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Abstract Sporadic Creutzfeldt-Jakob disease (sCJD) is a fa-

tal rapidly progressive dementia. The detection of 14-3-3 pro-

tein in cerebrospinal fluid (CSF) is included in the WHO di-

agnostic criteria for the pre-mortem diagnosis of CJD. The

aim of this study is to assess CSF 14-3-3 protein analytical

and diagnostic performances using a new automated capillary

Western technology (Simple Western technology-SW). For

the validation of this assay, samples from a cohort of 268

patients suspected from sCJD were analyzed: 77 sCJD (in-

cluding 40 definite sCJD) and 191 non-CJD samples were

tested using both SW and the current Western Blot (WB) as-

says. Automated capillary Western determination provided

better analytical performances than WB with a lower intra-

and inter-assay variability. Analytical interferences such as

hemolysis and high total protein concentration known to lead

to false positive WB results were also assessed using SW

assay: unfortunately, these interferences still remain con-

founders of CSF 14-3-3 protein determination. Finally, auto-

mated capillary Western assay’s sensitivity and specificity

were superior to those of WB assay (93.5 and 95.3%, respec-

tively, compared to 92.2 and 84.8% for WB). In conclusion,

with a shorter time of analysis than WB assays’ (4 h versus

1.5 day), automated capillary Western assay is an excellent

routine alternative method to the currently performed WB

assay for CSF 14-3-3 protein detection in patients suspected

of sporadic Creutzfeldt-Jakob disease.
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Introduction

Sporadic Creutzfeldt-Jakob disease (sCJD) is a fatal rapidly

progressive dementia afflicting individuals with a mean age of

onset around 65 [1, 2]. sCJD is a rare cause of dementia,

whose annual incidence is approximately estimated at 1 to 2

cases per 1,000,000 persons [3, 4]. sCJD is difficult to diag-

nose: on one hand, clinical diagnosis is often problematic

since sCJD cases may present non-specific psychiatric distur-

bances and, in many instances, sCJD diagnosis is hard to

distinguish clinically from other dementias, including

Alzheimer’s disease and Lewy body dementia [5–8]; on the

other hand, many pathologic conditions simulate the clinical

pattern of sCJD including lymphomas, cerebrovascular amy-

loidosis, or cerebral hypoxic lesions [9].

The determination of 14-3-3 protein, a biochemical bio-

marker in Cerebrospinal Fluid (CSF), is a highly sensitive

and specific assay for the pre-mortem diagnosis of

Creutzfeldt-Jakob disease (CJD) [10–12]. The positivity of

CSF 14-3-3 protein associated with rapidly progressive de-

mentia, clinical features (i.e., myoclonus, visual or cerebellar

symptoms, pyramidal/extrapyramidal syndromes, or akinetic

mutism), and the absence of alternative diagnosis defines a

probable sCJD, according to the World Health Organization

[13] and the Centers for Disease Control and Prevention

(CDC) diagnostic criteria for CJD (https://www.cdc.gov/

prions/cjd/diagnostic-criteria.html). These guidelines
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also include other biomarkers such as suggestive

electroencephalography (EEG presenting characteristic

triphasic sharp wave complexes) and specific magnetic

resonance imaging signal abnormalities [14, 15] (including

high-signal intensity, on either FLAIR or DWI, in the basal

ganglia or in at least two cortical regions from either the tem-

poral, parietal, or occipital cortices).

The 14-3-3 protein is a 30-kDa protein abundant in the

brain, particularly inside neuronal cytoplasm, glia, and synap-

tic membranes [16]. This protein plays an important role on

signal transduction, neurotransmission, and cell differentia-

tion and is released into CSF along with extensive neuronal

damage [17]. To date, 7 isoforms of 14-3-3 protein are known.

Over the years, some isoforms of this protein were described

to increase in sCJD patients’CSF compared to CSF of patients

without prion disease [9, 10, 18]. Concretely, the 14-3-3 pro-

tein β, γ, ε, and η isoforms are detectable in CSF of sCJD

patients [19, 20].

14-3-3 detection in CSF of suspected sCJD patients is usu-

ally performed through Western Blot (WB) technique, the

gold standard assay, allowing a dichotomous result, i.e., pos-

itive or negative [11, 20, 21]. This qualitative technique is

time-consuming (1.5 day for our current assay) and is gener-

ally associated to inter-assay variability around 35% [22].

Facing an increase in 14-3-3 test referrals in CJD reference

laboratories [23], the aim of this study was to develop and

assess a new automated capillary Simple Western (SW) tech-

nology, drastically reducing the time of CSF 14-3-3 protein

analysis to 4 h. The assessment of SW assay analytical and

diagnostic performances was compared to those obtained with

the currentWB assay in a population of 268 patients suspected

of sCJD.

Material and Methods

Study Population

This retrospective study included a population of 268 patients

undergoing a lumbar puncture for the evaluation of CSF 14-3-

3 protein in the frame of CJD diagnosis. Lumbar puncture was

addressed to Neurochemistry Laboratory (Hospices Civils de

Lyon, France) to support a suspicion of CJD or a differential

diagnosis between CJD and other rapidly progressive demen-

tias. Samples were collected between 2008 and 2016. After

centrifugation, CSF supernatants were frozen at −80 °C until

further analysis.

The population of 268 patients included 77 sCJD with un-

ambiguous CSF 14-3-3 protein results. According to the

WHO diagnostic criteria [13, 15], 37 fulfilled the diagnosis

of Bprobable sCJD^ and 40 were Bdefinite sCJD^ confirmed

by neuropathological examination after autopsy driven in our

P3 laboratory. Amongst the 77 sCJD patients, 71 patients had

a positive WB for CSF 14-3-3 protein and 6 patients had a

negative WB (sensitivity established at 92.2% for WB).

Concerning the non-CJD patients, CJD diagnosis was ex-

cluded by neurologists and the French surveillance network of

CJD [24]. The clinical probable diagnosis was proposed by

neurologists regarding clinical data, imaging/biological

markers, and disease evolution. The non-CJD population

was composed of 191 patients with unambiguous CSF 14-3-

3 protein result: 131 other neurodegenerative dementias, 9

Normal Pressure Hydrocephalus, 7 metabolic encephalopa-

thies, 14 psychiatric conditions, 6 epilepsies, 1 neoplastic syn-

drome, 2 infectious CNS syndromes, 2 autoimmune diseases,

and 19 patients with other causes. Amongst these 191 non-

CJD patients, 29 had a positive WB for CSF 14-3-3 protein,

and 162 had a negative WB (specificity established at 84.8%

for WB).

This study, based on biological samples collected for rou-

tine diagnosis, was not considered as Bbiomedical research^

under French regulations and therefore did not require supple-

mental informed consent. Samples were stored in a bio bank

with authorization from the French Ministry of Health

(Declaration Number DC-2008-304). Collected data included

age, gender, date of lumbar puncture, and CJD clinical/

neuropathological diagnosis. Authorization for handling per-

sonal data was granted by the French data protection commis-

sion [Commission Nationale de l’Informatique et des Libertés

(CNIL)].

