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Abstract.
Background: Studies comparing cerebrospinal fluid (CSF) and plasma complement proteins in Alzheimer’s disease (AD)
patients versus healthy controls (HC) have yielded inconsistent results. Discrepancies in the preanalytical sample handling
could contribute to the heterogeneity in the reported findings.
Objective: Using qualified immunoassays, we aimed at assessing the impact of preanalytical procedures on complement
proteins in blood and CSF from AD patients and HCs.
Methods: We supplemented HC and AD CSF/plasma with complement stabilizers and measured the complement proteins
C4a, C4, C3a, C3, Factor Bb and Factor B by immunoassay. We tested the impact of freeze-thaw (FT) cycles on fluid
complement proteins.
Results: Most complement proteins were mildly impacted by FT cycles in plasma but not CSF, except for C3a which
displayed greater sensitivity to FTs in CSF than in plasma. In CSF, the effect of FTs on C3a was reduced but not prevented
by the supplementation with EDTA (±Futhan).
Conclusions: Our findings provide recommendations for CSF/plasma sample handling to ensure robust and reproducible
complement biomarker analyses in AD.
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INTRODUCTION

Alzheimer’s disease (AD), the leading cause
of dementia, is characterized by two pathological
hallmarks including extracellular amyloid-� (A�)
plaques and intracellular neurofibrillary tau tangles.1

Recent genetic, molecular, and clinical evidence
suggests that neuroimmune mechanisms are asso-
ciated with AD risk and contribute to disease
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progression.2 AD patients display alterations in brain,
cerebrospinal fluid (CSF) and blood inflammatory
proteins.3–8 This suggests that neuroinflammation
represents a third pathological hallmark of AD,
although it is controversial whether immune cells
exert beneficial or detrimental activities in the patho-
genesis of AD.9,10 Among the effector mechanisms
of the immune system, the complement cascade has
been shown to contribute to the pathological synapse
loss in AD.11

As part of the innate immune system, the comple-
ment system comprises a cascade of protein reactions
which results in the lysis of pathogens, recruitment
of immune cells and the clearance of apoptotic cells.
Complement activation occurs via three distinct path-
ways: The classical pathway (CP) is activated by
immune complexes and other molecules such as actin
or myelin. Lectin pathway (LP) activation is pro-
moted by carbohydrates present on the surface of
pathogens. CP and LP induce the cleavage of C4
into C4a and C4b, followed by the cleavage of C2
into C2a and C2b and the formation of a C3 conver-
tase, cleaving C3 into C3a and C3b. In the alternative
pathway (AP), spontaneously hydrolyzed C3 inter-
acts with Factor B (FB) and Factor D to generate the
Factor Ba and Factor Bb (Bb) cleavage fragments and
form the C3 convertase. All pathways converge onto
the formation of a C5 convertase, cleaving C5 into
C5a and C5b and initiating the osmolysis of cells or
pathogens via the membrane attack complex. C3a and
C5a act as pro-inflammatory anaphylatoxins, while
the opsonins C4b and C3b promote the phagocytosis
of invading organisms and altered self.12

Disrupted complement function has been associ-
ated with neurological autoimmune and neurodegen-
erative disorders, including AD.13,14 Complement
activation products have been shown to colocalize
with amyloid plaques and neurofibrillary tangles in
AD brains.15 Moreover, increased brain expression of
CP (but not LP or AP) components has been reported
in human AD and mouse models of amyloidosis and
tauopathy.16,17 The current accepted model suggests
that the CP initiating molecule C1q targets synapses,
leading to C4 and C3 cleavage followed by glial
engulfment of synapses through C3b opsonization.18

The inhibition or deletion of C1q or C3 rescued
synapse loss in mouse models of amyloidosis and
tauopathy, suggesting that the CP contributes to
neurodegeneration in AD.17–19 Thus, there is an
increasing interest to further characterize the type and
extent of complement pathway activation and develop
complement targeting-therapeutics in AD.

Plasma and CSF complement proteins are not
established as reliable AD prognostic or pharmaco-
dynamic biomarkers, in part due to the heterogeneity
in the results reported across studies.4,5,17,19–25 Like
for many other fluid biomarkers of neurodegenerative
diseases, possible explanations for the inconsisten-
cies across studies include small patient cohorts,
differences in the diagnostic criteria and sample
collection/handling procedures as well as analyti-
cal methods.26 Complement proteins are labile and
can undergo spontaneous in vitro activation as a
result of improper sample handling or variable intrin-
sic protease activity.27–29 Therefore, well-controlled
preanalytical sample handling may be a prerequi-
site to obtain robust and reproducible complement
activity measurements in biofluids.

