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Abstract.
Background: An N-terminal octapeptide cleavage of the cystatin C protein was discovered by mass spectrometry when
cerebrospinal fluid (CSF) was stored at –20◦C for 3 months, which did not occur when CSF was stored at –80◦C.
Objective: The aim was to develop an immunoassay as quality assessment tool to detect this –20◦C cleavage of cystatin C
in CSF and support Alzheimer’s disease research.
Methods: A specific monoclonal antibody and a double indirect sandwich ELISA were developed: one assay quantifies the
octapeptide uncleaved protein specifically and the other quantifies the total cystatin C present in the biological fluid (both
cleaved and uncleaved forms). The ratio of these concentrations was calculated to assess the extent of cleavage of cystatin C.
The novel ELISA was validated and applied in a short-term (up to 4 weeks) and mid-term (up to one year) stability study of CSF
stored at 4◦C, –20◦C, –80◦C, and liquid nitrogen. Impact of freeze-thaw cycles, adsorption, and protease inhibitors were tested.
Results: The ratio of truncated protein was modified following –20◦C storage and seemed to reach a plateau after 6 months.
The ratio was impacted neither by freeze-thaw cycles nor adsorption. The –20◦C specific cleavage was found to be protease
related.
Conclusion: Using this novel double indirect sandwich ELISA, absolute levels of the total and uncleaved cystatin C and the
ratio of truncated cystatin C can be measured. This assay is an easily applicable tool which can be used to confirm that CSF
biospecimen are fit-for-purpose for Alzheimer’s disease research.
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INTRODUCTION

Cerebrospinal fluid (CSF) surrounds and sup-
ports the central nervous system (CNS). As such,
the composition of lumbar CSF reflects the pro-
cesses of the CNS [1]. CSF therefore is a body
fluid of interest for biomarker discovery in neuro-
logical conditions, such as neurodegenerative and
neuroinflammatory diseases. Examples of successful
implementation of CSF biomarkers in diagnostics are
the presence of oligoclonal IgM bands in multiple
sclerosis and abnormal amyloid-� (A�) concentra-
tions in Alzheimer’s disease (AD) [2, 3].

Biomarker discovery and validation critically
depend on the molecular quality of the biospecimens
used. Biospecimen composition can be modified by
preanalytical factors during collection, processing,
and storage [4, 5]. Suboptimal long-term storage con-
ditions of CSF can induce molecular degradation and
introduce bias in biomarker studies [6, 7].

The revised diagnostic criteria of AD include the
CSF concentrations of A� peptides in combination
with the tau protein and its hyperphosphorylated
forms [8]. The co-localization of cystatin C and A�
has been observed in parenchymal and vascular amy-
loid deposits in brains of patients with AD [9]. The
role of cystatin C in AD is unclear: on the one side,
it seems to regulate the A� levels by binding and
inhibiting the A� aggregation [10], on the other side
it may counter A� degradation by inhibiting the pro-
tease cathepsin B [11, 12]. Previous work showed that
the N-terminal decapeptide of cystatin C is required
for effective inhibition of cathepsin B [13]. Removal
of the N-terminal segment drastically affects enzyme
affinity between cystatin C and cathepsin B [14]. Cys-
tatin C has not only been studied as a brain tissue
biomarker in AD but has also been suggested as an
indicator of the overall quality of CSF, a biological
fluid in which a plethora of other biomarkers can be
found.

An N-terminal octapeptide truncation between
amino acid residues 8R and 9L of the cystatin C
protein was discovered by MALDI-TOF mass spec-
trometry when CSF was stored at –20◦C for 3 months,
which did not occur when CSF was stored at –80◦C
[15]. This was subsequently confirmed by several
other studies using mass spectrometry [16–19]. The
cleavage of cystatin C was initially erroneously inter-
preted as a biomarker for multiple sclerosis [20]. The
cleavage state of cystatin C could therefore represent
a biomarker to assess CSF sample storage conditions
[21]. Although MALDI-TOF is an excellent method

for biomarker discovery, it is too laborious and expen-
sive to use as a routine quality assessment tool.