CSFAnalysis

CSF Total Protein Concentration Assay

CSF total proteins were measured using a benzethonium chlo-

ride assay on Architect c16000 analyzer (Abbott

Diagnostics®, Santa Clara, CA, USA).

Western Blot Assay

14-3-3 protein immunoassay was performed by Western blot

analysis as described before [25]. Briefly, 75 microliters of

CSF samples were denatured with a solution containing Tris

0.05 M pH 7.4, SDS 10%, DTT 1%, and glycerol heated at

98 °C for 5 min. The proteins were separated on an ExcelGel®

SDS Homogeneous 15 for SDS-PAGE (GE Healthcare®,

Little Chalfont, Buckinghamshire, UK), transferred to

polyvinylidene fluoride (PVDF) membrane and blocked over-

night with 1% nonfat-dried milk in Tris Buffer Saline (TBS).

The membranes were incubated for 2 h with the primary anti-

14.3.3 antibody 1/400th (β K19: sc-629, Santa Cruz

Biotechnology®, Dallas, TX, USA). After incubation, three

washes were performed in TBS-0.1% nonfat-dried milk. Then

membranes were saturated with alkaline phosphatase conju-

gated anti-rabbit second antibody 1/1000th (sc-2057, Santa
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Cruz Biotechnology®, Dallas, TX, USA) during 1 h and

washed three more times with TBS-0.1% nonfat-dried milk

and once with TBS. Finally, the colorimetric revelation was

performed incubating 5-bromo-4-chloro-3-indolyl-phosphate/

nitro blue tetrazolium (Thermo Scientific®, Waltham, MA,

USA) during 5 min. The 14-3-3 protein band in CSF samples

was optically observed and compared to known specimen to

permit a characterization as negative or positive sample.

Automated Capillary Western Assay

Peggy Sue® 12–230 k Dalton (kDa) size assays were carried

out: each analysis cycle was composed of 12 capillaries in-

cluding a ladder and 11 CSF samples. Six microliters of CSF

samples were denatured with a Fluorescent MasterMix® con-

taining fluorescent molecular weight markers and 200 mM

dithiotreitol, according to Protein Simple© recommendations.

The mixtures were heated at 95 °C during 5 min. Primary anti-

14 -3 -3 an t i body (γ C-16 : s c -731 , San t a Cruz

Biotechnology®, Dallas, TX, USA) and 10× System

Control (10xSC) primary rabbit antibody were diluted with

antibody diluent to obtain a final dilution of 1/100th and

1/40th, respectively. Samples, blocking reagent, mix of prima-

ry antibodies, HRP conjugated second antibodies, chemilumi-

nescent substrate, separation, and stacking matrices were dis-

pensed to designated wells in a 384-well plate. The plate was

then loaded on the Peggy Sue® platform to perform the dif-

f e r en t s t eps o f sepa ra t i on e l ec t rophore s i s and

immunodetection automatically. Briefly, the proteins were

separated inside a capillary per sample during 45 min and

fixed on the surface of these capillaries. The incubations of

primary antibodies and second antibody lasted 1 h and 30min,

respectively. Finally, the chemiluminescent revelation was

performed incubating capillaries with a mix of luminol and

peroxide. The determination of the size, areas, heights, and

signal to noise (S/N) ratios of 14-3-3 protein and 10×

System Control protein (used as internal standard) was auto-

matically calculated on Compass for Simple Western® soft-

ware, version 3.0.9. A composite criterion, called areas ratio,

was also calculated to introduce the use of 10xSC protein as

an internal standard. The formula of areas ratio was (area of

14-3-3 protein/area of 10× SC protein) × 10,000.

Analytical Performances Evaluation

Intra-assay and inter-assay variability of both techniques were

assessed using 2 CSF positive quality controls (QC) previous-

ly analyzed with WB assay: the first one with a strong 14-3-3

band intensity and the second one with a faint 14-3-3 band

intensity. The determination of the 14-3-3 protein signals was

quantified calculating area 14-3-3 and areas ratio for automat-

ed capillary Western assay. To perform a quantitative evalua-

tion of Western blot variability, some membranes were read

out using ChemiDoc XRS (BioRad®, Hercules, CA, USA)

and Quantity One® software to calculate the band intensity

signal correlated to the amount of 14-3-3 protein. Results were

expressed as percentage coefficient of variation for CSF 14-3-

3 protein determination.

Human recombinant histidine-tagged 14-3-3 γ protein

(Sigma-Aldrich®, St. Louis, MO, USA) was spiked into neg-

ative 14-3-3 protein CSF to assess 14-3-3 protein detection

and size using SWassay. Other spiking assays were performed

to analyze the influence of hemolysis and total protein con-

centration into CSF samples, according to an adapted protocol

[26]. A red blood cell lysate containing 71 g/L hemoglobin

was prepared: hemoglobin was measured on ABL800 Flex

(Radiometer®, Copenhagen, Denmark). This lysate was

spiked into a limpid negative 14-3-3 CSF sample to create a

likely visible hemolyzed sample (0.28 g/L hemoglobin, by

dilution of red blood cell lysate 1/250th) and a strongly visible

hemolyzed sample (1.42 g/L hemoglobin, by dilution of red

blood cell lysate 1/50th). Plasma containing 80 g/L total pro-

teins (Biuret protocol on Architect c16000 analyzer) was di-

luted and spiked (5% volume/volume) into the same negative

14-3-3 CSF sample with proteins at 0.43 g/L to increase its

total protein final concentration (from 1 to 4 g/L). Finally, the

neat CSF sample, the likely visible and strongly visible hemo-

lyzed samples and the increased total protein concentrations

samples were analyzed in the same automated capillary assay.

Statistical Analysis

Mann-Whitney test and chi-square test were performed to

assess differences between continuous and categorical vari-

ables respectively. Receiver operating characteristics (ROC)

curves were performed to assess the diagnostic performances

of CSF 14-3-3 protein regarding CJD status. Optimal cutoff

values, sensitivity, and specificity were calculated using the

Youden index [Se + (1–Sp)]. All the statistics were performed

on MedCalc® software, version 15.11.4.

Results

Detection of CSF 14-3-3 Protein Using Automated

Capillary Western Assay

Figure 1 represents the detection of 14-3-3 protein and recom-

binant histidine-tagged 14-3-3 protein, with both automated

capillary Western (Fig. 1a, b) and Western Blot assays

(Fig. 1c). Recombinant 14-3-3 protein was spiked into a neg-

ative 14-3-3 protein non-CJD CSF sample (S1). A represen-

tation of a positive CSF 14-3-3 protein sCJD sample (S2) and

a negative CSF 14-3-3 protein non-CJD sample (S3) are also

shown.
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Diagnostic Performances of Automated Capillary

Western Assay

Table 1 presents the comparison between the sCJD and non-

CJD populations, regarding demography, total proteins of

CSF samples and automated capillary Western results.

No difference was observed between the two populations

concerning gender, age, or CSF total protein concentrations.