Blood complement protein levels are typically ana-
lyzed in EDTA plasma (∼6 mM EDTA30,31) to limit
in vitro complement activation in blood by chelating
Ca2+ and Mg2+ ions thereby, blocking the function
of the C1 complex and the C3 convertases.27–29,32,33

Yet, in vitro complement activation still occurs
in EDTA plasma.34 Blood in vitro complement
activation may be minimized through the supplemen-
tation with higher EDTA concentrations35,36 and/or
the addition of protease inhibitors (e.g., the serine
protease inhibitor Futhan-175 (FUT)34 or broad spec-
trum protease inhibitor cocktails (PIC)). In contrast
to blood, the stability of CSF complement proteins
has not been investigated. Also, it remains unknown
whether AD pathology could influence the expression
or activity of complement cleaving enzymes and thus
impact CSF/plasma analyte stability.

This study aimed at evaluating the impact of sta-
bilizing additives and freeze-thaw (FT) cycles on the
stability of CSF and blood complement proteins in
healthy control (HC) and AD subjects. To this end, we
developed and/or qualified immunoassays to measure
CSF/plasma complement proteins reflecting CP/LP
activity (C4, C4a); AP activity (FB, Bb) as well as
C3 activation downstream CP/LP/AP activity (C3,
C3a) (Supplementary Figure 1). We then applied the 6
immunoassays in AD and HV CSF/plasma collected
in the presence or absence of additives and submitted
to up to four FTs.

METHODS

Study design

This prospective, non-interventional study was
conducted between November 2021 and January
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2022 in Germany. The samples were collected at
the University Hospital, LMU Munich, Germany.
The study was conducted in accordance with the
principles of the Declaration of Helsinki and the Inter-
national Council for Harmonisation Good Clinical
Practice guidelines. All participants provided written
informed consent to participate in the Munich mental
health biobank (MMHB) project, including the col-
lection, storage, analysis, scientific utilization, and
distribution of samples. CSF and Blood samples were
anonymized, and no clinical data was shared. MMHB
was conducted by the Department of Psychiatry and
Psychotherapy, LMU Munich, and received approval
from the ethics committee of LMU Munich (project
number 18–716).

Participants and sample collection/handling

Eligible participants were patients with cognitive
impairment due to possible or probable AD according
to the National Institute on Aging-Alzheimer’s Asso-
ciation criteria,37 presenting for routine clinical visits
at the University Hospital, LMU Munich, Germany.
Genentech Inc. received the samples for CSF/plasma
for complement biomarker measurements as well as
the CSF A�42 and A�40 data generated by LMU
Munich. Genentech Inc. received no further patient
information. The study included subjects with subjec-
tive cognitive impairment (SCI), early and moderate
AD. Participants with AD were further subdivided
into dementia due to AD and MCI due to AD: The
criteria for Alzheimer’s dementia were met if the cog-
nitive or behavioral symptoms were objectified by
cognitive tests, interfered with activities of daily liv-
ing, showed a significant decline compared with the
premorbid state, were not explained by other psychi-
atric or neurological conditions and were confirmed
by an informant.37 MCI due to AD was defined as
objective but evidence of cognitive decline (scores on
cognitive tests below –1 or –1.5 standard deviations
the standardized mean) cross-sectionally or longi-
tudinally decline of –1 to –.15 standard deviations
together with subjective concerns about the cognition
and preservation of independency in the daily life.38

All individuals were administered a standardized
battery of neuropsychological tests assessing multi-
ple cognitive domains, including verbal and visual
episodic memory, semantic memory, verbal ability,
executive function, visuospatial function and praxis
by the expanded Consortium to Establish a Registry
for Alzheimer’s Disease (CERAD) battery including
the Trail Making Test (TMT) part A and B (visual

attention and set shifting/executive control).39 No
blinding or predetermined sample size calculations
were employed.

CSF and blood samples were collected as previ-
ously described.40 The lumbar puncture at L4/L5 was
performed using the drip method. After discarding
the first 1–2 mL, the blood-free CSF was collected
directly into a 15 mL primary polypropylene col-
lection tube (Sarstedt AG, Numbrecht, Germany).
The primary collection tube was inverted 2–3 times
to gently mix the sample and placed on wet ice
at 4◦C. Within 10 min after the collection, the
CSF was centrifuged at 2000g for 10 minutes at
4◦C. After centrifugation, the supernatant was dis-
pensed into the pre-aliquoted 0.5 mL polypropylene
screw top microtubes (Sarstedt AG, Numbrecht,
Germany) containing either water (No Addition),
EDTA, EDTA + FUT or PIC (see section ‘Prean-
alytical assessments’). During the aliquotation the
primary collection tubes and the aliquot tubes were
kept on ice at 4◦C. The samples were vortexed to mix
the CSF with the pre-aliquoted chemicals, frozen and
stored at –80◦C.