In the present investigation, the aim was to develop
an easily applicable tool for monitoring cystatin C
cleavage status which informs of CSF sample qual-
ity. As such, we developed a method of measuring
the cleavage state of cystatin C based on a novel dou-
ble indirect sandwich enzyme-linked immunosorbent
assay (ELISA), eliminating the need of mass spec-
trometry. This double indirect sandwich ELISA was
used to validate the hypothesis that the cystatin C pro-
tein is cleaved when CSF is stored at –20◦C, but not
at –80◦C or in liquid nitrogen (LN). We performed
a short-term stability study (up to 4 months) at room
temperature (RT), 4◦C, –20◦C and –80◦C, a mid-term
stability study (up to one year) at –20◦C, –80◦C, and
LN, and a long-term stability study (4–16 years) at
–80◦C. Next, we performed an adsorption study and
freeze-thaw stability analysis to further validate the
new method and the preanalytical sensitivity of cys-
tatin C. In order to understand the ex-vivo mechanism
inducing cystatin C cleavage, we tested the effect of
protease inhibitors (PI).

MATERIALS AND METHODS

Monoclonal antibodies

The mouse monoclonal anti-cystatin C Cyst28
antibody (HyTest, FI #4CC1) was used to detect
the total cystatin C protein (both the cleaved and
uncleaved forms of the protein). The epitope rec-
ognized by this antibody is conformational, encom-
passing residues 54K-60V, 85F-91L, 92K-99F, and
101I-111T [22] (Fig. 1A).

A mouse monoclonal antibody (Clone 10G6-
B9-A3, IgG1,k), targeted against the octapeptide
uncleaved protein was developed by our team, using
Bio-Rad Laboratories as a supplier. The antibody
was used for the quantification of the N-terminal
uncleaved protein. Murine antibodies were gener-
ated by immunization of female 8-week-old CD-1
mice (Charles Rivers) with an octapeptide, corre-
sponding to 1S-8R and coupled to bovine serum
albumin (Bio-Rad, 15L433). The detailed description
of the immunization protocol, hydridoma produc-
tion with the Sp2/0Ag14 myeloma cell line (ATCC,
FR #CRL 1581), and monoclonal antibody purifica-
tion have been largely published [23]. Throughout
the process, clone selection was done by sandwich
ELISA based on capture with the anti-C terminal
polyclonal antibody DP2003 (OriGene EU). Seven
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Fig. 1. Cystatin C protein and the ELISA assay. (A) Amino acid
sequence of Cystatin C. The N-terminal octapeptide is highlighted
in black (the preceding 26 amino acids are cleaved before the
mature protein is secreted). The epitope recognized by mAb Cyst28
encompasses residues 54 -60, 85 -91, 92 -99 and 101 – 111 and is
highlighted in darker grey. The sequences interacting with target
proteolytic enzymes are underlined. (B) Schematic representation
of secreted Cystatin C, showing the targets of the antibodies used in
the ELISA. The mAb Cyst28 detects both octapeptide-uncleaved
and cleaved cystatin C. The cleavage site-specific antibody recog-
nizes specifically the octapeptide-uncleaved cystatin C.

specific monoclonal antibodies were selected, ampli-
fied, and purified on protein A Sepharose columns
(GE Healthcare). An epitope mapping test demon-
strated that the mice had produced antibodies specific
to the peptide 1S-8R.

Double indirect sandwich ELISA

To assess the use of cystatin C as a tool for quality
control, two indirect sandwich ELISAs were devel-
oped: one assay quantifies specifically the uncleaved
protein only, while the other quantifies both the
cleaved and the uncleaved forms of cystatin C (“total
cystatin C”) (Fig. 1B). The truncation state of cystatin
C is measured by the ratio between the concentra-
tion of uncleaved protein and the concentration of
“total cystatin C” protein. This ratio is referred to as
“cystatin C ratio”. A high ratio indicates few or no
truncated protein molecules are present in the CSF,
while a low ratio indicates that many cleaved protein
molecules are present. Standards and samples were
run on both ELISAs.

