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BACKGROUND. Paclitaxel chemotherapy frequently induces dose-limiting sensory axonal 

polyneuropathy. Given that sensory symptoms are challenging to assess objectively in clinical practice, 

an easily accessible biomarker for chemotherapy-induced polyneuropathy (CIPN) holds the potential to 

improve early diagnosis. Here, we describe neurofilament light chain (NFL), a marker for neuroaxonal 

damage, as a translational surrogate marker for CIPN.

METHODS. NFL concentrations were measured in an in vitro model of CIPN, exposing induced 

pluripotent stem cell–derived sensory neurons (iPSC-DSNs) to paclitaxel. Patients with breast 

or ovarian cancer undergoing paclitaxel chemotherapy, breast cancer control patients without 

chemotherapy, and healthy controls were recruited in a cohort study and examined before 

chemotherapy (V1) and after 28 weeks (V2, after chemotherapy). CIPN was assessed by the validated 

Total Neuropathy Score reduced (TNSr), which combines patient-reported symptoms with data from 

clinical examinations. Serum NFL (NFL
s
) concentrations were measured at both visits with single-

molecule array technology.

RESULTS. NFL was released from iPSC-DSNs upon paclitaxel incubation in a dose- and time-

dependent manner and was inversely correlated with iPSC-DSN viability. NFL
s
 strongly increased in 

paclitaxel-treated patients with CIPN, but not in patients receiving chemotherapy without CIPN or 

controls, resulting in an 86% sensitivity and 87% specificity. An NFL
s
 increase of +36 pg/mL from 

baseline was associated with a predicted CIPN probability of more than 0.5.

CONCLUSION. NFL
s
 was correlated with CIPN development and severity, which may guide neurotoxic 

chemotherapy in the future.

TRIAL REGISTRATION. ClinicalTrials.gov NCT02753036.
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Introduction
Chemotherapy-induced polyneuropathy (CIPN) is a frequent neurological side effect of  cytotoxic chemo-

therapy. Paclitaxel is used to treat a broad range of  solid tumors, including breast and ovarian cancer, and 

causes CIPN in 57%–82% of  patients (reviewed in ref. 1). CIPN strongly affects patients’ quality of  life, 

significantly adds to multimorbidity, and is often dose limiting. Although the symptoms of  CIPN typically 

decline after completion of  chemotherapy (2), the majority of  paclitaxel-treated cancer survivors still report 

symptoms of  CIPN even years after diagnosis and initial treatment, which are associated with a reduced 

Karnofsky index and impaired patient-reported physical and psychological well-being (3).

Patients with CIPN and particularly paclitaxel-induced neuropathy develop predominantly sensory 

symptoms. These entail negative or “minus” symptoms, such as hypoesthesia and hypoalgesia (numbness), 

but for many patients with CIPN, equally frequent and distressing are positive or “plus” symptoms, such as 

paresthesia (tingling), temperature sensitivity, allodynia, and pain (4). Negative symptoms are commonly 

linked to the loss of  larger myelinated fibers, whereas positive and pain symptoms are often associated with 

damage to the smaller (unmyelinated) fibers (5). This means that although clinicians can easily use quanti-

fiable tools to monitor patients for negative symptoms of  CIPN, such as vibration sensitivity, the objective 

assessment of  positive symptoms remains challenging in clinical practice: tools such as quantitative sensory 

testing (QST) are very time-consuming and often not feasible for routine care. In addition, damage to small 

fibers cannot be detected by nerve conduction studies, and the diagnostic gold standard of  small fiber neu-

ropathy requires an invasive skin biopsy. Therefore, the clinical need for an easily accessible and objective 

biomarker for CIPN is evident.

Neurofilament (NF) proteins make up an essential part of  the cytoskeleton in peripheral and cen-

tral nervous system neurons and function as the structural backbone of  axons (6). As axons degrade, an 

increase of  NF, particularly the NF light chain (NFL), is observed in the cerebrospinal fluid (CSF) of  

patients with diverse neurodegenerative diseases (7). Recently, the development of  the ultrasensitive sin-

gle-molecule array technology has enabled the detection of  very low NF concentrations, for instance, as 

present in serum. Serum NFL (NFL
s
) concentrations were previously shown to correlate with axonal dam-

age and to predict activity in several diseases of  the CNS (8, 9), but the value of  using NFL
s
 to monitor 

damage of  the peripheral nervous system is less established (10).

To this date, our understanding of  the pathomechanisms underlying CIPN is still incomplete. The gen-

eration of  human induced pluripotent stem cells (hiPSCs) (11) and their differentiation into hiPSC-derived 

sensory neurons (hiPSC-DSNs) offers the opportunity to study CIPN mechanisms in otherwise inaccessible 

human cells. Recently, we and others have shown that paclitaxel exposure is associated with morphological 

signs of  axonal damage in hiPSC-DSNs, a dose- and time-dependent decrease of  hiPSC-DSN viability, and 

an upregulation of  neuronal injury markers as well as differentially expressed metabolic pathways (12, 13). 

Because NFL is an axonal protein and CIPN leads to a primarily axonal polyneuropathy, we hypothesized 

that injured peripheral neurons release NFL, which subsequently leads to increased NFL concentrations. 

We first investigated this hypothesis in cultured hiPSC-DSNs exposed to paclitaxel and subsequently in 

patients undergoing paclitaxel chemotherapy, showing that NFL holds the potential to function as a trans-

lational biomarker for the detection of  neuroaxonal damage in vitro and the diagnosis of  CIPN in patients.

