binding protein (IL-18BP) 1.9 1.9 31250 62500 4.2 7.8 10.3 
Collagen alpha-1(I) chain (COL1A1) 244.1 244.1 62500 62500 2.4 6.4 9.8 
Paraoxonase (PON 3) (PON3) 7.6 7.6 125000 125000 4.2 9.5 13.3 
Cathepsin Z (CTSZ) 1.0 1.0 62500 62500 4.8 7.0 8.6 
Matrix metalloproteinase-3 (MMP-3) 1.0 1.0 15625 62500 4.2 8.7 13.5 
Retinoic acid receptor responder protein 2 
(RARRES2) 7.6 7.6 15625 62500 3.3 8.7 11.5 
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Intercellular adhesion molecule 2 (ICAM-2) 30.5 61.0 125000 125000 3.3 7.8 10.7
Kallikrein-6 (KLK6) 1.9 1.9 15625 62500 3.9 8.0 10.6
Platelet-derived growth factor subunit A (PDGF 
subunit A) 1.0 1.9 15625 31250 3.9 8.7 14.7
Tumor necrosis factor receptor 1  (TNF-R1) 3.8 7.6 31250 62500 3.6 8.3 12.1
Insulin-like Growth Factor-Binding Protein 2 
(IGFBP-2) 122.1 122.1 62500 62500 2.7 9.0 14.9
von Willebrand factor (vWF) 1.0 15.3 31250 62500 3.3 8.4 11.8
Platelet endothelial cell adhesion molecule 
(PECAM-1) 1.0 1.0 15625 62500 4.2 7.2 10.2
N-terminal prohormone brain natriuretic peptide 
(NT-pro BNP) 244.1 244.1 31250 62500 2.1 9.3 18.8
C-C motif chemokine 16 (CCL16) 15.3 15.3 15625 15625 3.0 9.8 18.3

Supplementary table 3

Hormonal therapy Anthracyclines

Biomarker OR (95%CI) P-value OR (95%CI) P-value
TNSF13B 2.27 (1.39-3.75) 0.001 2.02 (1.20-3.46) 0.011
Gal4 1.83 (1.21-2.76) 0.004 1.30 (0.86-1.99) 0.219
MCP1 1.45 (0.95-2.21) 0.085 1.07 (0.72-1.58) 0.737
KLK6 1.71 (1.02-2.89) 0.044 0.99 (0.55-1.76) 0.966
FABP4 1.88 (1.31-2.71) 0.001 1.51 (1.03-2.23) 0.036
GDF15 1.80 (1.19-2.71) 0.005 1.32 (0.85-2.06) 0.213
SCGB3A2 1.02 (0.84-1.24) 0.816 0.98 (0.79-1.23) 0.890
RARRES2 1.85 (1.04-3.30) 0.036 1.24 (0.67-2.28) 0.497
CXCL16 2.47 (1.33-4.61) 0.004 1.32 (0.70-2.48) 0.385
PI3 1.54 (1.03-2.30) 0.034 1.34 (0.86-2.06) 0.193
IGFBP7 1.92 (1.15-3.24) 0.013 1.02 (0.59-1.76) 0.942
CNTN1 1.89 (1.11-3.21) 0.019 1.47 (0.83-2.61) 0.190
TIMP4 1.26 (0.81-1.95) 0.3 1.23 (0.76-2.01) 0.402
OPN 2.02 (1.33-3.05) 0.001 1.53 (0.98-2.40) 0.061
PCSK9 1.77 (1.02-3.09) 0.044 1.27 (0.68-2.33) 0.451
PLC 1.68 (1.02-2.82) 0.049 1.28 (0.73-2.24) 0.383
CTSZ 2.46 (1.46-4.14) 0.001 1.61 (0.94-2.76) 0.082
Gal3 1.79 (1.08-2.95) 0.024 1.06 (0.62-1.82) 0.826
TFPI 1.34 (0.83-2.18) 0.228 1.09 (0.65-1.83) 0.731
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