The cystatin C capture polyclonal antibody
DP2003 was diluted to 1 �g/mL in 1X PBS (Thermo
Fisher Scientific, EU #14190094). A 96-well plate
(Thermo Fisher Scientific, EU #439454) was coated
with 100 �l per well and incubated overnight at 4◦C.
The plate was washed three times with 300 �L per
well of T-PBS (1X PBS 0.1% TWEEN®20 Deter-
gent (Merck, 655205)). The plate was saturated with
200 �L per well of blocking solution consisting of
1% skim milk (Régilait) in 1X PBS and incubated
1h in a 37◦C incubator. T-PBS-diluted standard
curve and test samples were tested in duplicate. The
recombinant protein (Cell Signaling Technologies,
EU #5717-no carrier) was used to create the stan-
dard curve, ranging from 25 ng/mL to 0.7815 ng/mL
by sequential dilutions. The typical CSF sample dilu-
tions were 750× or 1500×. The plate was incubated
for 1 h 30 min at 37◦C. The plate was washed three
times as described previously. 100 �l per well of
1 �g/ml in T-PBS of the specific monoclonal antibod-
ies (Cyst28 or cleavage site-specific) were dispensed
and the plate was incubated for 1 h 30 min at 37◦C,
then washed three times. 100 �L per well of an anti-
Mouse IgG (�-chain specific)-Peroxidase antibody
(Sigma-Aldrich, BE #A3673) diluted 3000 times in
T-PBS was dispensed. The plate was incubated for
1 h at 37◦C, then washed four times. 100 �l per well
of TMB Peroxidase EIA Substrate solution (Bio-
Rad, FR #1721066) was added and incubated in the
dark for 20 min. The reaction was stopped with the
addition of 100 �l per well of 1N sulphuric acid
solution (Sigma-Aldrich, BE # 339741). OD450 nm
spectrophotometry was performed on a Synergy Mx
(Bio-Tek Instruments, EU).

To verify the specificity of these monoclonal anti-
bodies against cystatin C, cell supernatant of HAP1
cells (Horizon™), wild-type and CST3-knockout,
was tested. A signal was obtained using both antibod-
ies for the wild-type cell supernatant while no signal
was obtained for the knockout cell supernatant with
media incubated with cells for 48 h. This confirms
that both antibodies detect cystatin C.

Cerebrospinal fluid samples

CSF surplus samples (e.g., samples having inad-
equate clinical information for use in clinical
validation) from the Amsterdam Dementia Cohort
(ADC) were used for this study [24]. The protocol
was approved by the institutional review board (ref-
erence number: 2017.315) and subjects gave written
consent. ADC CSF was collected by lumbar punc-
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ture in 10 mL polypropylene tubes (Sarstedt, EU #
62.610.018). CSF samples were centrifuged at 1800
to 2100 g for 10 min at 4◦C within 2 h after collection,
aliquoted into polypropylene tubes (1.5 or 2.0 mL;
Sarstedt, EU 72.703 or 72.694.007) in 500 �L vol-
umes [25]. Subsequently, either freshly collected or
CSF surplus samples stored at –80◦C, were used to
perform the specific experimental sample treatments
as described below.

Short-term storage stability study (up to 4 months)

Frozen CSF surplus samples were thawed and used
to prepare three pools for short-term storage. Aliquots
of 350 �l of three different CSF pools were stored
in 1.5 ml polypropylene tubes (Sarstedt, EU 72.703).
The aliquoted CSF pools were exposed to storage
conditions as described in a published protocol for
sample stability [26], i.e., storage for up to 1 week
at either 4◦C or room temperature (RT) or storage at
–20◦C for up to 1 or 4 months, before final storage at
–80◦C.

Mid-term storage stability study (up to one year)

Ten fresh CSF surplus samples from the ADC were
centrifuged at 1800 to 2100 g for 10 min at 4◦C within
2 h after collection, and divided into 100 �l aliquots
(polypropylene tubes, 1.5 ml Sarstedt, EU #72.703).
Aliquots were directly snap-frozen in LN, or directly
stored at –80◦C or –20◦C. The reference aliquot was
stored directly at –80◦C at time point zero. LN-stored
aliquots were measured at baseline, 4 weeks, 8 weeks,
4 months, and 6 months. Aliquots stored at –80◦C,
or –20◦C were placed into LN storage after 6 weeks,
10 weeks, 4 months, and 6 months and measured in
one run at the end of the 6 months storage.

Long-term storage stability study (4–16 years)

The long-term storage study design was described
before [27]. Frozen CSF samples from 116 AD
patients from the ADC were selected. The patients
had a narrow age range [Median: 68.3, range: 64–72
years], equally distributed APOE genotype [ε3/ε3,
ε3/ε4, ε4/ε4: 28, 54, 34] and equivalent gender distri-
bution across the storage duration [male, female: 52,
64] [27]. Sample storage duration at –80◦C ranged
between 4 and 16.4 years.

