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Background: Plasma is a potentially rich source of protein biomarkers for disease progression and drug response.
Large multi-center studies are often carried out to increase the number of samples analyzed in a given study. This may
increase the chances of variation in blood processing and handling, leading to altered proteomic results. This study
evaluates the impact of blood processing variation on LC-MS/MS proteomic analysis of plasma.

Methods: Initially two batches of patient plasma samples (120 and 204 samples, respectively) were analyzed using
LC-MS/MS shotgun proteomics. Follow-up experiments were designed and carried out on healthy donor blood in

order to examine the effects of different centrifugation conditions, length of delay until first centrifugation, storage
temperature and anticoagulant type on results from shotgun proteomics.

Results: Variable levels of intracellular proteins were observed in subsets of patient plasma samples from the initial
batches analyzed. This observation correlated strongly with the site of collection, implicating variability in blood
processing procedures. Results from the healthy donor blood analysis did not demonstrate a significant impact of
centrifugation conditions to plasma proteome variation. The time delay until first centrifugation had a major impact
on variability, while storage temperature and anticoagulant showed less pronounced but still significant effects. The
intracellular proteins associated with study site effect in patient plasma samples were significantly altered by delayed

Conclusions: Variable blood processing procedures contribute significantly to plasma proteomic variation and may
give rise to increased intracellular proteins in plasma. Accounting for these effects can be important both at study
design and data analysis stages. This understanding will be valuable to incorporate in the planning of protein-based
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Background

Blood plasma is a readily accessible biofluid which
may be used in biomarker discovery [1]. In particular,
proteins (or protein fragments) in circulation may be
associated with disease susceptibility, disease activity,
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or drug response. Frozen plasma can be stored for
decades with minimal degradation of proteins over
time, making it an excellent choice for retrospec-
tive biomarker studies [2]. Discovery proteomic plat-
forms seek to use large collections of patient plasma
samples to identify the key proteins which correlate
with some aspect of disease or therapeutic response.
Acquiring sufficiently large numbers of samples often
requires plasma to be collected from multiple centers.
Despite the use of standardized blood collection and
processing protocols, certain preanalytical variables
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may contribute to proteomic variation across collec-
tion sites. Increasing evidence suggests that deviations
from best practices in blood processing may contrib-
ute to variable proteomic results [3].

Previous studies have established that preanalytical
variables can impact both individual protein measure-
ments and proteome-wide measurements. Variables
include centrifugation conditions, time till first cen-
trifugation of blood, choice of anti-coagulant, storage
length and number of freeze/thaw cycles. Previous
studies have demonstrated the impact on plasma con-
centrations of selected proteins as measured by ELISA
of multiple freeze/thaw cycles [4] and platelet enrich-
ment, thus implicating centrifugation as a key vari-
able [5]. Additionally, an evaluation of a broad panel
of plasma analytes has demonstrated effects of stor-
age temperature and duration to the first centrifuga-
tion on measured levels of several additional proteins
in plasma that can be assessed by clinical laboratory
instruments [6].

LC-MS/MS-based discovery proteomics have been
used to show the proteome-wide effects of preanalyti-
cal variables. Interestingly, several studies have failed
to observe major protein changes in blood stored
for prolonged periods prior to first centrifugation
[7-9]. However, in these studies samples were pooled
together prior to LC-MS/MS analysis which may pre-
vent individual protein changes from being detected.
An additional study found that after a 96 h delay 41
and 83 proteins showed significant changes at room
temperature and 37 °C, respectively [2]. Crucially, no
sample pooling was carried out in this study. Previous
proteome-wide analysis of preanalytical variables have
typically used blood from healthy volunteers, and few
attempts have been made to link these observations
with proteomics data from large multi-center patient
studies.

Here we carried out LC-MS/MS shotgun proteom-
ics on two sets of patient samples (120 and 204 sam-
ples, respectively) drawn from 30 different collection
sites. We observed changes in protein expression
which appeared to be related to blood processing con-
ditions. In particular, we noted increased intracellular
protein levels in plasma samples collected at specific
locations. To investigate this phenomenon further, we
then examined the impact of pre-analytical variables in
healthy volunteer samples. Variables included centrif-
ugation conditions, time delay to first centrifugation,
blood storage temperature and anti-coagulant. We
found that specific variables are likely to contribute
strongly to the observation of the increase in intracel-
lular protein levels in patient plasma samples.
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Methods