14-3-3 protein expression using automated capillary Western

assay was statistically different between sCJD and non-CJD

populations, whatever its mode of quantification (area 14-3-3,

height 14-3-3, S/N 14-3-3 and the composite criterion areas

ratio). The diagnostic performances of the four different SW

expressions of CSF 14-3-3 protein are illustrated in Table 2.

All the four SW quantifications of CSF 14-3-3 protein (area

14-3-3, height 14-3-3, S/N 14-3-3 and areas ratio) gave coher-

ent results with an AUC higher than 0.900 (p value <0.0001).

Regarding Youden index, the criterion area 14-3-3, and the

composite criterion areas ratio were the best to classify pa-

tients (Youden index at 0.8775 and 0.8879, respectively).

Using the cutoff value at 1956 for the criterion area 14-3-3,

the sensitivity and specificity were at 93.5 and 94.2%, respec-

tively (5 sCJDCSF samples were classified as negative and 11

non-CJD CSF samples were classified as positive by SW as-

say). Using the cutoff value at 235 for the composite criterion

areas ratio, the sensitivity was the same—93.5%—and the

specificity was slightly increased at 95.3% (five sCJD CSF

samples were classified as negative and nine non-CJD CSF

samples were classified as positive by SW assay).

Analytical Performances of Automated CapillaryWestern

Assay

The results obtained for variability using SW and WB assays

are presented in Table 3. Two positive CSF quality controls

Table 1 Comparison of sCJD and non-CJD populations regarding

demography, CSF total protein concentrations, and automated capillary

Western results

sCJD (n = 77) Non-CJD (n = 191)

Demography

Gender, M/F 31/46 96/95

Age, years 71.0 (52.4–86.7) 72.0 (54.1–86.0)

CSF samples

Total proteins, g/L 0.39 (0.26–0.70) 0.40 (0.23–0.68)

Automated capillary Western results

Area 14-3-3 7259 (1723–26,744)* 411 (0–2040)

Height 14-3-3 512 (99–1977)* 32 (0–199)

S/N 14-3-3 13.2 (2.8–40.0)* 2.9 (1.1–7.3)

Areas ratio 872 (195–3149)* 60 (0–234)

Data expressed as median (5th–95th percentile), *p < 0.0001 versus non-

CJD

Fig. 1 Detection of His-Tag

recombinant 14-3-3 protein or

endogenous 14-3-3 protein in

CSF samples. aGraph view and b

lane view of Compass for Simple

Western® software representing

electropherograms with

automated capillary Western

assay (10× SC protein, used as

internal standard at ≈26 kDa, 14-

3-3 protein at ≈35 kDa and His-

Tag recombinant 14-3-3 protein at

≈39 kDa). c Western Blot results

of CSF 14-3-3 protein, a band can

be seen for positive samples at

≈35 kDa. S1His-Tag recombinant

protein spiked in a negative 14-3-

3 CSF sample, S2 a positive 14-3-

3 sCJD CSF sample, S3 a

negative 14-3-3 non-CJD CSF

sample
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(QC) were analyzed in the same assay (intra-assay variability)

or in different assays (inter-assay variability). The variability

of SW assay was assessed using both area 14-3-3 and areas

ratio since these two quantification modes showed the best

diagnostic performances for SW assay (see Table 2).

Globally, SWassay provided a better intra-assay and inter-

assay variability than WB assay, whatever the intensity of the

14-3-3 protein signal (strong positive or faint positive 14-3-3

protein band on CSF QC samples). Comparing SW assay

quantification modes (area 14-3-3 and areas ratio), intra-

assay variability was considered equal for both quantification

modes. However, a difference in the inter-assay variability

could be seen, the lowest was obtained for areas ratio expres-

sion. Indeed, the inter-assay variability decreased by 5 and 4

percentage points regarding strong positive or faint positive

14-3-3 protein band respectively on CSF QC samples using

areas ratio instead of area 14-3-3 (Table 3). Consequently, the

composite criterion areas ratio was chosen to compare SWand

WB assays in subsequent assays regarding both its analytical

and diagnostic performances.

Table 4 gives the distribution of the 268 CSF samples re-

garding both SW and WB assays:

A correct classification of CSF samples, considered as the

addition of the populations of SW positive/WB positive sam-

ples (77/268) and SW negative/WB negative samples (164/

268) was obtained for 241 samples (89.9% of the cohort of

268 patients).

The 27 CSF samples with a different classification between

SWandWB assays were characterized regarding their belong-

ing to sCJD or non-CJD populations. Amongst the 23 SW

negative/WB positive samples, 22 were non-CJD patients:

automated capillary western assay provided a better

specificity than Western Blot assay. Amongst the 4 SW

positive/WB negative samples, 2 were definite sCJD patients

with areas ratio at 330 and 448, respectively. Finally, 4 sCJD

samples remained negative using both assays: these patients

were all definite sCJD (areas ratio at 34, 73, 155, and 194,

respectively).

Table 5 indicates the results obtained during hemolysis and

protein spiking assays. The size of the detected 14-3-3 peak

using Compass for Simple Western software®, the values cal-

culated for the composite criterion areas ratio and the interpre-

tation of areas ratio are shown.

Hemolysis and total protein concentration in CSF were

found in our study as confounders leading to a misinterpreta-

tion of 14-3-3 protein results. Indeed, a strongly visible hemo-

lysis and/or CSF total proteins ≥1.5 g/L could lead to positive

14-3-3 protein results.

Discussion

For the first time, a new automated capillary Western assay

was developed using Peggy Sue® platform (Protein Simple©)

in order to detect CSF 14-3-3 protein, providing a format

adapted to the routine biological diagnosis of CJD.

Endogenous 14-3-3 protein and recombinant histidine-

tagged 14-3-3 protein were correctly detected using automat-

ed capillary Western technology (Fig. 1). The four different

modes of quantification of 14-3-3 protein signal (i.e., area 14-

3-3, height 14-3-3, S/N 14-3-3, and the composite criterion

areas ratio) gave all excellent results to discriminate between

sCJD and non-CJD patients (Table 1). The criterion area 14-3-

3 and the composite criterion areas ratio presented the best

Table 3 SW and WB variability

analyzing 2 CSF positive quality

controls

WB assay (%) SW assay SWassay

Area 14-3-3(%) Areas ratio (%)

Intra-assay variability (n = 5 repeats)

Positive CSF QC1 (strong 14-3-3 band) 10 6 7

Positive CSF QC2 (faint 14-3-3 band) 30 13 12

Inter-assay variability (n = 20 repeats)

Positive CSF QC1 (strong 14-3-3 band) 34 22 17

Positive CSF QC2 (faint 14-3-3 band) 39 29 25

QC1 with a strong 14-3-3 protein band and QC2 with a faint 14-3-3 protein band using WB

Table 2 Diagnostic

performances of the 4 Simple

Western expressions of CSF 14-3-

3 protein

AUC (95% CI) Youden index Criterion Sensitivity (%) Specificity (%)

Area 14-3-3 0.973 (0.946–0.989) 0.8775 >1956 93.5 94.2

Height 14-3-3 0.971 (0.943–0.987) 0.8488 >147 92.2 92.7

S/N 14-3-3 0.913 (0.873–0.944) 0.7420 >5.2 85.7 88.5

Areas ratio 0.968 (0.939–0.985) 0.8879 >235 93.5 95.3
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diagnostic performances with Youden indexes at 0.878 and

0.888, respectively. According to the variability assay results,

areas ratio was the criterion chosen in our study to discrimi-

nate sCJD and non-CJD patients. Indeed, variability was low-

er with this mode of quantification using SWassay, especially

focusing on inter-assay variability (Table 2). In addition, the

use of this composite criterion ensured a supplemental analyt-

ical control, with the presence of one peak at least (10× SC

protein) and two peaks for positive samples (10× SC and 14-

3-3 proteins) in each capillary.