Adsorption on tube walls and freeze-thaw stability

Frozen CSF surplus samples were thawed and
used to prepare pools for preanalytical experiments.

Three CSF pools were aliquoted in 150 �l volumes
and transferred 0 or 4 times into a new tube of the
same type (polypropylene tubes, 2.0 ml Sarstedt, EU
#72.694.007) with an “incubation” time of 1 min at
RT between transfers. A new pipette tip was used for
every transfer. Three CSF pools were exposed to 1
and 7 freeze/thaw cycles as described in a published
protocol for sample stability [26].

Mechanism of cystatin C truncation

Ten fresh CSF surplus samples from the ADC were
divided in 96 �L aliquots (polypropylene tubes, 2 mL
Sarstedt, EU #72.694.007). One tablet Complete®

protease inhibitor cocktail of proprietary composi-
tion (Roche Diagnostics GmbH, EU #04693116001)
was dissolved in 2 mL of nuclease-free water (stock
solution), and 4 �l of the PI stock solution or 4 �l of
nuclease-free water was added to the CSF aliquots.
Aliquots were directly snap-frozen in LN, or directly
stored at –80◦C or –20◦C. Aliquots were measured
at baseline, and after 4 and 8 weeks of storage.

Statistical analysis

Friedman Test with a post-hoc Conover test was
used for the mid-term stability study, linear mixed
models were used for the long-term stability study
and Student’s t-test was used for the adsorption and
mechanism study with significance level p < 0.05.
The Friedman Test was done in RStudio version
1.1.463. The linear mixed model was done using
Analyse-it version 4.90.1. The Student’s t-test and
all graphs were done in Excel version 2003. The
standard deviation (SD) of the ratio Y was calcula-
ted as follows: SD(Y) = SQRT(Y∧2∗((((CVuncleaved

∗
CCuncleaved/100) / CCuncleaved)∧2 + ((CCtotal

∗CVtotal/
100) / CCtotal)∧2))-(2 ∗ R∗CCuncleaved

∗((CVuncleaved
∗

CCuncleaved / 100)) ∗ ((CCtotal
∗CVtotal /100))/CCtotal

∧
3)), where R is the correlation coefficient between
the concentrations (CC) of uncleaved and total
cystatin C, and CV is the coefficient of variation.

RESULTS

Double indirect sandwich cystatin C ELISA
development

The average background of blank samples at
OD450 was 0.174 for the total and 0.172 for the
uncleaved protein. The calibration curve, obtained
with a four-parameter logistic curve, covered a range
of 0.78 ng/ml to 25 ng/mL, had R2 = 0.999 for total
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cystatin C and R2 = 0.999 for uncleaved cystatin C.
The correlation coefficient between the concentra-
tions of uncleaved and total cystatin C is 0.94.

To assess the intra- and inter-plate variation, an
internal quality control CSF material was included in
each ELISA assay. The quality control material was
stored in LN throughout the project and was tested in
the typical CSF sample dilutions (750× and 1500×)
in each ELISA assay. The variation within plate corre-
sponded to a coefficient of variation (CV) of 1.8% for
the total protein, 1.6% for the uncleaved protein and
1.9% for the cystatin C ratio. The variation between
plates corresponded to a CV of 31.9% for the total
protein concentration, 30.7% for the uncleaved pro-
tein concentration and 10.9% for the cystatin C ratio.

Short-term storage stability

As shown in Fig. 2A, no difference in the mean
cystatin C ratio was observed when CSF was stored
up to one week at RT or at 4◦C. At one week, the mean
ratio was already decreasing for CSF stored at –20◦C
(Fig. 2A). As storage time at –20◦C increased from
one week up to one month, a mean 31.2% reduction
of the mean cystatin C ratio was observed (Fig. 2B).

Mid-term storage stability

Storage from 6 to 52 weeks at –20◦C caused a
mean 85.4% reduction of the mean cystatin C ratio,
reaching a bottom plateau at week 26. The samples
stored at –80◦C or LN remained stable or even
showed a slight increase in the mean cystatin C ratio

after 52 weeks. Friedman test showed a significant
difference between the tested temperatures (p = 0.02)
as shown in Fig. 3. The Conover analysis showed
that the difference was due to the difference between
LN and –20◦C (p = 0.003), and between –80◦C and
–20◦C (p = 0.003).