Results
Assessment of  paclitaxel-induced neuroaxonal damage in cultured human sensory neurons. hiPSC-DSNs from 

3 donors were differentiated according to an established protocol with an 11-day phase of  differentia-

tion and at least 30 days of  maturation (12, 14, 15) (Supplemental Figure 1A; supplemental material 

available online with this article; https://doi.org/10.1172/jci.insight.154395DS1). Differentiation was 

commenced when 70%–90% confluence of  hiPSCs was reached (Supplemental Figure 1B). In the ear-

ly maturation phase, bipolar-like neurons were observed (Supplemental Figure 1C), which after further 

maturation formed morphologically connected ganglia-like structures (Supplemental Figure 1D). Human 

iPSC-DSN subsets expressed typical neuronal markers, such as beta-III tubulin (Supplemental Figure 1E); 

markers of  the peripheral nervous system, such as peripherin (Supplemental Figure 1F); and markers of  

the sensory nervous system, such as transient receptor potential cation channel subfamily A member 1 

(TRPA1, Supplemental Figure 1G), subfamily V member 4 (TRPV4, Supplemental Figure 1H), or sub-

family M member 8 (TRPM8, Supplemental Figure 1I). Calcium imaging experiments revealed functional 

nociceptor responses upon stimulation with icilin, capsaicin, and ATP, which are agonists of  TRPM8, 
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the transient receptor potential cation channel subfamily V member 1 (TRPV1), and P2X/P2Y purinore-

ceptors. TRPM8 and TRPV1 play a role in the sensation of  cold or heat, and purinoreceptors have been 

implicated in inflammatory pain (Supplemental Figure 1J). The expression of  nociceptor markers, such as 

SCN9A, TRPV1, TRPM8, P2RX3, and Piezo2, was confirmed using RNA-Seq in all 3 hiPSC-DSN cell 

lines as described previously (12, 16). Purity of  the hiPSC-DSN cell lines was investigated using FACS, 

confirming that early d15 hiPSC-DSNs already expressed on average 99.4% ± 0.9% beta-III tubulin and 

88.7% ± 6.4% peripherin; 85.6% ± 7.8% of  hiPSC-DSNs expressed both markers (Supplemental Figure 1, 

K and L, and Supplemental Table 1).

In the next step, we investigated whether hiPSC-DSNs express mRNA of  the neuronal cytoskeleton. 

RNA-Seq revealed that mRNA of  neuronal cytoskeleton proteins, as present in microtubules, intermediate 

filaments, and microfilaments, was detected in hiPSC-DSNs (Figure 1A). The presence of  the intermediate 

filaments peripherin, NFL, and phosphorylated NF heavy chain could be verified with immunocytochem-

istry in hiPSC-DSNs (Figure 1, B and C). Using calcein live-cell imaging, we observed that incubation of  

hiPSC-DSNs with 1 M paclitaxel for 72 hours led to axonal blebbing as an early sign of  axonal injury as 

well as apoptotic cells, while hiPSC-DSNs treated with vehicle (DMSO) remained intact (Figure 1, D and 

E, and Supplemental Figure 2, A–E). We then investigated hiPSC-DSN viability and cytotoxicity upon 

paclitaxel exposure at different concentrations and for various durations. Exposure of  hiPSC-DSNs to 

paclitaxel for 24 hours led to a modest decrease of  viability only at higher concentrations of  paclitaxel (IC
50

 

= 2.1 M; 100 nM: 98.3% ± 26.3% of  vehicle; 1 M: 88.7% ± 28.4% of  vehicle; 10 M: 80.9% ± 23.4% 

of  vehicle, Figure 1F), and 48 hours of  exposure resulted in an IC
50

 close to the steady-state concentration 

necessary for clinical treatment in patients (IC
50

 = 59.7 nM; 100 nM: 95.2% ± 13.9% of  vehicle, 1 M: 

76.8% ± 13.6% of  vehicle, Figure 1G). Effects were more pronounced when paclitaxel was applied for 72 

hours, leading to a dose-dependent decline of  hiPSC-DSN viability in clinically relevant paclitaxel concen-

trations (IC
50

 = 128.9 nM; 100 nM: 85.0% ± 16.5% of  vehicle; 1 M: 63.0% ± 15.3% of  vehicle; 10 M: 

65.2% ± 17.3% of  vehicle, Figure 1H). These observations corresponded with a time- and dose-dependent 

increase of  NFL concentrations in the cell culture supernatants, with small effects in hiPSC-DSNs exposed 

to paclitaxel for 24–48 hours, but robust effects upon 72 hours of  exposure (NFL at 1 M: 109% ± 8% of  

vehicle, NFL at 10 M: 139% ± 14% of  vehicle, Kruskal-Wallis test, P = 0.042, Figure 1, F–H). Next, we 

evaluated the correlation of  hiPSC-DSN viability with NFL concentrations. As expected, NFL concen-

trations in the supernatants correlated inversely with hiPSC-DSN viability (Figure 1I). We then assessed 

NFL immunoreactivity morphologically after 72 hours of  treatment of  hiPSC-DSNs. In response to 1 M 

paclitaxel but not vehicle treatment, axonal NFL immunoreactivity diminished while axonal debris stained 

increasingly positive for NFL fragments outside of  the cells (Figure 1, J and K). Additionally, in compari-

son to vehicle-treated hiPSC-DSNs, paclitaxel incubation at 1 M for 72 hours was associated with axonal 

thinning (unpaired 2-tailed t test, P = 0.031, Supplemental Figure 2C), an increased axonal damage index 

(unpaired 2-tailed t test, P = 0.028, Supplemental Figure 2D), and a tendency toward more fragments per 

total axon area in paclitaxel-treated hiPSC-DSNs (unpaired 2-tailed t test, P = 0.16, Supplemental Figure 

2E), which corroborates the clinical finding of  a (sensory) axonopathy. In summary, these in vitro findings 

of  paclitaxel-induced neurotoxicity indicate that paclitaxel leads to time- and dose-dependent neuroaxonal 

damage with subsequent release and increase of  NFL.

Characteristics of  patients with cancer undergoing paclitaxel chemotherapy. In a next step, we investigated 

whether an increase of  NFL
s
 could also be observed in patients who develop CIPN upon treatment with 

paclitaxel. CIPN development was tracked in patients enrolled in the longitudinal CICARO cohort study 