For the venepuncture, approximately 6 mL of
whole blood were collected into a 6 mL K2EDTA pri-
mary collection tube (BD Life Sciences). The blood
collection tube was inverted gently 8–10 times to
ensure the anticoagulant is mixed well with the blood
and placed on wet ice at 4◦C. Within 10 min after the
collection, the blood was centrifuged at 1500 g for
10 minutes at 4◦C. After centrifugation, the super-
natant was dispensed into the pre-aliquoted 0.5 mL
polypropylene screw top microtubes (Sarstedt AG,
Numbrecht, Germany) containing either water (No
Addition), EDTA, EDTA + FUT or PIC (see section
‘Preanalytical assessments’). During the aliquota-
tion, the blood collection tubes and the aliquot tubes
were kept on ice. The samples were vortexed to mix
the plasma with the pre-aliquoted chemicals, frozen
and stored at –80 ◦C.

Preanalytical assessments

Assessment of the sample supplementation with
EDTA, EDTA + FUT or PIC at the clinical site

Polypropylene 0.5 mL screw cap micro tubes
(Sarstedt AG, Numbrecht, Germany) were
pre-aliquoted with either water or complement-
stabilizing agents. The volume of the pre- aliquoted
solution was less than 10% of the final sample
volume. The final concentration of the additives in
the CSF and blood samples were as follows: 20 mM
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EDTA (Sigma Aldrich),+1X (50 �g/mL) FUT
(FUT-175, BD Biosciences), 1X PIC (Complete
Protease inhibitors; Roche). The blood samples were
collected in a 6 mL K2EDTA primary collection
tube (BD Life Sciences) containing 10.8 mg EDTA
according to the manufacturer’s instructions. The
resulting plasma with a molarity of ∼6.2 mM EDTA
was supplemented with extra EDTA to bring the
EDTA molarity up to 20 mM.

Assessment of the FT cycles
To evaluate the effects of FT cycles on CSF and

blood biomarker levels, aliquoted CSF or plasma
were subjected up to four FT cycles. During each
FT cycle, samples were frozen at –80◦C for ≥ 16 h
before thawing on ice. Since the assays were not run
at the clinical site, no biomarker measurements were
performed in fresh never-frozen samples.

Aβ42 and Aβ40 measurements

Immunoassays from IBL International (Hamburg,
Germany) (A�1-40 and A�1–42) were used and
their values were interpreted according to values
established by the LMU laboratory: A�1–42/1–40
ratio < 5.5% were considered amyloid positive.

Complement measurements

Four ELISAs were developed to measure C3, C3a,
C4, and Factor B in plasma and CSF. The C3 assay
measures full-length C3 using anti-human C3a poly-
clonal antibody (R& D Systems, catalog AF3677)
as a capture antibody and polyclonal anti-human C3
antibody for detection (MP Bio, catalog 0855033).
The C3a assay was designed to only measure the
cleaved C3a and C3a desArg fragments, using a mon-
oclonal anti-human C3a antibody (R& D Systems,
clone 354113) capture and a monoclonal detection
antibody also specific to C3a/C3a desArg (Biolegend,
clone K13/16). In the C4 assay, we employ a poly-
clonal anti-human C4c antibody for capture (Abbexa,
catalog abx102219) and a monoclonal anti-human
C4c antibody (Quidel, catalog A211) for detection,
both purported to be specific to C4c. However, in our
testing, the capture antibody has shown specificity to
only C4 and C4b, and the assay measures both full-
length C4 and C4b fragments. We note that despite the
cross-reactivity of the C4 assay with C4b (Table 1),
the assay is sensitive to ex vivo complement activa-
tion with HAGG suggesting a preferential detection
of endogenous C4 (Supplementary Figure 1b). The