Fig. 2. Mean ratio of uncleaved to total cystatin C protein of three
CSF sample pools tested in a short-term storage stability study.
Dashed line indicates sample storage at RT, dotted line at 4◦C and
solid line at –20◦C for up to one week (A). Solid line indicates
sample storage at –20◦C from 1 week to 4 months (B). Error bars
are one standard deviation.

Fig. 3. Cystatin C ratio in a mid-term storage stability study. Samples were analyzed at 6, 10, 17, 26, and 52 weeks when stored at –20◦C
(solid line) and at –80◦C (dashed line); and at 4, 8, 19, 26, and 52 weeks when stored in LN (dotted line). The reference sample is shown by
a triangle dot. Error bars are one standard deviation.
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Fig. 4. Long-term –80◦C storage stability study of total (A) and uncleaved (B) cystatin C concentration and ratio (C) using 116 Alzheimer’s
disease patient CSF samples. Dotted line indicates linear trend line. The arrows indicate the concentrations in three selected samples (a, b,
and c), showing the similar pattern of distribution of total and uncleaved cystatin C concentrations

Long-term storage stability

As shown in Fig. 4, the mean concentration of
total and uncleaved cystatin C in CSF from patients

with AD (n = 116) was 17.30 ± 5.71 mg/L (range:
5.95–29.90) and 13.05 ± 4.31 mg/L (range: 4.46–
25.53) respectively. The same pattern of distribution
of total versus uncleaved cystatin C concentration was
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Table 1
Effect of adsorption and freeze-thaw cycles on mean levels of uncleaved cystatin C, total cystatin C and ratio of these two measurements

Adsorption Freeze-thaw cycles

Condition 1 Condition 2 Reduction (%) Condition 1 Condition 2 Reduction (%)
(0 transfer (4 transfer between the (0 freeze-thaw (7 freeze-thaw between the
steps prior steps prior two conditions cycles) cycles) two conditions

–80◦C storage) –80◦C storage)

Total cystatin C concentration
(mg/L)

5.9 ± 1.7 3.6 ± 1.2 40.3 21.1 ± 6.8 20.8 ± 8.2 2.2

Uncleaved cystatin C
concentration (mg/L)

5.2 ± 1.5 3.1 ± 1.1 41.9 17.8 ± 4.9 16.4 ± 3.6 6.8

Cystatin C ratio 0.88 ± 0.04 0.86 ± 0.06 2.9 0.86 ± 0.17 0.83 ± 0.21 4.11

seen for each sample. Linear mixed model analysis
showed a slight decrease of the mean concentration of
total cystatin C with –80◦C storage time (�[slope ±
SEM] = –367.9 ± 156.2 ng/mL per year, p = 0.02).
There was a slight decrease, but not statistically
significant, of the mean concentration of uncleaved
cystatin C with –80◦C storage time. There was a slight
but steady increase of the cystatin C ratio with –80◦C
storage time (�[slope ± SEM] = 0.0039 ± 0.0013 ng/
mL per year, p = 0.004).

Adsorption on tube walls and freeze-thaw
stability

We next studied the adsorption and the freeze-thaw
stability of the cystatin C protein as well as their
impact on the cystatin C ratio. As shown in Table 1, a
mean 40.3 % reduction in the total cystatin C concen-
tration and a mean 41.9% reduction in the uncleaved
cystatin C concentration was detected between con-
dition 1 (0 transfer step) and 2 (4 transfer steps) for
three CSF sample pools. There was no significant
difference between the cystatin C ratio values in con-
dition 1 and condition 2 for the three CSF sample
pools.

Next, the stability of the ratio upon several freeze-
thaw cycles was tested. As shown in Table 1, a mean
7.2% reduction in the total cystatin C concentration
and a mean 9.0% reduction in the uncleaved cystatin
C concentration was detected between condition 1
(0 free-thaw cycle) and 2 (7 freeze-thaw cycles) for
three CSF sample pools. There was no significant dif-
ference between the cystatin C ratio after 0 (condition
1) and 7 freeze-thaw cycles (condition 2), for the three
CSF sample pools.