(ClinicalTrials.gov NCT02753036) by a multimodal clinical phenotyping of  these patients before and after 

chemotherapy. A total of  n = 72 patients were recruited in the CICARO study to 1 of  3 cohorts: otherwise 

healthy women, who underwent minor gynecological laparoscopic surgery for benign tumors (healthy con-

trol group); female patients with breast cancer without chemotherapy (tumor control group); and female 

patients with ovarian or breast cancer treated with paclitaxel with or without carboplatin (chemo group) and 

tested from January 2016 (first patient in) to September 2020 (last patient out). n = 10 patients were lost to 

follow-up at visit 2 (V2) and subsequently excluded from the final analysis. Figure 2 summarizes the trial 

flow. Patients’ clinical and tumor characteristics are displayed in Table 1. CIPN development was assessed 

with the validated Total Neuropathy Score reduced (TNSr) (17). Patients receiving chemotherapy showed 

increased TNSr values after treatment compared with tumor control patients without chemotherapy and 

healthy controls (healthy: 0 ± 3 points [95% CI 0 to 7], control: 2 ± 2 points [95% CI 1 to 3], chemo: 5 ± 4 
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Figure 1. Neurofilament proteins and 

viability in human iPSC-DSNs treated 

with paclitaxel. (A) Human induced plu-

ripotent stem cell–derived sensory neu-

rons (hiPSC-DSNs) express cytoskeleton 

protein mRNA. (B and C) Immunocyto-

chemistry of the cytoskeleton proteins 

peripherin, NFL, and phosphorylated NF 

heavy chain (pNFH) indicate colocal-

ization of peripherin with NFL and NFL 

with pNFH (scale bar: 25 m). (D and 

E) In comparison to vehicle (DMSO), 

treatment with paclitaxel at 1 M for 72 

hours led to axonal blebbing (E, vertical 

arrow) in living cells and apoptosis (E, 

horizontal arrow) (scale bar: 50 m) (see 

also Supplemental Figure 2). (F–H) A 

time- and dose-dependent decrease in 

hiPSC-DSN viability (mean with 95% 

CI) and a corresponding increase of NFL 

in the supernatant (mean ± SD) was 

observed upon paclitaxel incubation. 

(I) Human iPSC-DSN viability and NFL 

concentrations in the supernatant cor-

related inversely in response to 72-hour 

paclitaxel incubation. (J and K) Axonal 

NFL expression diminished and concen-

trated in cytoskeletal debris in response 

to paclitaxel treatment compared with 

vehicle-treated hiPSC-DSN (scale bar: 

50 m). Statistical analysis: (F–H, left 

column) nonlinear regression (log-inhib-

itor vs. response, 3 parameters) of data 

from n = 9 independent experiments; 

(F–H, right column) Kruskal-Wallis test 

of data from n = 9 independent experi-

ments; (I) Pearson’s correlation from n 

= 9 independent experiments of 24- to 

72-hour paclitaxel-treated neurons (for 

details, refer to Supplemental Meth-

ods). *P < 0.05.
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points [95% CI 3 to 6], Kruskal-Wallis test, P = 0.003, Figure 3A). Patient-reported symptoms of  CIPN were 

assessed with the validated European Organization for Research and Treatment of  Cancer–CIPN20 ques-

tionnaire (18, 19). Patients receiving chemotherapy reported increased symptoms of  CIPN after treatment 

compared with before (pre-control: 21 ± 4 points [95% CI 19 to 23], post-control: 22 ± 4 points [95% CI 21 to 

25], pre-chemo: 21 ± 3 points [95% CI 19 to 21], post-chemo: 27 ± 6 points [95% CI 23 to 31], Kruskal-Wal-

lis test, P = 0.04, Figure 3B). The increase from baseline was significantly greater in patients receiving che-

motherapy compared with control patients (healthy:  –0.5 ± 1 points [95% CI –3 to 0], control:  0 ± 3 

points [95% CI 0 to 3], chemo:  +7 ± 5 points [95% CI 3 to 10], Kruskal-Wallis test, P < 0.0001, Figure 3C), 

which was mostly due to an increase in sensory symptoms (healthy:  0 ± 0 points [95% CI 0 to 0], control: 

 0 ± 2 points [95% CI –1 to 1], chemo:  +6 ± 4 points [95% CI 2 to 7], Kruskal-Wallis test, P < 0.0001, 

Figure 3D) but not motor or autonomic symptoms (Figure 3, E and F). Patient-reported symptoms of  CIPN 

correlated well with the TNSr (linear regression with Spearman’s correlation, r = 0.73, P < 0.0001, Figure 

3G). Again, this was particularly the case for the sensory items of  the questionnaire (linear regression with 

Spearman’s correlation, r = 0.63, P < 0.0001, Figure 3H). Additionally, the Karnofsky performance index 

Figure 2. CONSORT diagram of the CICARO trial. Patients were screened in weekly interdisciplinary tumor board meet-

ings and eligibility criteria checked. Eligible patients were contacted by phone regarding possible study participation 

and, if interested, scheduled for a baseline visit V1, where written informed consent was obtained prior to study inclu-

sion and procedures. Follow-up study visit V2 was scheduled at least 2 weeks after the last chemotherapy application 

or approximately 6 months after V1 for control patients. A total of n = 10 patients were lost to follow-up (i.e., could not 

be reached, withdrawal of consent, death) and were excluded from the final analysis.
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declined more strongly in chemotherapy-treated patients compared with control patients (healthy:  0 ± 0% 

[95% CI 0 to 0], control:  0 ± 5% [95% CI 0 to 0], chemo:  –10 ± 8% [95% CI –10 to 0], Kruskal-Wallis 

test, P = 0.005, Figure 3I).

As part of  the TNSr, we also assessed the sensory nerve action potential (SNAP) of  the sural nerve 

and the compound motor action potential of  the peroneal nerve along with the respective conduction 

velocities. The sural nerve SNAP amplitudes tended to decline in the chemotherapy group compared with 

Table 1. Overview of patient and tumor characteristics as well as chemotherapy treatment

Healthy controlA 

(n = 6)

Breast cancer 

control 

(n = 25)

Chemo

Breast cancer 
(n = 23)

Ovarian cancer 
(n = 8)

Age (years): median (range) 36 (19–58) 54 (40–68) 50 (27–61) 64 (29–69)

Time baseline to follow-up (weeks): median (95% CI) 29 (27–41) 28 (28–29) 28 (27–29) 28 (14–45)

Karnofsky index: (%)
 At baseline: median (95% CI)
 At follow-up: median (95% CI)

100 (100–100)
100 (100–100)

95 (90–100)
90 (90–100)

100 (90–100)
90 (80–90)

90 (80–100)
90 (80–100)

UICC stage (breast)/FIGO stage (ovarian):
 0: n (%)
 IA: n (%)
 IB: n (%)
 IIA: n (%)
 IIB: n (%)
 IIIA: n (%)
 IIIB: n (%)
 IIIC: n (%)
 IV: n (%)

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

5 (20)
12 (48)
0 (0)

6 (24)
1 (4)
1 (4)
0 (0)
0 (0)
0 (0)

0 (0)
3 (13)
3 (13)