Factor B ELISA was developed to measure full-
length Factor B with a monoclonal anti-human Factor
B (AbCam, clone 6G11) used for capture and Genen-
tech derived monoclonal anti-human Factor B for
detection. Calibration curve proteins were purchased
from Complement Tech, C3 (A113), C3a (A118), C4
(A105), and Factor B (A135). Samples were prepared
either at a single dilution in duplicate or at four serial
dilutions in singlicate. The mean value of each sample
was reported. For all the developed ELISAs, 96-
well half-area high bind microplates (Corning) were
coated with capture antibodies diluted in PBS and
incubated at 2–8 ◦C for 18 to 72 h. Plates were washed
and blocked (PBS, 0.5% BSA, 15 ppm Proclin) for
1 h. After washing with PBS, 0.05% Tween 20, stan-
dards, controls and samples were diluted in 1X PBS
pH 7.4, 0.5% BSA, 0.05% Tween 20, 0.35 M NaCl,
0.25% CHAPS, 0.2% BgG, 5 mM EDTA, 15PPM
Proclin, added to the microplate wells and then incu-
bated for 1.5 h at room temperature (RT). After a
wash step, for C3, C3a, and C4 assays, detection anti-
bodies directly conjugated to HRP (Dojindo) were
added and incubated for 1 h at RT before a final
wash step. For Factor B, a biotinylated detection anti-
body was added to the wells and incubated for 1 h at
RT. After another wash step, streptavidin poly-HRP
(Cytiva) solution was added to the microplate wells
and incubated for 30 min at RT. Detection antibod-
ies were diluted in PBS, 0.5% BSA, 0.05% Tween
20, pH7.4, 15 PPM Proclin. After final wash steps,
TMB substrate solution was added to the wells for
color development, which was stopped by the addi-
tion of 1M phosphoric acid. The optical density was
measured at 450 nm with a 650 nm reference wave-
length subtraction, using a SpectraMax ELISA plate
reader (Molecular Devices). Standard regression was
established using a logistic (4-PL) curve fit.

C4a concentrations were determined by a sand-
wich ELISA using the Human C4a ELISA kit (BD
Biosciences), according to the product instructions.
Factor Bb measurements were performed on the
Simoa platform as described previously.41

All complement immunoassays were qualified for
key parameters including precision, dilution linear-
ity, specificity, spike recovery and cross-reactivity
following industry guidelines.35–37 To determine the
precision of the assays, two QC plasma samples were
assayed separately three times over 2–3 days (inter-
assay precision), as well as reproducibility within a
single run (intra-assay precision) with acceptance cri-
teria of 20%. Dilution linearity was tested by diluting
CSF (n = 3) and plasma (n = 3) samples with 2-fold
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Table 1
Sensitivity, precision and specificity results for the complement assays

Sensitivity Precision Specificity

Assay Range (LLOQ– Inter-/Intra- Tested Tested Levels Reactivity (%)
ULOQ) (ng/mL) Assay (%CV) Protein (ng/mL)

Factor B (0.031–2.0) 10.0/6.2 Factor Ba 12.5–200 0.0
Factor Bb 12.5–200 0.0

Factor Bb (0.230–23.3)∗ 10.9/2.6 Factor B 20.0–60 5.0
Factor Ba 10.0–20 0.0

C3 (0.313–20.0) 14.1/7.8 C3a 11.1–300 0.0
C3b 11.1–300 1.3
C3c 11.1–300 0.5
C3d 11.1–300 0.0

C3a (0.016–1.0) 14.4/8.4 C3 0.781–100 0.7
C3a desArg 0.781–100 99.4

C3b 0.781–100 0.0
C3c 0.781–100 0.0
C3d 0.781–100 0.0

C4 (0.047–3.0) 11.4/3.0 C4a 11.1–300 2.6
C4a desArg 11.1–300 2.4

C4b 11.1–300 100.0
C4c 11.1–300 0.0
C4d 11.1–300 0.0

C4a (0.313–20.0) 19.2/6.9 C4 10.0–100 0.4
C4b 10.0–100 0.0
C4c 10.0–100 0.1
C4d 10.0–100 0.1

∗Tested on Quanterix Simoa Platform. desArg, desarginated; LLOQ, Lower limit of quantification; ULOQ, upper limit of quantification.

serial dilutions. The concentration for each dilution
was corrected by the dilution factor and dilution
linearity was confirmed if multiple dilutions demon-
strated a ≤ 20.0% change in concentration. Assay
specificity was tested by pre-incubating three CSF
and three plasma samples with or without assay-
specific capture antibody for 1 h shaking at room
temperature. The samples were then processed as nor-
mal test samples in the same run to assess reduction in
signal (80–100%) due to the prevention of immuno-
sandwich formation. Spike recovery was assessed by
spiking calibrator material into CSF and plasma sam-
ples from three normal subjects and into the sample
diluent. Spiked samples were then tested as normal,
with the acceptance criteria for spike recovery of
70–130%. To test potential cross-reactivity of the
assays, similar proteins were tested at varying con-
centrations to determine levels of cross-reactivity.
Also, the addition of complement stabilizers (EDTA,
FUT, PIC) were tested to ensure no interference on
recovery of complement proteins by comparing to
unsupplemented samples with acceptable recovery
of ± 30%. Since C4a is a commercial assay, speci-
ficity and spike recovery was not performed due to
not having access to the reagents required to perform
either.