Areas ratio criterion calculated in SWassay provided better

analytical performances than WB assay with lower intra- and

inter-assay variability for a strong positive 14-3-3 protein QC

sample at 7 and 17%, respectively (Table 3). Analyzing the

same sample, intra- and inter-assay variability of WB assay

were 10 and 34%, respectively, which is consistent with data

from the literature [22]. Variability was higher with a faint

positive QC sample, which is a commonly observed for the

majority of immunoassays (Table 3). These good perfor-

mances of SWassay were partly explained by the automation

of the assay, improving protocols reproducibility (incubation

t ime wi th ant ibodies , s tandard ized reve la t ion) .

Miniaturization also provided a decrease of antibodies uptake,

allowing a less frequent variation of antibodies batches, at the

origin of a great variability [27]. The automation of CSF 14-3-

3 protein assay including an easier waste management also

enhanced safety for technical staff manipulating potentially

infectious CSF. Finally, CSF 14-3-3 protein detection using

SWassay provided a shorter deadline to obtain results (4 h for

the first samples) thanWB assay, a method known for its time

consumption (currently 1.5 day including an overnight satu-

ration). The rapidity of this assay conjugated to its automation

is helpful to deliver a result quickly. Indeed, in case of suspi-

cion of sCJD in a patient with rapid cognitive and neurologic

degradation, a negative CSF 14-3-3 could reorient diagnosis

to other neurological disorders, some of them being curable

[28, 29].

As for WB assay, CSF intrinsic properties such as hemo-

lysis or total protein concentration were crucial confounders

that should be determined before analysis [23]. Indeed, a

strongly visible hemolysis led to a positive 14-3-3 result.

This observation is explained by the physiological presence

of 14-3-3 inside red blood cells [30]. Total protein concentra-

tions in CSF higher than 1.5 g/L also led to apparent positive

14-3-3 protein results. However, the size of protein detected

with SW assay was below the expected size of endogenous

14-3-3 protein (33 versus 35 kDa, respectively). For high total

protein concentration samples, a careful observation of graph

views was required in addition to the calculation of areas ratio

for a correct interpretation of results. In accordance with the

red blood cell lysate and proteins spiking assays, the detection

of CSF 14-3-3 protein should not be performed for strongly

visible hemolyzed or high total protein CSF samples

(Table 5). Unfortunately, SW assay does not therefore bring

any analytical improvement comparing to WB assay

concerning these particular samples.

In the retrospective sCJD and non-CJD cohorts chosen for

the study, automated capillary Western assay’s sensitivity and

specificity were superior to those of Western Blot assay (93.5

Table 5 CSF hemolysis and

protein spiking assays CSF sample Size (kDa) Areas ratio Interpretationa

Hemolysis

Neat CSF (limpid) 35 118 Negative

Likely visible hemolysis (hemoglobin 0.28 g/L) 35 138 Negative

Strongly visible hemolysis (hemoglobin 1.42 g/L) 35 919 Positive

Total protein concentration

Neat CSF (0.43 g/L) 35 118 Negative

Protein-spiked CSF (1 g/L final) 35 102 Negative

Protein-spiked CSF (1.5 g/L final) 33 1109 Positive

Protein-spiked CSF (2.5 g/L final) 33 1560 Positive

Protein-spiked CSF (4 g/L final) 33 3751 Positive

a Positive 14-3-3 protein result if areas ratio > 235; negative 14-3-3 protein result if areas ratio ≤ 235

Table 4 Distribution of the 268 sCJD and non-CJD samples according

to their 14-3-3 protein results using both SW and WB assays

sCJD Non-CJD Total

Concordant results

SW+/WB+ 70 7 77

SW−/WB− 4 160 164

Discordant results

SW+/WB− 2 2 4

SW−/WB+ 1 22 23

Total 77 191 268

An SWassay was considered positive if areas ratio > 235

Mol Neurobiol



and 95.3% respectively for areas ratio, compared to 92.2 and

84.8% for the current WB assay). The results obtained for

both assays were consistent to a meta-analysis published by

Muayqil et al., reporting an average sensitivity and specificity

of CSF 14-3-3 protein assay at 92 and 80%, respectively [31].

More precisely, SW assay’s diagnostic performances were

similar to CSF 14-3-3 protein determination performed with

an ELISA assay [23, 32–34], supposed to yield more consis-

tent results than WB assay [34]. However, ELISA assays are

known to provide lower intra- and inter-assay variability. In

our cohort of patients, four definite sCJD patients had a neg-

ative CSF 14-3-3 protein result using both SW and WB as-

says. Sensitivity of CSF 14-3-3 protein is not perfect and some

sCJD patients may present negative CSF 14-3-3 results, espe-

cially in some specific clinical onsets [2]. The absence of CSF

14-3-3 protein could also be explained by the time when lum-

bar puncture was performed regarding disease onset, the sen-

sitivity of CSF 14-3-3 determination increasing with disease

course [25]. If clinical features persist, a second detection of

CSF 14-3-3 protein should be performed on another lumbar

puncture. Likewise, samples with area ratio next to the cutoff

value at 235 should be carefully interpreted and re-analyzed

on another run since inter-assay variability of SW assay was

25% for a faint positive CSF sample. On the other side, CSF

14-3-3 protein is a surrogate marker of sCJD [10] increasing

with extensive brain damage [35], explaining its potential lack

of specificity [11, 36, 37]. To counteract CSF 14-3-3 determi-

nation drawbacks, a lot of efforts have been done to develop

other surrogate markers of CJD. In CJD patients, increases of

total tau protein—another marker of neuronal lysis—and al-

pha-synuclein—a marker of synaptic degeneration—were ob-

served [38, 39]. Diagnostic performances of these markers are

similar or better than those of 14-3-3 protein, with sensitivity

and specificity at 94 and 90% respectively for total tau protein

and at 98 and 97% respectively for alpha-synuclein using

ELISA assays [40, 41]. Furthermore, assays detecting prion

protein, the etiological marker of CJD, are also now per-

formed using ELISA or RT-QuIC methods [42, 43]. Pending

the complete validation of these different assays before use in

daily clinical practice, improving 14-3-3 protein determina-

tion is essential for CJD diagnosis since it remains nowadays

the sole biological marker included in the WHO CJD diag-

nostic criteria.