Effect of protease inhibitors (PI) on cystatin C
ratio

As shown in Fig. 5, a statistically significant
decrease in the mean cystatin C ratio of 10 CSF

sample pools without PI was observed when sam-
ples were stored in a –20◦C freezer for 8 weeks
(p = 0.003), but not for 4 weeks. Similarly, there were
no statistically significant differences in the mean
cystatin C ratio of the CSF sample pools with or with-
out PI when stored in a –80◦C freezer for 4 and 8
weeks. Treatment of the CSF sample pools with PI
before storage in a –20◦C freezer for 4 and 8 weeks
abolished the decrease of the mean cystatin C ratio.

DISCUSSION

We developed an easily applicable tool for mon-
itoring CSF sample quality using a novel double
indirect sandwich ELISA. The assay, based on a
monoclonal antibody that we produced, recognizes
specifically the octapeptide-uncleaved form of cys-
tatin C. Concerning the monoclonal antibody Cyst28,
the sequences located in the N-terminal fragment do
not correspond to the antibody binding site [22], thus
allowing us to measure the truncation ratio of the pro-
tein. The intermediate reproducibility of this method
is excellent with a CV of 10.9% for the cystatin
C cleavage ratio values. The method is also accu-
rate since the cystatin C concentration measurements
overall are consistent with previously published con-
centration ranges. The concentration range of total
cystatin C in the samples from the AD long-term
storage cohort was 6.0–29.9 mg/L. These results are
slightly higher than the range reported in literature
[28, 29] but are in line with a study that reported a
range of 2.7–18.5 mg/L by measuring cystatin C by
ELISA in CSF from 15 patients with AD [30]. The
difference in ranges of cystatin C levels across stud-
ies might relate to differences in study populations,
as cystatin C shows a marked variation with age [31],
and/or to the different assays that have been used in
these studies.

Using this novel double indirect sandwich ELISA,
our study confirmed the hypothesis that the cystatin
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Fig. 5. Mean cystatin C ratio values of ten CSF sample pools with (white) or without (grey) proteinase inhibitors (PI), when stored at –20◦C
or –80◦C for 4 and 8 weeks. The baseline samples (0 week) do not contain PI. Error bars are one standard deviation and statistically significant
differences (p < 0.05) are denoted by ∗.

C protein is cleaved when CSF is stored at –20◦C, but
not at –80◦C or in LN. Our results show that cleavage
of human native cystatin C occurs short-term (up to 4
months) and continued to mid-term (up to one year)
when CSF is stored at –20◦C but not when CSF is
stored at –80◦C. The result of short term decrease in
cystatin C ratio in CSF stored at –20◦C is in agree-
ment with several previous studies [15–18]. Our study
replicated previous mass spectrometry findings using
an ELISA, which is easier to implement. We sug-
gest this ELISA assay can be used for quality control
purposes.

Our mid-term stability study showed a statistically
significant increase in the cystatin C ratio after 6
months of CSF storage at –80◦C and starting from
4 weeks of CSF storage in LN. Similarly, in our
long-term stability study, the broad –80◦C storage
time range (4.0–16.4 years) also showed an increase
in the cystatin C ratio over storage time. It is pos-
sible that the fragmented protein degrades more
rapidly with time than the uncleaved protein. As the
cleavage state is measured by the ratio between the
uncleaved protein concentration and the total con-
centration (encompassing both the uncleaved and
cleaved forms), this can explain the increase of the
ratio with long-term storage at –80◦C or in LN. Fur-
thermore, the monoclonal antibody measuring “total
cystatin C” is asserted to react with a conformational
epitope of cystatin C encompassing residues 54K-60V,

85F-91L, 92K-99F, and 101I-111T. If other proteolytic
events, apart from the cleavage of the 8R-9L peptide
bond, take place over long-term storage at –80◦C or
in LN, this may also explain the observed increase of
the ratio.

Although it has been shown that cystatin C has
high affinity to A� in a saturable and concentration-
dependent manner [10, 32, 33], our approach
assumed consistency of cystatin C CSF levels over
the years in which the samples had been collected,
similar to what we observed for the AD CSF biomark-
ers A�, tTau, and pTau employing the same design
of analysis in a homogenous AD patient cohort [27].
Furthermore, the long –80◦C storage time and high
sample number, enabled detection of long-term stor-
age effects, as discussed above.