Heat-aggregated gamma globulin (HAGG)
stimulation

To demonstrate the assays could capture the
activation and inhibition of the complement clas-
sical pathway, serum was pre-incubated with FUT
(100 �g/mL) (BD Pharmingen) for 1 h at 37◦C.
Classical pathway activator HAGG from Quidel
(0.5 mg/ml) was then added and incubated for an
additional 30 minutes at 37◦C before stopping the
reaction by adding 20 mM EDTA to the samples.
Samples were stored frozen at –80◦C until analysis.

Statistical analysis

Results were based on signal recovery rates ver-
sus the reference sample. The % recovery from
No Addition was calculated by dividing the analyte
concentration in the supplemented condition by the
analyte concentration in the unsupplemented condi-
tion and multiplying by 100. The % recovery from
FT1 was calculated by dividing the analyte concentra-
tion at FT2, FT3 or FT4 by the analyte concentration
at FT1 and multiplying by 100. The sample size was
not statistically determined; it was driven by sam-
ple availability. Due to the discovery nature of the
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project, we did not do formal statistical hypothesis
testing (including p-values). Despite the small sam-
ple size, the effects were consistent across donors,
which increases the confidence in the robustness of
the observed effects. Plasma and CSF complement
biomarkers included in the present analysis were
measured in duplicate or at four serial dilutions in
singlicate and mean values were calculated. For all
parameters tested, recovery signals for C4a, C4, C3a,
C3, Bb and FB compared with the reference sam-
ple were reported. During the assay qualification, a
20% inter-assay variability was set as the threshold
(Table 1). Any variation exceeding this range could be
attributed to preanalytical handling. Box plots of the
analyte levels were generated using RStudio version
1.4.1717.

RESULTS

Study design and complement assays

Plasma and CSF samples were collected from four
HC and five AD subjects. The samples were cen-

trifuged and aliquoted in the absence or presence
of EDTA, EDTA + FUT or PIC at the clinical site
and submitted to 1–4 FT cycles (Fig. 1a). Amyloid
positivity in the AD subjects was confirmed by CSF
A�42/40 ratios below the diagnostic cutoff (Fig. 1b,
see Methods). CSF and plasma complement proteins
C4, C4a, C3, C3a, FB, and Bb were measured using
in-house developed ELISAs, commercially available
ELISA kits or the Simoa platform (41, Supplemen-
tary Figure 1a). All six assays met the qualification
acceptance criteria for sensitivity/specificity, dilution
linearity, spike recovery with stabilizing agents (to
assure no interference on assays) and sensitivity to the
in vitro complement activation and inhibition (Sup-
plementary Figures 1b, 2, 3, 4,41).

Impact of EDTA, EDTA + FUT, or PIC on
plasma and CSF complement stability

We first assessed the impact of plasma and CSF
supplementation with EDTA, EDTA + FUT or PIC
at the clinical site on complement stability at FT1.
For C4a, C4, C3, Bb, and FB the mean plasma
recovery signals from the unsupplemented condition

Fig. 1. (a) Schematic of the study design to assess complement stability in plasma or CSF from HC and AD subjects. CSF and blood were
collected from 9 donors, the biofluids were centrifuged and aliquoted at the clinical site without (No Addition) or with supplementation of
the complement-stabilizing agents EDTA, EDTA + FUT and PIC. The CSF and plasma aliquots underwent 1-4 FT cycles. C4a, C3a, Bb, C4,
C3, and FB concentrations were assessed by immunoassay. Created with BioRender.com. (b) AD diagnostic biomarkers A�42 and A�40
were measured by immunoassay in non-supplemented CSF samples from each donor. A�42:A�40 ratio (AU) in HC (amyloid negative, N = 4)
and AD (amyloid positive, N = 5) subjects; horizontal and vertical lines represent the mean and SD respectively. The dashed line represents
the diagnostic cutoff value of 0.055.
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(see Methods) were close to 100% with EDTA,
EDTA + FUT, and PIC (Fig. 2a; Supplementary
Figure 5, Supplementary Table 1). A higher vari-
ability was observed for C4a compared to the other
analytes (22%–203% recovery range, Supplemen-
tary Table 1). Plasma C3a displayed slightly lower
recovery signals with EDTA and EDTA + FUT sup-
plementation, though still within ± 20% (Fig. 2a;
Supplementary Figure 5, Supplementary Table 1).
CSF recovery signals from the unsupplemented con-
dition for C4a, C4, and C3 were within ± 20%
of the reference condition with all three additives
(Fig. 2b; Supplementary Figure 6, Supplementary
Table 2). By contrast, C3a displayed greater variabil-
ity (36%–102% recovery, Supplementary Table 2)
and around 40% lower recovery in CSF aliquots
supplemented with EDTA (62 (mean)±8 (SE))