Finally, the automation of WB and isoelectric focusing

(IEF) assays on the Peggy Sue® platform enables the

emergence of many applications in fundamental or applied

research [44, 45]. Concerning the development of neuro-

degenerative marker automated assays, Halgebauer et al.

developed an IEF assay to detect oligoclonal bands in

CSF [46] and proposed it for clinical practice. Using auto-

mated capillary technology will certainly open the way to

the adaptation and routine use of many markers of neuro-

degenerative proteinopathies [47].

Conclusion

CSF 14-3-3 protein remains presently the biological marker

recommended by international consensus to improve the

probability of sCJD diagnosis, despite its nature of surrogate

sCJD marker. Using the new automated capillary Western

assay, analytical and diagnostic performances of CSF 14-3-3

protein detection were improved compared to the classical

Western Blot assay. With a shorter time of analysis (4 h versus

1.5 day), this method would rapidly replace WB assay for the

detection of CSF 14-3-3 protein in the frame of routine CJD

diagnosis. Moreover, the automated Western platform has the

potential to implement others biomarkers in the field of neu-

rodegenerative disorders.
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Abstract

Frontotemporal lobar degeneration syndrome is the second cause of young-onset dementia. Unfortunately, reliable biomarkers

are currently lacking for the diagnosis of this disease. As TDP43 protein is one of the proteins pathologically involved in

frontotemporal lobar degeneration, many studies have been performed to assess TDP43 protein diagnostic performances.

Mixed results were obtained using cerebrospinal fluid and plasma samples so far. The aim of the study was to develop an

automated capillary nano-immunoassay—Simple Western assay—to detect and quantify TDP43 protein simultaneously in

human blood-based samples. Simple Western assay was developed with two different cell lysates used as positive controls

and was compared to Western blot. TDP43 protein profiles in plasma samples were disappointing, as they were discordant to

our positive controls. On the contrary, similar TDP43 patterns were obtained between platelet samples and cell lysates using both

assays. Simple Western assay provided good quantitative performances in platelet samples: a linearity of signals could be

observed (r2 = 0.994), associated to a within-run variability at 5.7%. Preliminary results based on a cohort of patients suffering

from frontotemporal lobar degeneration showed large inter-individual variations superior to Simple Western’s analytical vari-

ability. Simple Western assay seems to be suitable for detecting and quantifying TDP43 protein in platelet samples, providing a

potential candidate biomarker in this disease. Further confirmation studies should now be performed on larger cohorts of patients

to assess diagnostic performances of TDP43 protein in platelet samples.

Keywords Dementia . TDP43 proteinopathies . Capillary electrophoresis/electrophoresis . High-throughput screening assays .

Biomarkers

Introduction

Frontotemporal lobar degeneration (FTLD) is a clinically and

pathologically heterogeneous syndrome, characterized by

progressive atrophy of frontal and/or anterior temporal lobes

[1]. FTLD spectrum is the second cause of young-onset de-

mentia [2]. Different clinical syndromes exist, defined on the

basis of leading features at presentation. They include behav-

ioral frontotemporal dementia (bvFTD) and other cognitive

syndromes impairing language capabilities primarily [3, 4].

In addition, both syndromes can overlap with motor neuron

diseases [5]. The diagnosis of FTLD with definite pathology

relies on the association of a clinical diagnosis with different

core features depending on the syndrome and either presence

of histopathologic evidence of specific protein aggregates or a

known pathogenic mutation [6, 7].

In 2006, Neumann et al. discovered TDP43 protein as the

major component of ubiquitin-positive, tau- and alpha-
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synuclein negative inclusions in FTLD [8]. TDP43 cerebral

inclusions contain an accumulation of native protein, but also

hyperphosphorylated and truncated forms of TDP43 protein

[9]. Numerous studies have been performed so far to elucidate

TDP43 protein’s functions, metabolism and misprocessing

[10]. Otherwise, a lot of research has been done to detect

TDP43 protein in patients’ biofluids, potentially providing a

diagnostic, prognostic and/or therapeutic evaluation biomark-

er [11]. Cerebrospinal fluid (CSF) markers are commonly

evaluated in neurodegenerative diseases [12]. Plasma samples

are less invasive, but neurodegenerative markers may exhibit

lower concentrations than in CSF. Developing blood-based

biomarkers could then become challenging in the absence of

sensitive enough technologies [13]. Currently, no CSF or plas-

ma biomarker can positively identify living FTLD patients

[14]. Some studies showed differences in TDP43 protein be-

tween FTLD patients and other neurodegenerative diseases or

controls in both matrices [15, 16]. However, quantification of

TDP43 protein in CSF and plasma gave contradictory results

so far. Potential reasons to these discrepancies could be the

very low concentration of this protein or the low-binding af-

finity of the antibodies in the presence of abundant immuno-

globulins and albumin, underscoring the necessity to identify

disease-specific patterns [17]. Interestingly, different high-

throughput Western blot platforms exhibit qualitative patterns

associated to quantitative results and offer simplified

workflows compared to traditional Western Blot [18–20].

Moreover, some studies highlighted an important role of plate-

lets in neurodegenerative diseases, thus providing a new po-

tential matrix for biomarkers’ discovery [21].

The main objective of this study was to evaluate Simple

Western technology developed on Peggy Sue analyzer

(Protein Simple®) to detect TDP43 protein in platelet sam-

ples, in the context of lacking validated markers for FTLD.

This automated technology coupled both electrophoresis and

a chemiluminescent detection, providing qualitative and semi-

quantitative measurements for tested samples. After initial de-

velopment using cell culture lysates, Simple Western assays

were performed to detect TDP43 protein in plasma and plate-

lets samples. This first step was followed by an evaluation of

automated quantification of TDP43 protein. Finally, the suit-

ability and analytical performances of Simple Western assay

were assessed on platelet samples from FTLD patients.

Material and methods

Samples

Endogenous TDP43 protein in cell culture lysates

The human embryonary kidney cell line HEK293T was ob-

tained from the Gé́néthon (Evry, France). Cells were cultured

in DMEM-Glutamax medium supplemented with 10% Fetal

Bovine Serum (FBS) and penicil l in/streptomycin

(Invitrogen). The human neuroblastoma cell line SH SY5Y

was obtained from Sigma-Aldrich® (Saint-Louis, USA) and

was cultured in DMEM-F12 (1/1) Glutamax supplemented

with 10% FBS, non-essential amino acids and penicillin/

streptomycin (Invitrogen®, Carlsbad, USA). SH SY5Y and

HEK293T cells were recovered in 1× PBS and pelleted by

centrifugation at 4 °C. Cell pellets were suspended and lysed

in Laemmli lysis sample buffer (6% Tris HCl pH 6.8, 10% β-
mercaptoethanol, 4% SDS, glycerol and bromophenol blue)

and sonicated at 4 °C. Cell lysates were frozen at − 20 °C until

further analyses.