We observed that the protein ratio was stable after
seven freeze-thawing cycles. A strong adsorption on
plastic tube walls and/or pipet tips however was
detected for the mean total (39%) and the mean
uncleaved (41%) cystatin C levels. Many published
studies showed that various tube material adsorb CSF
biomarkers to different degrees [34]. A� is affected to
a greater degree than Cystatin C. Indeed, a previous
study has found 63% adsorption of A� using the same
polypropylene storage containers as in this study [35].
The hydrophobic nature of the A� peptide has been
hypothesized as a cause. The cystatin C mature active
form contains 120 amino acid residues and is a single
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non-glycosylated polypeptide chain [28]. Cystatin C
is characterized by three main domains interacting
with the target enzymes: the N-terminal disordered
segment (1S-10V) and the two hairpin loops L1 (55Q-
59G) and L2 (105P-108G) [36, 37]. These three regions
of the protein contain many hydrophobic residues,
which may cause adsorption to tube walls [38].

We hypothesized that the mechanism of the native
cystatin C cleavage may be due either to a physical
(cryogenic storage-related artefact) or an enzymatic
mechanism. The percentage inhibition of trypsin after
immediate addition of the protease inhibitor cocktail
is 93%, as reported by the manufacturer. Decrease
of the mean ratio was seen only for CSF without
PI, stored at –20◦C, suggesting that the cleavage
is indeed protease-related. The freeze-thaw experi-
ments show that the proteolytic cleavage is not due
to the freeze thaw event. Furthermore, the stability
studies at –20◦C show that the proteolytic cleavage
occurs continuously and cumulatively over the stor-
age duration at –20◦C. Surprisingly, this cleavage
was not detected after one week at RT or at 4◦C.
An explanation is that the native protein configura-
tion at –20◦C (which may differ from the RT, 4◦C,
–80◦C or LN structure) may lead to enzymatic prote-
olytic cleavage. The N-terminal part of the cystatin C
polypeptide chain is displayed on the surface of the
protein and therefore may be subject to proteolytic
attack [38]. In an epitope assessment experimental
approach, a trypsin enzymatic digestion of cystatin
C was carried out and weak signals that could be
associated with the octapeptide-cleaved protein were
detected by mass spectrometry [22]. An octapeptide
cleavage of cystatin C has also been demonstrated
by matrix metalloproteinase 2 [39]. A limited num-
ber of protein studies demonstrate that enzymes can
be active even at sub-zero temperatures [40–42]. The
cleavage of cystatin C is therefore most probably an
enzymatic proteolytic cleavage linked to the protein
configuration at –20◦C.

One strength of our study is that preanalytical
processing factors were tightly controlled during all
experiments. The same protocols were used through-
out the whole analysis. A limitation of this study is
that the analysis for RT or 4◦C storage was stopped
after one week. We do not know if the cystatin C
cleavage occurs under these conditions after longer
storage durations.

As a conclusion, the novel double indirect sand-
wich ELISA method described here can be used to
measure concentrations of the total and uncleaved
protein, using a recombinant protein for the

calibration curve, and further to calculate the cys-
tatin C truncation ratio. It is known that there is
a variability in analytical results of AD biomarkers
[43, 44] and preanalytical factors, such as CSF col-
lection, storage, and adsorption to tube-walls, have
been shown to contribute the highest to this variabil-
ity [45]. Concerning storage preanalytical variability,
the CSF AD biomarkers are stable in –80◦C stor-
age [27], whereas freezing at –20◦C seems to affect
concentrations of different CSF biomarkers [27, 46].
We present a simple and validated ELISA assay
that enables retrospective characterization of CSF
biospecimens without the use of mass spectrometry.
In case of CSF sample collections with different cys-
tatin C ratios, the cystatin C ratio could be used as
a covariable in biomarker discovery and validation
studies. Often researchers are unaware of the storage
history of the CSF samples they use. We believe that
researchers can apply this assay to their CSF collec-
tions to confirm the samples are fit-for-purpose for
AD research and avoid bias linked to collections of
different storage histories.

In summary, analysis of cystatin C with this assay
can help qualify historical CSF sample collections of
undocumented preanalytics, avoid bias linked to dif-
ferent storage conditions of CSF samples and assess
the cystatin C integrity prior to quantification, struc-
tural and functional activity studies.
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