or EDTA + FUT (57 ± 5) (Fig. 2b; Supplementary
Figure 6, Supplementary Table 2). Notably, PIC sup-
plementation was associated with greater CSF C3a
(243 ± 61) recovery when compared to the EDTA and
EDTA + FUT conditions (Fig. 2b; Supplementary
Figure 6, Supplementary Table 2). Furthermore, CSF
Bb and FB recovery signals from the unsupplemented
condition were reduced by 20% with EDTA + FUT
(Bb: 78 ± 2, FB: 80 ± 1) but not EDTA or PIC
(Fig. 2b; Supplementary Figure 6). If EDTA + FUT
were to enhance the stability of CSF FB, lower Bb and
higher FB recovery signals would be expected. Thus,
the observed effect of EDTA + FUT supplementation
on CSF FB and Bb levels likely results from technical
variability with the assay rather than a blockage of in
vitro complement activation. Together these results
show that the CSF or plasma supplementation with

Fig. 2. (a–b) Impact of the different additives on complement levels in plasma (a) and CSF (b). Shown are the % recovery from the
unsupplemented condition (No Addition) in the supplemented conditions (EDTA, EDTA + FUT, and PIC) for C4a, C3a, Bb, C4, C3, and
FB at FT1. The dashed line represents the ‘No Addition’ reference (100%). Box plots shown comprise data from N = 9 individual donors.
Boxes represent the median and interquartile range (IQR); The lower and upper hinges correspond to the first and third quartiles (the 25th
and 75th percentiles). The upper whisker extends from the hinge to the largest value no further than 1.5 * IQR from the hinge. The lower
whisker extends from the hinge to the smallest value at most 1.5 * IQR of the hinge. The diamond shape represents the mean. Individual data
points are plotted over the box plots.
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EDTA, EDTA + FUT or PIC does not impact the sta-
bility of most of the analytes. CSF C3a represents an
exception and could benefit from increased stability
upon supplementation with EDTA or EDTA + FUT.

Impact of FT cycles on complement stability in
plasma and CSF supplemented with or without
EDTA, EDTA + FUT, or PIC

Plasma and CSF samples with or without addi-
tive supplementation underwent up to 4 FT cycles
(FT1–FT4). The recovery signals from FT1 were
evaluated for each complement protein at FT2, FT3,
or FT4 (see Methods). In plasma, C3 and FB dis-
played mean recovery signals from FT1 within the
acceptable ± 20% in presence and absence of addi-
tives (Fig. 3, Supplementary Table 3). Slightly greater
mean recovery signals from FT1 close to 20% were
observed for Bb and C4 in the unsupplemented
condition (Fig. 3, Supplementary Table 3). The Bb
recovery signal was lower with EDTA + FUT com-
pared to the unsupplemented condition. Plasma C4a
and C3a were the most impacted by FT cycles,
with mean recovery signals ranging from 102–157%
and 128–150% in the unsupplemented condition,
respectively (Fig. 3; Supplementary Table 3, Sup-
plementary Figure 7). Surprisingly, greater plasma
C3a and C4a recovery signals were observed with
EDTA, EDTA + FUT and PIC compared to the unsup-
plemented condition (Fig. 3, Supplementary Table 3,
Supplementary Figure 7).

In CSF, the mean recovery signals from FT1 for
C4a, C4, C3, and FB were within ±20%, irrespective
of the presence of additives in the samples (Fig. 4;
Supplementary Figure 8 for absolute concentrations,
Supplementary Table 3). For CSF Bb, mean recovery
rates within ±20% were observed with No Addition,
EDTA and EDTA + FUT, while the mean recovery
signals with PIC ranged between 125–134% (Fig. 4;
Supplementary Figure 8 for absolute concentrations,
Supplementary Table 3). C3a appeared to be the most
affected by FT cycles in unsupplemented CSF, as
reflected by the increased percent recovery from FT1
(181–212%). CSF C3a recovery signals were slightly
lower with EDTA (129–164%) or EDTA + FUT
(137–186%) supplementation, although still not
within the acceptable ± 20% (Fig. 4; Supplementary
Table 4, Supplementary Figure 8). Supplementation
with PIC was associated with greater mean CSF
C3a recovery signals when compared to No Addi-
tion, EDTA and EDTA + FUT (Fig. 4; Supplementary
Table 4, Supplementary Figure 8).