Study population and C9ORF72 genetic testing

The cohort included 2 male and 7 female patients aged be-

tween 59 and 76 years old. All the patients met the diagnosis

of probable behavioral variant of frontotemporal dementia

(bvFTD) according to Rascovsky criteria [6] and exhibited a

family history of neurodegenerative diseases including FTD

and/or ALS [22]. Following genetic counseling in the frame-

work of their medical follow-up, the patients included in this

study or their legal next of kin gave two informed written

consents: the first one for FTLD genetic testing and the second

one authorizing a change of biological purpose for remaining

parts of samples. Blood sampling (EDTA tubes) was collect-

ed. After DNA extraction, the screening for GGGGCC repeat

expansions in C9ORF72 (the genetic variant with the highest

prevalence in FTLD) was performed using a repeat-primed

PCR (RP-PCR), adapted from the international study from

Akimoto et al. [23]. RP-PCR products were separated by cap-

illary electrophoresis using an ABI 3130xL (Life

Technologies®, Carlsbad, USA) with Genescan™ 500 ROX

size standard (Life Technologies®). Data were analyzed using

GeneMapper® software 5 (Applied Biosystems®, Foster

City, USA). RP-PCR gave negative results for C9ORF72 ex-

pansion screening in all patients.

Blood fractionation of samples

In parallel to classical genetic testing, a part of whole-blood

samples was centrifuged at 200g during 15 min (without ac-

celeration and deceleration) to obtain platelet-rich plasmas

(PRP). PRP were then centrifuged at 2000g during 15 min.

Platelet-poor plasmas (PPP) were then saved, aliquoted, and

stored at − 80 °C. Pellets were suspended in 4 mL of washing

buffer (Tris 50 mM, NaCl 150 mM, EDTA 2.7 mM in water,

pH 7.35). A second centrifugation at 2000g during 15 min

was performed, supernatant was discarded and pellets were

suspended again in 4 mL of washing buffer. Platelet counts

were performed on Sysmex® (Kobe, Japan) XN-2000 analyz-

er. Another centrifugation was performed at 2000g during
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15min and supernatant was discarded. Pellets were suspended

in a variable volume of buffer (Tris 50 mM, NaCl 150 mM in

water, pH 7.35/Triton X-100 20%, ratio 40:1) to obtain a sim-

ilar final platelet concentration in all samples (200G/L). Platelet

samples were heated at 37 °C during 15 min, aliquoted and

stored at − 80 °C until further analysis. Diluted solutions of

albumin (Vialebex®, LFB Biomedicaments®, France, 40 g/L)

and immunoglobulins (Privigen®, CSL Behring®, USA,

100 g/L) were analyzed in parallel to plasma samples (final

dilution for both solutions: 0.5 g/L).

Recombinant TDP43 protein

Recombinant human TDP43 protein (Ag1231) was purchased

from Proteintech® (Rosemont, USA). This truncated recom-

binant protein includes TDP43 1-260 amino acids, with N-

terminal GST tag and its approximated molecular weight is

56 kDa. Serial dilutions from a stock solution (0.5 mg/mL)

were performed to assess semi-quantitative performances of

Simple Western assay.

Antibodies

Rabbit polyclonal 10782-2-AP antibody (ProteinTech®,

Rosemont, USA) was chosen to detect total TDP43 protein

in the different tested matrices. This antibody is one of the

most popular anti-TDP43 antibodies and detects TDP43

aminoacids 203–209 and aminoacids near N-terminus [24].

Rabbit polyclonal 12892-1-AP antibody (ProteinTech®,

Rosemont, USA) and mouse monoclonal 2G10 antibody

(AJ Roboscreen GmbH®, Leipzig, Germany) were used to

confirm the specificity of TDP43 protein profiles. These anti-

bodies are directed against TDP43 aminoacids 288–414 and

aminoacids 201–220 respectively.

Simple Western assays

SimpleWestern 12–230 kDa size-assays were carried out using

Peggy Sue® analyzer (Protein Simple, San Jose, CA, USA).

First, we prepared a 384-microwell plate containing samples

mixed with fluorescent standards and denatured at 95 °C during

5 min, a ladder including 6 size markers, primary antibodies

(dilution 1/50 in our study), secondary antibodies, the detection

solution (equivalent volumes of luminol and peroxide), stack-

ing and separation matrices, according to the manufacturer’s

preparation template [25]. After centrifugation at 1000g during

5 min, the 384-microwell plate was loaded into Peggy Sue®

platform. Then, the complete automated workflow, ranging

from samples’ uptake on the plate to the chemiluminescent

detection and quantification of proteins, was launched. The first

step consisted in samples’ loading into 12 individual single-use

capillaries per cycle (1 cycle comprising 11 samples and 1

ladder), followed by a size-based separation (45 min in our

study). A detection of fluorescence of standards, mixed with

every sample, ensured a control of electrophoresis. Sample pro-

teins were captured onto capillary beds after illumination with

UV light. Incubations of primary and secondary antibodies

lasted 1 h and 30 min respectively in our protocol. Finally, a

chemiluminescent detection of target proteins was automatical-

ly performed with different exposure times, ranging from 4 to

512 s [20]. Target proteins’ sizes were determined for each

sample in comparison to the migration of the size markers of

the ladder. Heights and areas of all detected peaks were system-

atically calculated on Compass for Simple Western® software,

version 3.1.7, using the 4-s exposure time.

Western blot assays

According to their nature, samples could be preliminary dilut-

ed in sodium chloride. Then Laemmli lysis sample buffer (6%

Tris-HCl pH 6.8, 10% β-mercaptoethanol, 4% SDS, glycerol

and bromophenol blue) was added to samples (ratio 1:1).

Samples were denaturated at 95 °C for 5 min and 10 μL of

samples were separated on NuPAGE 4–12% Bis-Tris protein

gels, 1.0 mm (Thermo Scientific®,Waltham, MA, USA) with

MOPS SDS running buffer (Thermo Scientific®, Waltham,

MA, USA) according to manufacturer’s instructions.

Proteins were then transferred to polyvinylidene fluoride

(PVDF) membrane and blocked during 2 h with 5% nonfat-

dried milk in Phosphate Buffered Saline (PBS). Membranes

were incubated overnight at 4 °C with rabbit polyclonal

10782-2-AP antibody (dilution 1/2000). Three washes were

then performed in PBS-0.1% Tween. Membranes were incu-

bated 30 min with secondary HRP anti-rabbit antibody

(Agilent Dako®, Santa Clara, USA, dilution 1/2000), washed

four more times with PBS-0.1% Tween and then three times

with PBS. Finally, membranes were incubated with

SuperSignal West Dura Extended Duration Substrate

(Thermo Scientific®, Waltham, MA, USA) and exposed on

Ame r sh am Hype r f i lm ECL (GE Hea l t h c a r e® ,

Buckinghamshire, UK). Apparent sizes of proteins were de-

termined using MagicMark XP Western Protein Standard

(Thermo Scientific®, Waltham, MA, USA).