8 (34.8)
4 (17.4)
1 (4.3)
3 (13)
1 (4.3)
0 (0)

0 (0)
0 (0)
0 (0)

1 (12.5)
0 (0)
0 (0)

3 (37.5)
4 (50)
0 (0)

ER status:
 Positive: n (%)
 Negative: n (%)
 Unknown: n (%)

N/A
N/A
N/A

21 (84)
3 (12)
1 (4)

15 (65.2)
8 (34.8)

0 (0)

5 (62.5)
0 (0)

3 (37.5)

PR status:
 Positive: n (%)
 Negative: n (%)
 Unknown: n (%)

N/A
N/A
N/A

18 (72)
6 (24)
1 (4)

15 (65.2)
8 (34.8)

0 (0)

5 (62.5)
0 (0)

3 (37.5)

HER2/neu status:
 Positive: n (%)
 Negative: n (%)
 Unknown: n (%)

N/A
N/A
N/A

14 (56)
6 (24)
5 (20)

14 (60.9)
9 (39.1)

0 (0)

N/A
N/A
N/A

Triple negative: n (%) N/A 1 (4) 5 (21.7) N/A

Metastasis status at baseline:
 No metastases: n (%)
 Lymph node metastases: n (%)
 Distant metastases: n (%)

N/A
N/A
N/A

24 (96)
1 (4)
0 (0)

12 (52.2)
11 (47.8)

0 (0)

2 (25)
6 (75)
0 (0)

Surgery:
 Laparoscopy: n (%)
 BCT + SN biopsy: n (%)
 ME + SN biopsy: n (%)
 ME + axilla dissection: n (%)
 Laparotomy + adenectomy: n (%)
 Unknown: n (%)

6 (100)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)

0 (0)
17 (68)
5 (20)
2 (8)
0 (0)
1 (4)

0 (0)
14 (61)
5 (22)
3 (13)
0 (0)
1 (4)

0 (0)
0 (0)
0 (0)
0 (0)

8 (100)
0 (0)

Chemotherapy regimens:
 Paclitaxel 12× 80 mg/m2: n (%)
 Paclitaxel 4× 175 mg/m2: n (%)
 Paclitaxel 12× 80 mg/m2 + carboplatin AUC 6 mg/mL/min: n (%)
 Paclitaxel 6× 175 mg/m2 + carboplatin AUC 5 mg/mL/min: n (%)
 Dose reductions: n (%)

N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A

11 (47.8)
6 (26.1)
6 (26.1)
8 (25.8)
9 (39.1)

0 (0)
0 (0)
0 (0)

8 (100)
3 (37.5)

APatient received minor laparoscopic surgery for benign gynecological tumor (3/6 ovarian cyst, 1/6 ovarian hemorrhage, 2/6 uterus myoma). BCT, breast-

conserving therapy; ER, estrogen receptor; FIGO, Fédération Internationale de Gynécologie et d’Obstétrique; HER2, human epidermal growth factor 

receptor 2; ME, mastectomy; N/A, not applicable; PR, progesterone receptor; UICC, Union for International Cancer Control. 
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Figure 3. Clinical and patient-reported characteristics of CIPN in patients. (A) Chemotherapy but not control patients developed an increase in 

the Total Neuropathy Score reduced (TNSr). (B) Patient-reported symptoms of CIPN, assessed with the EORTC-CIPN20 questionnaire, increased in 

chemotherapy-treated patients. (C) The increase in subjective CIPN symptoms was significantly greater in chemotherapy than control patients, (D) 

particularly for the sensory symptoms of CIPN assessed with the questionnaire, whereas (E) only a slight nonsignificant increase was observed for 

motor symptoms and (F) autonomic symptoms. (G) Change in subjective CIPN symptoms correlated well with the increase in TNSr, which (H) was 

also the case for only the sensory items of the CIPN20 questionnaire (area filling indicates 95% CI). (I) The Karnofsky performance index decreased 

in chemotherapy-treated patients but not in controls. Statistical analysis: (A–F and I) Kruskal-Wallis test with Dunn’s post hoc correction; (G and H) 

linear regression with Spearman’s correlation. Study participants: (A and I) n = 6 (healthy), n = 25 (control), n = 31 (chemo); (B–H) n = 4 (healthy), n = 24 

(control), n = 29 (chemo). *P < 0.05, **P < 0.01, ****P < 0.0001.
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control patients with cancer who did not receive chemotherapy (healthy: 11.9 ± 7.3 V [95% CI 0.9 to 

19.1], control: 9.8 ± 6.3 V [95% CI 6.4 to 13.9], chemo: 6.8 ± 5.4 V [95% CI 5.3 to 9.3], Kruskal-Wallis 

test, P = 0.09, Figure 4A), indicative of  an axonal sensory neuropathy. The sensory conduction velocity 

as well as the peroneal nerve compound motor action potential amplitudes and motor conduction velocity 

remained unchanged in all groups and over time (data not shown).: However, the change in SNAP ampli-

tude did not correlate with the TNSr (linear regression with Spearman’s correlation, r = –0.13, P = 0.32, 

Figure 4B), nor did the SNAP amplitude correlate with patient-reported symptoms of  CIPN (Spearman’s 

r = –0.16, P = 0.23, Figure 4C). In conclusion, the majority of  paclitaxel-treated patients in the CICARO 

cohort experienced significant symptoms of  CIPN as assessed by the validated TNSr. Nerve conduction 

studies only partially reflected CIPN, most likely because small fiber damage — a common symptom of  

CIPN — was missed by these examinations. Additionally, the interrater and intrarater variability inherent 

to nerve conduction studies limits their usage for longitudinal assessment (20).