We next investigated the impact of FTs on the
rank order of complement protein concentrations
in unsupplemented and supplemented CSF/plasma
aliquots. For each complement protein, we computed
the Spearman correlation coefficient of the FT1 ver-
sus FT2 levels in the different additive conditions.
For all analytes, the Spearman correlation coeffi-
cients were greater in CSF than plasma, suggesting
a better rank order preservation in CSF (Fig. 5a,b,
Supplementary Figures 9 and 10 for FT1 versus FT3-
4 correlations). In plasma, the rank order of C4a,
C3a, C3, and FB appeared to be the least preserved,
as shown by the FT1 versus FT2 correlation coef-
ficients below 0.6 in the unsupplemented condition
(Fig. 5a). No consistent improvement in the rank
order preservation of all tested analytes was seen in
EDTA, EDTA + FUT or PIC supplemented plasma
or CSF (Fig. 5a,b, Supplementary Figures 9 and 10).
Taken together, most complement proteins are mildly
impacted by FT cycles in plasma but not CSF, except
for C3a which displayed greater sensitivity to FTs in
CSF than in plasma and may slightly benefit from a
CSF supplementation with EDTA or EDTA + FUT.

DISCUSSION

The present study investigated the impact
of the complement-stabilizing additives EDTA,
EDTA + FUT, or PIC on the stability of the com-
plement proteins C4, FB, C3, and their activation
products C4a, Bb, and C3a in blood and CSF from
HC and AD subjects. In addition, the influence of
up to 4 FT cycles on the stability of CSF and blood
complement analytes was evaluated with and without
additive supplementation. In both CSF and plasma,
most complement analytes were not impacted by the
different additives. Most complement protein (Bb,
C4, C3a, and C4a) absolute concentrations were
mildly impacted by FT cycles in plasma but not CSF.
The preservation of the relative concentration rank
order was acceptable for a subset of plasma analytes
and all CSF analytes. Except for C3a, plasma com-
plement proteins were more susceptible to FT cycles
than CSF analytes. The addition of complement-
stabilizing agents did not prevent the impact of FT
cycles on CSF and plasma concentrations for most
analytes. C3a displayed mildly increased stability in
the presence of EDTA or EDTA + FUT.

The supplementation of CSF and plasma samples
with additives did not impact C4 and FB cleavage,
while the addition of EDTA or EDTA + FUT mildly
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Fig. 3. Impact of FT cycles on complement levels in plasma. Shown are the % recovery from FT1 in the FT2, FT3, and FT4 unsupplemented
(No Addition) or supplemented aliquots (EDTA, EDTA + FUT, PIC) for C4a, C3a, Bb, C4, C3, and FB. The dashed line represents the ‘FT1’
reference (100%). Box plots shown comprise data from N = 9 individual donors. Boxes represent the median and interquartile range (IQR);
The lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles). The upper whisker extends from the
hinge to the largest value no further than 1.5 * IQR from the hinge. The lower whisker extends from the hinge to the smallest value at most
1.5 * IQR of the hinge. The diamond shape represents the mean. Individual data points are plotted over the box plots.
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Fig. 4. Impact of FT cycles on complement levels in CSF. Shown are the % recovery from FT1 in the FT2, FT3 and FT4 unsupplemented
(No Addition) or supplemented aliquots (EDTA, EDTA + FUT, PIC) for C4a, C3a, Bb, C4, C3, and FB. The dashed line represents the ‘FT1’
reference (100%). Box plots shown comprise data from N = 9 individual donors. Boxes represent the median and interquartile range (IQR);
The lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles). The upper whisker extends from the
hinge to the largest value no further than 1.5 * IQR from the hinge. The lower whisker extends from the hinge to the smallest value at most
1.5 * IQR of the hinge. The diamond shape represents the mean. Individual data points are plotted over the box plots.
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Fig. 5. (a–b) Rank order preservation of complement levels between the first (FT1) and second (FT2) freeze-thaw cycle in plasma (a) and
CSF (b). Lollipop plot showing the Spearman Correlation Coefficient between the concentrations at FT1 and the concentrations at FT2 in
unsupplemented (No Addition) or supplemented aliquots (EDTA, EDTA + FUT, PIC) for C4a, C3a, Bb, C4, C3, and FB.