Analytical performances of Simple Western assay

The determination of the limit of detection (LOD) and the

lowest limit of quantification (LLOQ) was performed using

6 samples containing only Sample Buffer, the reagent used to

perform dilutions with Simple Western assay. These Bblank^

samples were incubated in 6 different capillaries with both

primary and secondary antibodies. Heights’ and areas’ peaks

were determined for each of these 6 Bblank^ samples. LOD

and LLOQ were then calculated as: LOD = average signal

(height or area) + 3* (standard deviation); LLOQ = average

signal (height or area) + 10* (standard deviation). In platelet
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samples, capillary-to-capillary variability was evaluated using

6 determinations of the same sample in the same cycle. The

correlation between calculated heights and areas of TDP43

protein signals was determined with the Pearson correlation

coefficient r. The linearity observed for TDP43 protein signals

was assessed performing a linear regression.

Results

Development of a Simple Western assay to detect
TDP43 protein

Identical 1/50 dilutions of SH SY5Y and HEK293T cell ly-

sates were compared using both Simple Western and Western

Blot assays. First assays were performed using rabbit poly-

clonal 10782-2-AP antibody (Fig. 1a).

Identical TDP43 protein profiles were observed in SH

SY5Y and HEK293T cell lysates using Western Blot assay,

with a band of strong intensity between 40 and 50 kDa and

faint bands between 30 and 40 kDa. The same patterns were

obtained with Simple Western assay, but bands were around

10 kDa higher than those observed with the manual technique

(54 kDa and 44 kDa respectively). In both assays, the intensity

of signals was stronger in HEK293T cell lysate. The shift of

TDP43 protein sizes was confirmed using two other anti-

TDP43 antibodies presenting a different epitope (rabbit poly-

clonal 12892-1-AP antibody) or coming from a different spe-

cies (mouse monoclonal 2G10 antibody) compared to rabbit

polyclonal 10782-2-AP antibody (Fig. 1b).

Blood-based samples obtained from one patient were then

compared to SH SY5Y cell lysate using both Western Blot

and Simple Western assays (Fig. 2a).

Western Blot and Simple Western TDP43 protein profiles

were once again concordant, except for the shift of apparent

sizes previously described (Fig. 2a). Both assays exhibited

similar patterns in platelet samples and SH SY5Y cell lysate

(lanes 3 and 4). On the contrary, protein profiles were different

between plasma samples and SH SY5Y cell lysate: the bands

that were previously described in platelet samples and SH

SY5Y cell lysate were not detected in plasma samples (lanes

1, 2, and 4). However, plasma samples harbored other bands

of different molecular weight. The electrophoretic profile of

diluted PPP was compared to diluted solutions of immuno-

globulins (IgG) and albumin (Alb.), as these two compounds

are abundant in plasma and therefore could serve as migration

controls (Fig. 2b). A similar pattern could be observed be-

tween diluted PPP and immunoglobulins. No reactivity was

detected with diluted albumin.

Quantitation of TDP43 protein using Simple Western
assay

Quantitation performances of Simple Western assay were first

performed using a stock solution of recombinant GST-tagged

TDP43 protein (0.5 mg/mL according to manufacturer’s in-

structions). Serial dilutions were performed, ranging from 0 to

20 μg/L (Fig. 3).

A band of 57 kDa apparent mass was observed in all the

dilutions of recombinant GST-tagged TDP43 protein. No

Fig. 1 Comparison of Western Blot and Simple Western TDP43 protein

profiles in HEK293Tand SHSY5Ycell lysates. aComparison ofWestern

Blot and Simple Western protein profiles of SH SY5Yand HEK293Tcell

lysates (dilution 1/50) using rabbit polyclonal 10782-2-AP antibody. b

Identical Simple Western profiles were obtained in SH SY5Y cell lysate

using both rabbit polyclonal 12892-1-AP and mouse monoclonal 2G10

antibodies
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signal was visible when no recombinant TDP43 protein was

added and increased signals were observed for increased

recombinant protein concentrations (Fig. 3a). The intensity

of signals was automatically calculated by Compass for

Fig. 2 TDP43 protein profiles in blood-derived samples using rabbit

polyclonal 10782-2-AP antibody. a Comparison of Western Blot (left)

and Simple Western (right) assays representing blood fractionation of

one patient: platelet-poor plasma (PPP) sample precipitated with ice-

cold acetone (lane 1), PPP sample - dilution 1/100 - (lane 2) and

platelet sample (lane 3) are compared to SH SY5Y cell lysate (lane 4).

b Western Blot assays of diluted immunoglobulins (IgG) and albumin

(Alb) solutions with anti-TDP43 antibody compared to a diluted PPP

sample and SH SY5Y cell lysate

Fig. 3 Serial dilutions of recombinant GST-tagged TDP43 protein using

Simple Western assay. a Graph view and lane view (Compass for Simple

Western® software) of serial dilutions of recombinant TDP43 protein (4-s

exposure time). b Molecular weights, heights, and areas for all the

dilutions of recombinant protein (from 0 to 20 μg/L) automatically

calculated by Compass for Simple Western® software. c Representation

of calibration curves obtained for heights and areas signals
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Simple Western® software (heights and areas are provided in

Fig. 3b). The analysis of 6 Bblank^ samples, containing

Sample Buffer only, gave a limit of detection (LOD) of 371

for peak heights and 1595 for peak areas. Using the same raw

data, the lower limit of quantification (LLOQ) was 930 and

4322 for peak heights and areas respectively. Next, calibration

curves were generated: a linear calibration curve (r2 = 0.995

for heights and r2 = 0.988 for areas) was obtained for concen-

trations below 10 μg/L (Fig. 3c), as a saturation of signals was

observed for the highest concentration (20 μg/L).
Interestingly, a quadratic model fitted correctly to all concen-

trations (r2 = 0.994 for heights and r2 = 1 for areas). Using this

last fitting model, the corresponding LLOQ of recombinant

TDP43 protein were then 0.35 μg/L and 0.13 μg/L for heights

and areas respectively. The lowest standard included in the

calibration curve (0.2 μg/L) gave peak heights and peak areas
close to these calculated values (Fig. 3b).

Further assays were performed to assess Simple Western

assay’s suitability to detect and quantify TDP43 signals in

platelet samples (Fig. 4). Signals were detectable until a ten-

fold dilution, which was the strongest dilution performed in

this assay (Fig. 4a). A linearity of signals was observed (r2 =

0.9719) for peak heights. Concordant results (r2 = 0.9087)

were obtained with peak areas. The variability of Simple

Western assay was also assessed with repeated measurements

of the same sample 6 times within one cycle: Simple Western

assay exhibited an interesting 5.7% coefficient of variation for

heights’ determination (Fig. 4b). The coefficient of variation

for areas’ determination was 6.3%.

Finally, platelet samples were tested in duplicates in the

cohort of nine patients suspected of familial FTLD (Table 1).