NFL
s
 concentrations in chemotherapy-treated patients with and without CIPN. NFL

s
 concentrations were 

measured at baseline (visit 1, V1) and after 28 (range 14 to 45) weeks (V2, after chemotherapy) in all 

participants with ultrasensitive single-molecule array technology. NFL
s
 concentrations at baseline were 

comparable across all groups and, with the exception of  6/8 patients with ovarian cancer, well below the 

age-adjusted upper limit of  normal (97th percentile; ref. 21). At V2 after chemotherapy, we observed sig-

nificantly higher NFL
s
 concentrations in chemotherapy-treated patients compared with the control group 

Figure 4. Electrophysiological changes in patients with CIPN. (A) The sural nerve sensory nerve action potential (SNAP) amplitudes decreased slight-

ly in patients undergoing chemotherapy, but not controls. (B and C) Changes in SNAP amplitudes neither correlated with changes in the TNSr nor with 

patient-subjective symptoms of CIPN (area filling indicates 95% CI). Statistical analysis: (A) Kruskal-Wallis test; (B and C) linear regression with Spear-

man’s correlation. Study participants: (A and B) n = 6 (healthy), n = 25 (control), n = 31 (chemo); (C) n = 4 (healthy), n = 24 (control), n = 29 (chemo).
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(healthy: 8.5 ± 2.1 pg/mL [95% CI 6.2 to 12.2], control: 10.3 ± 5.8 pg/mL [95% CI 7.8 to 12.6], chemo: 

60.3 ± 50.4 pg/mL [95% CI 29.2 to 86.3], Kruskal-Wallis test, P < 0.0001, Figure 5A). In the chemothera-

py group, 84% of  measured NFL
s
 values were above the individual age-adjusted upper limit of  normal after 

chemotherapy (calculated as ratio of  patient NFL
s
/97th percentile age-adjusted norm), whereas in control 

patients only 6% were (healthy [V2]: 0.6 ± 0.4 fold-change [95% CI 0.4 to 1.4], control [V2]: 0.5 ± 0.3 fold-

change [95% CI 0.4 to 0.6], chemo [V2]: 2.8 ± 2.8 fold-change [95% CI 1.6 to 5.1], Kruskal-Wallis test, P < 

0.0001, Figure 5B). Change in TNSr correlated positively with the increase in NFL
s
 (linear regression with 

Spearman’s correlation, r = 0.51, P < 0.0001, Figure 5C) as did patient-reported symptoms of  CIPN with 

NFL
s
 (linear regression with Spearman’s correlation, r = 0.57, P < 0.0001, Figure 5D).

Because we observed a median increase of  +3 TNSr points from baseline in chemotherapy-treated 

patients, we conservatively categorized patients with TNSr of  3 points or more (19/31 [61%]) as patients 

with clinically relevant CIPN and chemotherapy-treated patients with TNSr greater than 3 points as 

patients without CIPN (12/31 [39%]). This conservative approach likely underestimated the number of  

“true” patients with CIPN because positive symptoms from small fiber damage only account for 1/7 cat-

egories in the TNSr. Still, patients with CIPN showed a significantly stronger increase in NFL
s
 compared 

with patients in the control group and patients without CIPN (control:  –0.2 ± 10.2 pg/mL [95% CI –1.3 

to 0.8], no CIPN:  –1.4 ± 49 pg/mL [95% CI –42.2 to 46.2], CIPN:  +53.9 ± 54.4 pg/mL [95% CI 26.2 

to 79.6], Kruskal-Wallis test, P = 0.001, Figure 5E), which was also the case for the individual ratio of  

patient NFL
s
 to age-adjusted upper limit of  normal as a measure of  pathological NFL

s
 values (control: 0.5 

± 0.3 fold-change [95% CI 0.4 to 0.6], no CIPN: 1.2 ± 1.9 fold-change [95% CI 0.7 to 2.8], CIPN: 5.0 ± 

2.9 fold-change [95% CI 2.2 to 5.8], Kruskal-Wallis test, P = 0.04, Figure 5F). In addition, we observed the 

same results for NFL
s
 when chemotherapy-treated patients were stratified according to the less-sensitive 

Common Terminology Criteria for Adverse Events (CTCAE) for peripheral sensory neuropathy (control: 

 –0.2 ± 10.2 pg/mL [95% CI –1.3 to 0.8], asymptomatic CTCAE grade 1 [6/31, 19%]:  –0.9 ± 51.8 pg/

mL [95% CI –66.0 to 69.7], CTCAE grade 2 [24/31, 78%], and CTCAE grade 3 [1/31, 3%]:  +46.7 ± 57 

pg/mL [95% CI 14.9 to 75.4], Kruskal-Wallis test, P = 0.049, Figure 5G). Interestingly, phosphorylated NF 

heavy chain also increased in patients with CIPN compared with controls and patients without CIPN, but 

variations were much higher (control:  –7.4 ± 107.4 pg/mL [95% CI –31.3 to 5.2], no CIPN:  +265 ± 

3525 pg/mL [95% CI –428 to 2063], CIPN:  +1654 ± 5939 pg/mL [95% CI 288 to 2149], Kruskal-Wallis 

test, P = 0.04, Figure 5H). On the contrary, glial fibrillary acidic protein (GFAP) — a marker for CNS glial 

cell (astrocyte) damage — remained largely unchanged across all groups (healthy:  +0.5 ± 16.1 pg/mL 

[95% CI –7.3 to 35.2], control:  +0.9 ± 25.2 pg/mL [95% CI –11 to 20.7], chemo:  +4.4 ± 36 pg/mL 

[95% CI –3.6 to 13.8], Kruskal-Wallis test, P > 0.99, Figure 5I).

NFL
s
 as a diagnostic marker of  CIPN. Next, we were interested in the diagnostic properties of  NFL

s
. 

A receiver operating characteristic (ROC) analysis revealed an 86% sensitivity and 87% specificity for an 

increase of  NFL
s
 of  +7.05 pg/mL ( NFL

s
) in the diagnosis of  CIPN (Figure 6A). However, for clinicians, 

the data from ROC analysis can be difficult to extrapolate to an individual patient’s situation. Therefore, we 

performed logistic regression analysis to generate a curve of  the predicted probability for a patient in the 

CICARO cohort to have CIPN: an increase in NFL
s
 of  +36 pg/mL from baseline ( NFL

s
) was associated 

with a predicted probability of  more than 50% for an individual to have CIPN (Figure 6B). Disregarding 

baseline values and only using NFL
s
 concentrations at V2 after chemotherapy, the likelihood of  more than 

50% that a patient had CIPN was given at an absolute NFL
s
 concentration of  49 pg/mL (logistic regression, 

Figure 6C). We also investigated whether baseline NFL
s
 concentrations were associated with future CIPN 

development. Baseline NFL
s
 values did not correlate with CIPN development: baseline NFL

s
 concentrations 

did not differ among controls and patients who did or did not later develop CIPN (Figure 6D), and base-

line NFL
s
 values did not correlate with future change in TNSr (Figure 6E). We also did not find any signs 

of  increased toxicity in patients with the combination therapy of  paclitaxel/carboplatin as TNSr values 

were similar (Supplemental Figure 3A). Lower changes in NFL
s
 levels in the paclitaxel/carboplatin group 

(Supplemental Figure 3B) were potentially masked by higher NFL
s
 baseline levels in patients with ovarian 

cancer, who were exclusively treated with paclitaxel/carboplatin combination therapy, than patients with 

breast cancer, which we attributed to effects from the extensive surgery (Supplemental Figure 3, C and D).