benefited C3a stability, especially in CSF. C3 may
be more susceptible to in vitro activation because
of its downstream position in the complement cas-
cade and its cleavage in response to classical, lectin
and alternative pathway activation. C4 and FB are
located upstream in the classical/lectin and alterna-

tive pathways, respectively, which could make them
less sensitive to intrinsic protease activity. We also
observed greater impact of EDTA and EDTA + FUT
on C3a levels in CSF than plasma. This could be
due to the absence of EDTA in the non-supplemented
CSF versus the presence of 6 mM EDTA in the non-
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supplemented plasma. Unlike a previous study which
showed that the stabilizing effect of EDTA + FUT was
greater for C4a compared to C3a in plasma,34 our
study only revealed minor effects of this additive on
plasma C3a but not C4a.

Although EDTA or EDTA + FUT slightly
decreased the impact of FT cycles on CSF C3a, the
additives did not completely prevent the increases in
C3a levels beyond the prespecified ± 20% threshold.
While C3a levels increased with repeated FTs, C3
levels remained relatively stable. This contrasts with
the expected decrease in C3 observed in response
to in vitro complement activity. Because CSF and
plasma C3 concentrations are roughly 1000-fold
higher than C3a concentrations (Supplementary
Figures 5 and 6), the C3a assay may be more
sensitive to small changes in the analyte concen-
tration. In line with this hypothesis, we observed
greater serum C3a than C3 fold-changes in response
to ex vivo complement activation with HAGG
(Supplementary Figure 1b). Complement proteins
C4a, C4, and Bb were mildly sensitive to FTs (%
recovery signals from FT1 within or around the
predefined ± 20% threshold), irrespective of the
presence of complement-stabilizing additives. This
sensitivity was greater in plasma than CSF, likely due
to the higher intrinsic protease activity in peripheral
blood versus CSF. Our findings contrast with a
previous study which showed no impact of FT cycles
on plasma C3a and Bb stability.28 Discrepancies
between the studies may originate from differences
in the presence/absence of pathology in the donors
and analytical methods. For a subset of plasma ana-
lytes and all CSF analytes the correlation between
FT1 and FT2 concentrations was greater than 0.5,
suggesting an acceptable rank order preservation
across FTs. This means that the number of FT cycles
for CSF and plasma should be kept to a minimum
and consistent between conditions.

There are limitations to this study: First, all our
comparisons were made between samples that have
undergone one FT. Performing this study in fresh
(never frozen) biofluids was logistically not feasi-
ble. Second, with N = 4 HC and N = 5 AD donors,
the sample size is relatively small and does not
allow drawing meaningful conclusions about poten-
tial differences in the impact of preanalytical handling
on complement concentrations in the two groups.
Nonetheless, we observed consistent trends across
all donors suggesting that there are no major dis-
crepancies in the impact of the tested additives and
FTs on CSF/plasma complement stability in AD ver-

sus HC subjects. Third, we acknowledge that there
might be additional preanalytics for CSF and blood
complement measurements that were not investigated
here, including timing to centrifugation, incubation
at RT and storage time/temperature.32,42 Fourth, we
did not assess differences in the standardization of the
assays used in this study and assays applied by other
labs. Although discrepancies in standardization can
contribute to inconsistencies in complement concen-
trations across studies,33 potential discrepancies in
assay standardization do not impact this study’s con-
clusions which are based on relative measurements in
the presence versus absence of additives or FT cycles.
The main strengths of this study are that the sam-
ples were collected 1) from a mix of HC/AD donors
and 2) according to a standardized procedure that is
employed for AD biomarkers in Roche clinical trials
and many academic centers.40,43

Our findings have implications on sample handling
for the evaluation of C4a, C4, C3a, C3, Bb, and
FB as diagnostic, prognostic or pharmacodynamic
biomarkers in AD: A supplementation with EDTA
(±FUT) may be considered to increase the stability
of CSF C3a. To ensure accurate absolute C4, FB,
C3, C4a, Bb, and C3a quantification, we recommend
keeping the number of CSF/plasma FT cycles to a
minimum, though future studies will be needed to
compare complement concentration in never frozen
and once frozen CSF/plasma. For relative compar-
isons between donors/conditions, matching FT cycles
may be acceptable as shown by the preservation of
the relative rank order of tested complement protein
concentrations in this study.

In conclusion, plasma and CSF sample handling
recommendations presented here may improve the
reproducibility of future studies investigating com-
plement activity in biofluids from patients with
neurodegenerative disorders and may support the
application of the assays developed herein into
clinical practice (e.g., for the pharmacodynamic eval-
uation of complement therapeutics).
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