Calculated parameters by Compass for SimpleWestern® soft-

ware gave concordant results for signals detection and calcu-

lation. Indeed, average heights and areas measured for a same

patient were well-correlated (Pearson correlation coefficient

r = 0.986). Duplicates variation was correct for both calcula-

tions, the highest duplicate variability for average heights and

areas being 13.1% and 13.6% respectively. Average heights

exhibited a lower variability than average areas, with an aver-

age coefficient of variation at 4.9% versus 6.2%. In this cohort

of 9 samples with normalized platelet concentration (200 G/

L), a 38-fold difference was observed between the lowest and

the highest TDP43 protein concentrations. Indeed, these two

concentrations were 0.39 μg/L and 14.76 μg/L respectively

using the quadratic calibration curve obtained for height sig-

nals. This variation was significantly above the analytical var-

iation of Simple Western assay (the coefficient of variation

was 5.7%), meaning that samples exhibited TDP43 protein

signals in platelet samples which were quantitatively different

between patients.

Discussion

In this study, platelets appeared as a suitable sample matrix to

study TDP43 protein in frontotemporal dementia patients.

Indeed, platelet samples and SH SY5Y cell lysate, considered

as a positive control for our target protein, gave identical

TDP43 protein patterns using two different qualitative

immunodetection assays: Western Blot and Simple Western

assays.Western Blot assay is a commonly used tool to identify

a specific protein in a complex mixture, and was therefore

Fig. 4 Suitability of Simple Western assay to quantify TDP43 signals in

platelet samples. a Serial dilution of one platelet sample gives linear

signals using Simple Western assay (4-s exposure time). b Capillary-to-

capillary precision (n = 6) of TDP43 protein chemiluminescent signals

(heights and areas) using Simple Western assay

Fourier A. et al.



considered as the reference method in our study [26]. Simple

Western assay, a new automated capillary nano-immunoassay,

provided qualitative protein patterns like Western Blot. First

steps of Simple Western assays’ development included the

assessment of different dilutions of SH SY5Y and HEK293T

cell lysates, ranging from 1/200 to 1/20 using rabbit polyclon-

al 10782-2-AP anti-TDP43 antibody. A band of strong inten-

sity at 54 kDa and a fainter band at 44 kDa were visible. The

comparison of Simple Western and Western Blot assays gave

similar TDP43 protein patterns, at the exception of apparent

molecular weight (Fig. 1a). Many factors can affect proteins’

motility including the type of gel or matrix used for electro-

phoresis, running buffers and even the intrinsic characteristics

of target protein [27]. TDP43 protein profiles obtained with

Simple Western technology were confirmed using two other

anti-TDP43 antibodies presenting a different epitope—rabbit

polyclonal 12892-1-AP antibody—or coming from a different

species—mouse monoclonal 2G10 antibody—(Fig. 1b). Our

results were concordant with those of an industrial company

providing another mouse monoclonal anti-TDP43 antibody

(clone 671834), which was tested on A431 human epithelial

carcinoma and NR8383 rat alveolar macrophage cell lines

(https://www.novusbio.com/products/tdp-43-tardbp-

antibody-671834_mab7778) [28]. Despite the shift of protein

sizes observed between both assays, Simple Western was

successful in providing qualitative TDP43 protein patterns.

Differences were observed between plasma samples and SH

SY5Y cell lysate. Indeed, the 54 kDa band observed in our

positive control was not detected in plasma samples. On the

other hand, additional bands were detectable in plasma

samples, corresponding to immunoglobulin light and heavy

chains (Fig. 2b). This cross-reaction with immunoglobulins

was already described by Steinacker et al. assessing TDP43

protein in CSF samples [29]. Interestingly, contrary to plasma

samples, platelet samples and SH SY5Y cell lysate exhibited

similar TDP43 protein profiles.

In addition to protein profiles assessment, Simple Western

assay allowed an automated semi-quantification of all the

peaks obtained in each capillary. An evaluation of the analyt-

ical performances of the protocol previously developed was

then performed. When performing serial dilutions from a

TDP43 recombinant protein solution, linear signals were ob-

served for concentrations below 10 μg/L (Fig. 3c). With in-

creased concentrations, a loss of linearity was observed, lead-

ing to a potential underestimation of signals [30]. Moreover, a

burn-out phenomenon was visible, leading to the presence of

split peaks or to a complete disappearance of signals for the

most concentrated samples (data not shown). This phenome-

non was already described for SimpleWestern assays [25] and

is known as ghost or hollow bands in traditional Western Blot

assays, occurring when too much target protein is applied,

leading to a total depletion of substrate [26].

The linearity of chemiluminescent signals was observed for

one platelet sample (Fig. 4a). In parallel, Simple Western as-

say provided a low capillary-to-capillary variability below

6.3% for both TDP43 heights and areas (Fig. 4b). These per-

formances were similar to other variability assays performed

using Simple Western assay or enzyme-linked immunosor-

bent assays (ELISA) for CSF markers [31, 32]. Thus,

SimpleWestern protocol seems suitable to detect and quantify

total TDP43 protein in platelet samples.

In our cohort of nine platelet samples obtained from FTD

patients, the lowest and the highest height values were 1496

and 43,363 respectively, despite a normalized platelets’ con-

centration of 200 G/L per sample. The associated TDP43 pro-

tein concentrations were then 0.39 μg/L and 14.76 μg/L re-

spectively. These values were above the LOD and LLOQ of

this assay, validating the suitability of SimpleWestern assay to

quantify TDP43 protein in platelet samples. Furthermore, this

preliminary exploratory study indicates that TDP43 protein

presents an important inter-individual variability in platelet

samples superior to its analytical variability. This observation

strengthens the fact that TDP43 protein’s detection and quan-

tification in platelet samples could become a potential candi-

date biomarker for diagnosis’ purposes, reflecting pathologi-

cal mechanisms in FTLD and ALS patients [33]. However,

Table 1 Calculated TDP43

signals in normalized platelet

samples (200 G/L) Calculated

parameters include average

heights and areas of samples

duplicates, their relative standard

deviation (SD) and their coeffi-

cient of variation in percentage

(% CV)

Sample Calculated parameters (Compass for Simple Western® software)

Average height SD % CV Average area SD % CV

Patient 1 19,750 25 0.1% 363,476 2580 0.7%

Patient 2 43,363 79 0.2% 974,709 15,054 1.5%

Patient 3 19,675 2569 13.1% 379,628 50,736 13.4%

Patient 4 28,583 2742 9.6% 601,856 37,526 6.2%

Patient 5 28,717 3176 11.1% 523,724 71,382 13.6%

Patient 6 41,743 1015 2.4% 827,149 12,269 1.5%

Patient 7 37,042 1829 4.9% 693,959 36,997 5.3%

Patient 8 25,686 158 0.6% 479,711 18,352 3.8%

Patient 9 1496 28 1.9% 28,569 2883 10.1%
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this variability could also be due to physiological variations

such as age and/or sex. To address these questions, a prospec-

tive study based on our newly validated SimpleWestern assay,

combining coupled qualitative and quantitative measure-

ments, should be performed to assess TDP43 protein diagnos-

tic performances in larger cohorts of patients with neurode-

generative definite pathology.
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