Because results of  our diagnostic tests for NFL
s
 might potentially be skewed because of  the higher 

NFL
s
 baseline values in patients with ovarian cancer, we performed additional ROC and logistic regres-

sion analysis in the subcohort of  patients who only received paclitaxel monotherapy, which effectively 
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excluded the patients with ovarian cancer and patients with breast cancer with the combination therapy 

of  paclitaxel/carboplatin. Patients treated with paclitaxel only showed a similar increase in TNSr and 

CIPN20 score points, indicating CIPN development (Supplemental Figure 4, A and B). NFL
s
 and NFL

s
 

levels were slightly higher in patients treated with paclitaxel only, as previously observed in the analysis of  

the entire cohort (Supplemental Figure 4, C and D). However, in the diagnostic tests (ROC and logistic 

regression analysis), very similar results were observed: the sensitivity increased to 100% while specificity 

remained at 85% for an equal cutoff  value of  +7 pg/mL NFL
s
. The threshold of  NFL

s
 for a predicted 

probability of  more than 50% to have CIPN was almost identical (Supplemental Figure 4, E and F). We 

repeated the analysis in the breast cancer cohort, which excluded patients with ovarian cancer, but still 

contained 26% of  patients with a combination therapy of  paclitaxel/carboplatin. Again, TNSr, CIPN20, 

and NFL
s
 results were very similar (Supplemental Figure 5, A–C). In the diagnostic tests, the threshold for 

both NFL
s
 and NFL

s
 at V2, which indicates a predicted probability of  more than 50% to have CIPN, was 

approximately 5 pg/mL higher in this analysis compared with the evaluation of  the entire cohort (Supple-

mental Figure 5, D and E); the sensitivity for NFL
s
 increased to 100% and specificity decreased slightly 

to 81% (Supplemental Figure 5F). In conclusion, additional analysis of  certain subpopulations revealed 

very similar sensitivity and specificity results and cutoff  values for NFL
s
 in the diagnosis of  CIPN, which 

underlines the quality of  the presented data.

CIPN remission after completion of  chemotherapy. Because the range of  our V2 examination after chemo-

therapy was quite large (14 to 45 weeks), we were interested to see how clinical and electrophysiological 

characteristics change after completion of  chemotherapy. Therefore, patients were binned according to 

their V2 time points to one of  the following categories: 14–24 weeks after V1 (median 21 weeks, n = 4 [che-

mo]), 25–34 weeks after V1 (median 28 weeks, n = 23 [control] and n = 24 [chemo]), and 35 weeks or more 

after V1 (median 40 weeks, n = 3 [control] and n = 3 [chemo]). Not surprisingly, the change in TNSr values 

was highest immediately after chemotherapy completion at 21 weeks and then steadily declined (Supple-

mental Figure 6A). Similar results were observed for the patient-reported outcome of  CIPN (CIPN20 ques-

tionnaire, Supplemental Figure 6B). Although not much change in the structural integrity of  the sural nerve 

from baseline was observed at the earliest time point after chemotherapy, the sural nerve SNAP amplitudes 

declined at 28 and 40 weeks after V1 because the disease takes time to become structurally apparent (Sup-

plemental Figure 6C). Similar results as for the TNSr were observed in the analysis of  NFL
s
 levels, which 

were increased compared with the control at 21 and 28 weeks, but had reached almost normal values at 

40 weeks after V1 (Supplemental Figure 6, D and E). Overall, these results — with the exclusion of  NFL
s
 

measurements, which had not previously been reported in this manner — are in line with data from larger 

clinical cohorts regarding CIPN remission after chemotherapy completion.

Discussion
Our data demonstrated that NFL correlated with paclitaxel-induced neuroaxonal damage in vitro. Fur-

thermore, we were able to show that development of  CIPN was associated with increases in NFL
s
 and 

that NFL
s
 correlated with CIPN severity in paclitaxel-treated patients. Our data agree with previous 

preclinical reports of  increased NFL
s
 levels in paclitaxel- and cisplatin-treated rats (22, 23), underlining 

NFL’s potential as a translational biomarker. NFL
s
 measurements in our study are similar to previously 

reported data from oxaliplatin-treated patients (24) and recent findings published in a small cohort of  

patients with breast cancer (25). The latter study could show that NFL
s
 already increased during chemo-

Figure 5. Serum neurofilament concentrations in control and chemotherapy-treated patients. (A) NFL
s
 concentrations were significantly higher in patients 

treated with chemotherapy (chemo) than patients who did not receive chemotherapy (control). (B) The age-adjusted upper limit of normal (97th percentile) 

for NFL
s
 concentrations was calculated as NFL

norm
 = 4.19 × 1.029age (21). Patients’ median NFL

s
 concentrations were below age-adjusted upper normal values 

at baseline in all groups. NFL
s
 values increased 2.8-fold over the age-adjusted upper limit of normal in chemotherapy-treated patients but not controls after 

treatment (dotted line marks ratio of 1). (C) The change in TNSr and NFL
s
 correlated positively as did (D) the increase in patient-reported CIPN symptoms 

and NFL
s
 (area filling indicates 95% CI). (E) The increase in NFL

s
 was particularly observed in chemotherapy-treated patients, who developed clinically 

significant CIPN (defined as TNSr ≥ 3 points) compared with chemotherapy-treated patients without CIPN and control patients. (F) The same was true for 

age-adjusted NFL
s
 concentrations. (G) Increased NFL

s
 values were also observed in chemotherapy-treated patients stratified according to CTCAE grades for 

peripheral sensory neuropathy: on average grade 2 and 3 CIPN (n = 25) resulted in a significant rise in NFL
s
 values compared with asymptomatic grade 1 (n = 

6) and controls (n = 30). (H) Higher serum concentrations of phosphorylated NF heavy chain (pNFH) concentrations were observed in patients with CIPN. (I) 

No changes in GFAP as indicator of CNS glial cell (astrocyte) damage were seen in any group. Statistical analysis: (A, B, and E–I) Kruskal-Wallis test; (C and 

D) linear regression with Spearman’s correlation. Study participants: (A–C and I) n = 6 (healthy), n = 24 (control), n = 30 (chemo); (D) n = 4 (healthy), n = 24 

(control), n = 29 (chemo); (E, F, and H) n = 30 (control), n = 12 (no CIPN), n = 17 (CIPN). *P < 0.05, **P < 0.01, ****P < 0.0001.
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therapy, but that NFL
s
 did not correlate with findings of  chemotherapy-induced cognitive impairment 

and was heavily influenced by CIPN (25). Since clinical presentation of  CIPN may vary and sensory 

symptoms fluctuate, the challenge of  an easily accessible objective parameter to allow early diagnosis of  

CIPN remains. In contrast to the aforementioned studies in oxaliplatin- and paclitaxel-treated patients 

(24, 25), our findings demonstrated that based on NFL
s
, a distinction can be made between patients who 

develop or do not develop clinically significant CIPN, as well as control patients. Even with a conserva-

tive cutoff  of  TNSr of  3 points or more to diagnose CIPN to avoid positive selection bias, NFL
s
 con-

centrations were much higher in patients with CIPN compared with patients without CIPN. Some of  the 

higher NFL
s
 values in the “no CIPN” group are likely explained by patients with TNSr of  1–2 points, 

who may still have significant small fiber damage with predominantly positive sensory symptoms, which 

are underrepresented in the TNSr as they only account for 1/7 items. This is highlighted by the fact that 

6/12 patients in our “no CIPN” group among chemotherapy-treated patients still had sensory peripheral 

neuropathy grade 2 according to CTCAE. Consequently, this also means that the calculated values of  

NFL
s
 for a predicted CIPN probability greater than 50% were likely overestimated and may in fact be 

lower as indicated by the ROC analysis. NFL
s
 concentrations before paclitaxel treatment did not predict 

CIPN development, which is to be expected because the damage has not yet occurred. This is in contrast 

to other neurological diseases, such as multiple sclerosis (26), vascular dementia (27), or Alzheimer dis-

ease (28), in which higher NFL concentrations in asymptomatic yet diagnosed patients are predictive of  

Figure 6. Predicted probability of CIPN diagnosis dependent on NFL
s
 concentrations. (A) ROC analysis revealed an 86% sensitivity and 87% spec-

ificity for the parameter NFL
s
 greater than 7.05 pg/mL to detect CIPN. (B) A likelihood of more than 0.5 for a patient to have CIPN was given at an 

increase in NFL
s
 by +36 pg/mL (area filling indicates 95% CI). (C) Not taking baseline NFL

s
 values into account, a probability of more than 0.5 for a CIPN 

diagnosis was predicted at NFL
s
 concentrations of 49 pg/mL at V2 (area filling indicates 95% CI). (D) Baseline NFL

s
 concentrations were not different 

among controls, chemotherapy-treated patients without CIPN, and patients with CIPN. (E) Baseline NFL
s
 values did not correlate with change in TNSr 

(area filling indicates 95% CI). Statistical analysis: (A) ROC analysis; (B and C) logistic regression; (D and E) Kruskal-Wallis test. Study participants: 

(A–C and E) n = 6 (healthy), n = 24 (control), n = 30 (chemo); (D) n = 30 (control), n = 12 (no CIPN), n = 17 (CIPN).
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future disease activity or progression. More importantly than NFL
s
 baseline values, our study modeled 

predicted probabilities of  patients to have CIPN based on (change in) NFL
s
, which aids CIPN diagnosis 

and supports the argument to implement serial NFL
s
 measurements during chemotherapy in the future 

to detect and verify CIPN early and expedite neurological care.

Potential limitations of  our study are the relatively low number of  patients and the confinement to 

gynecological tumors and therefore women. Although some sex-related differences were found in pain per-

ception in CIPN in preclinical studies in mice, mainly regarding cold and mechanical hypersensitivity (29, 

30), severity of  CIPN in electrophysiological studies was similar across strains and sex (30). Some clinical 

studies also indicate that the prevalence and severity of  CIPN are not majorly different between the sexes 

(31). Furthermore, it has to be kept in mind that NFL
s
 is abundant in the peripheral and central nervous 

system, which raises the possibility that the development of  postchemotherapy cognitive impairment (PCCI) 

may confound the usefulness of  NFL
s
 in the context of  CIPN. Given that previous studies could not estab-

lish correlation of  NFL
s
 values with the development of  PCCI (25) and we could not observe an increase of  

GFAP, a marker of  astrocyte damage, NFL
s
 released because of  CNS neurotoxicity appears to play a minor 

role, if  any at all. Strengths of  the study, which in part counteract the low sample size, include the longitudi-

nal design, careful assessment of  multifactorial endpoints, inclusion of  a non-chemotherapy-treated cancer 

control group, and the homogeneity regarding the chemotherapy protocols. Future clinical studies with lon-

ger follow-up periods should elucidate whether NFL
s
 may also predict patients with CIPN with irreversible 

long-term damage of  the peripheral nervous system as opposed to patients with reversible CIPN symptoms 

and investigate whether an increase of  NFL
s
 occurs before clinical manifestation of  CIPN symptoms.

In summary, this study showed that sensory neurons released NFL upon neuroaxonal damage induced 

by paclitaxel in vitro and strongly suggests the use of  (serial) NFL
s
 measurements to assess CIPN in 

patients. This finding holds the potential to facilitate treatment guidance of  patients undergoing chemo-

therapy, as well as to accelerate development of  preventive therapies for CIPN.

Methods
For a detailed description of the methods, please refer to the Supplemental Methods.

In vitro experiments. hiPSC-DSNs were differentiated from the established stem cell line BIHi005-A (https://

hpscreg.eu/cell-line/BIHi005-A, Berlin Institute of Health Stem Cell Core Facility), obtained by reprogram-

ming of human dermal fibroblasts using Sendai viral vectors as previously reported (32, 33). After approval 

by the Charité ethics committee (ClinicalTrials.gov NCT02753036) and written informed consent had been 

obtained, 2 additional hiPSC lines from 2 patients with breast cancer were reprogrammed from PBMCs using 

Sendai viral vectors (cell lines BIHi264-A and BIHi263-A, Berlin Institute of Health Stem Cell Core Facil-

ity), using established protocols (34). iPSCs were tested for the absence of the reprogramming vector, with 

immunofluorescence staining for pluripotency markers, in vitro directed differentiation into the 3 germ layers, 

karyotyping using SNP arrays, and g banding, as described previously (34) and in detail in another study (32). 

Stem cells were maintained on growth factor reduced Geltrex (Gibco) in E8 media with daily media exchange. 

Cells were enzymatically clump-passaged when more than 70% confluence was achieved, usually every 2–4 

days using UltraPure 0.5 M EDTA (Thermo Fisher Scientific). hiPSC-DSN differentiation was performed as 

previously described (15), following a protocol of 11 days of differentiation by small molecule inhibition and 

at least 30 days of further maturation in growth factor–enriched media (14) (Supplemental Figure 1A). Differ-

entiation success was confirmed by staining for the expression of peripheral nervous system markers, sensory 

neuron markers, FACS analyses for hiPSC-DSN purity, and calcium imaging for functionality (Supplemental 

Methods). Neurotoxicity in hiPSC-DSNs was assessed as a compound measure of viability and loss of mem-

brane integrity (i.e., imminent death) as previously described (35) and in detail in the Supplemental Methods.

RNA-Seq data displayed in this publication are accessible in National Center for Biotechnology Informa-

tion’s Gene Expression Omnibus (GSE173610) and in the article by Schinke et al. (16).

Recruitment and inclusion in clinical trial. Possible participants were screened in weekly interdisciplinary 

tumor board meetings, and eligible patients were scheduled for baseline visit V1 before the start of chemo-

therapy, where written informed consent was obtained from participants prior to inclusion in the study. All 

participants had to fulfill the following inclusion criteria: a) 18 to 70 years of age, b) Karnofsky index 70% or 

greater, and c) 8 years of school education or more. Patients with prior neurotoxic chemotherapy, former or 

current alcohol or drug abuse, mild cognitive impairment or dementia, postsurgery delirium, major depression, 

or anemia less than 8 g/dL were excluded from participation.
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A total of  n = 72 patients were recruited to 1 of  3 cohorts: otherwise healthy women, who underwent 

minor gynecological laparoscopic surgery for benign tumors (healthy control group); female patients 

with breast cancer receiving antihormonal and/or localized radiation treatment but without chemother-

apy (tumor control group); and female patients with ovarian and breast cancer treated with paclitaxel 

with or without carboplatin (chemo group). Included participants were tested from January 2016 (first 

patient in) to September 2020 (last patient out). A total of  n = 10 patients were lost to follow-up at V2 

(could not be reached, withdrawal of  consent, death) and subsequently excluded from the final analysis. 

Figure 2 summarizes the trial flow.

Neurological and electrophysiological examination. A neurological examination was conducted at study visits 

V1 (baseline, before chemotherapy) and 28 (range 14 to 45) weeks later (V2, after chemotherapy). Vibra-

tion sensitivity was measured with a commercial Riedel-Seyfert tuning fork and values of  6/8 or lower were 

regarded as reduced. Muscle strength was documented according to the Medical Research Council (MRC) 

scale. Reflex status was rated as normal, reduced, or absent. Motor conduction velocity was measured in one 

leg by a supramaximal stimulus of  the common and deep peroneal nerve proximal of  the ankle joint (S1) 

and under the head of  the fibula (S2) by recording the corresponding compound motor action potentials with 

surface electrodes positioned over the M. extensor digitorum brevis using an Evidence ENG/EMG device 

(Schreiber & Tholen). Supramaximal serial electric stimuli (at least 20) were applied to the lower calf, and the 

SNAP and sensory conduction velocity of  the sural nerve were measured over the skin inferior to the lateral 

malleolus with surface electrodes. CIPN development was graded according to the validated TNSr (17).

NF measurements. NFL, phosphorylated NF heavy chain, and GFAP were measured by single-molecule 

array technology (Quanterix) in supernatants collected from hiPSC-DSN cultures (Labor Berlin GmbH) 

and in patient sera (NMI) by operators following a protocol with blinded clinical data and treatment.

Statistics. Patients lost to follow-up were excluded from the analysis. Final analysis was done with data 

from n = 6 healthy controls, n = 25 tumor controls, and n = 31 patients receiving chemotherapy. Missing 

data values were not imputed. GraphPad Prism v9 and Stata v16 (StataCorp LLC) were used for statistical 

analysis and data visualization. Gaussian distribution was checked with a Shapiro-Wilk normality test 

before statistical analysis. Normally distributed data were analyzed using unpaired 2-tailed t tests (2-group 

comparisons), whereas not normally distributed data were analyzed with Mann-Whitney U test (2-group 

comparison) or Kruskal-Wallis test with Dunn’s method for post hoc adjustment for multiple compar-

isons. In this study, experiments with hiPSC-DSNs were conducted that originated from n = 3 iPSC 

donors (BIHi005-A, BIHi263-A, BIHi264-A). All experiments on hiPSC-DSN viability/cytotoxicity were 

replicated at least 3 times (i.e., n = 3 independent differentiations) with 4 technical replicates for each con-

dition. In vitro NFL experiments were replicated at least 3 times (i.e., n = 3 plates independently matured 

>30 days) with 4 technical replicates pooled for each condition. In vitro data are reported as mean with 

95% CI (viability assays) or mean ± SD (mRNA expression, NFL measurement). Patient data are report-

ed in the text as median ± SD, including 95% CI, and displayed as median with IQR. Nonlinear regres-

sion analysis was performed to obtain dose-response curves (log-inhibitor vs. response, 3 parameters). 

Linear regression was performed with Pearson’s correlation (cell culture data, normal distribution) and 

with Spearman’s correlation (clinical data, no Gaussian distribution) between 2 variables. Binary multiple 

logistic regression analysis was used to calculate predicted probabilities of  CIPN development. Data are 

available on Mendeley Data: “Neurofilament proteins as potential biomarker in chemotherapy-induced 

polyneuropathy,” doi: 10.17632/w7w3myjpgc.1.

Study approval. The observational CICARO cohort study was approved by the ethics committee of Charité — 

Universitätsmedizin Berlin (EA4/069/14, Berlin, Germany) and registered prior to recruitment at ClinicalTrials.

gov (NCT02753036). Written informed consent was obtained from all participants prior to inclusion in the study.
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