Blood collection and processing for patient samples

Blood was collected from patients at multiple collection
centers across the United States as part of a prospective
non-randomized “real world” comparative effectiveness
study by a national patient registry with study design,
enrollment criteria and quality control procedures as
previously published [10]. For the purposes of proteom-
ics analyses for a balanced by clinical status randomized
subset of patients two samples were selected from each
subject at two different timepoints. Representative
patient demographics are provided in Additional file 1:
Table S1. Blood was drawn by venipuncture into 7 mL
sodium heparin glass tubes until vacuum was exhausted
and blood ceased to flow. Per sample collection SOPs, the
tubes were inverted 8—10 times and blood was immedi-
ately centrifuged at 1300x g for 10 min. Plasma was care-
fully pipetted off and aliquoted into 2 mL cryogenic vials
(Corning). Plasma samples were frozen at —20 °C until
they could be shipped (within one month after collection)
to a central repository for long-term storage (at — 20 °C)
and redistribution. Samples were shipped to Momenta
Pharmaceuticals on dry ice, thawed, aliquoted and stored
at — 80 °C until ready for proteomic analysis.

Blood collection for healthy volunteer experiments

For internal experiments with healthy volunteers blood
was collected by a trained phlebotomist. Blood was col-
lected into 10 mL BD vacutainer tubes containing either
K2-EDTA or lithium heparin (BD, Franklin Lakes, NJ).
For the three single donor pilot studies blood processing
variables were evaluated as summarized by the Fig. 2a—c.
Briefly, for single donor centrifugation experiments blood
was spun at 1000xg or 2000xg for 10 min in a swing
bucket centrifuge (Sorvall Legend XFR, Thermo Fisher
Scientific) at room temperature. The centrifuge brake
was set either to maximum deceleration at the end of the
run or was not applied at all. After the first centrifugation
step plasma was carefully pipetted off and transferred to
a 1.7 mL Eppendorf tube for storage or to 15 mL poly-
propylene tube (Corning) for a second centrifugation
step. The second centrifugation step was carried out as
described above. Afterwards, all plasma samples were
stored at —80 °C. For both the temperature/time sin-
gle donor study and the time/anticoagulant type single
donor study blood was spun twice for 10 min at 1500xg
with maximum brake deceleration applied.

For the temperature and time single donor study, blood
was collected into EDTA tubes. For time and anticoagu-
lant type single donor study until the first centrifugation
blood was stored at ambient temperature. For multi-
donor experiments blood from four healthy volunteers
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was collected as described above and held for varying
lengths of time before the first centrifugation at either
room temperature or 4 °C. Blood was centrifuged twice
at 1500 g for 10 min with maximum brake deceleration
applied. Plasma samples were stored at — 80 °C.

Immunodepletion and protein digestion

All sample preparation reagents were purchased from
Sigma-Aldrich (St. Louis, MO) unless otherwise stated.
Plasma samples were thawed at room temperature and
filtered using 0.22 pm spin filters (Agilent Technolo-
gies, Santa Clara, CA). Samples were subjected to deple-
tion of high abundant proteins using a multiple affinity
removal system (MARS-14) immunodepletion column
(4.6 x 100 mm, Agilent Technologies). A HPLC system
with autosampler, quaternary pump, UV detector and
fraction collector (Agilent Technologies) was used to
separate plasma proteins on the MARS-14 column in
accordance with the manufacturer’s protocol. The low
abundant protein fraction was buffer exchanged into
50 mM ammonium bicarbonate using 5 kDa MWCO
spin concentrators (Agilent Technologies) and desalted
with 7 kDa MWCO Zeba spin columns (Thermo Fisher
Scientific). Protein concentrations were measured using
the BCA assay (Thermo-Fisher Scientific). For all samples
50 pg of immunodepleted proteins were digested. Pro-
teins were reduced with 100 mM dithiothreitol (DTT)
and 80 mM tris (2-carboxyethyl)phosphine (TCEP) for
30 min at 60 °C and alkylated with 200 mM iodoaceta-
mide for 20 min at room temperature. Volumes were
brought up to 500 pL with 50 mM ammonium bicarbo-
nate and trypsin/lys-C enzyme mix (Promega, Madison,
WI) was added (25:1, protein:enzyme ratio). Samples
were digested for 16 h at 37 °C, frozen and lyophilized.
Sample clean-up was performed on an Oasis HLB plate
(5 mg sorbent, 30 um particle size) (Waters corpora-
tion, Milford, MA). Peptides were dried under vacuum
and resuspended in 50 pL 0.1% formic acid and stored at
—80 °C prior to LC—MS/MS analysis.

LC-MS/MS analysis and database searching

All LC-MS/MS consumables including solvents and
columns were purchased from Thermo-Fisher Scientific
unless otherwise stated. For LC-MS/MS shotgun pro-
teomic analysis of peptide mixtures, separations were
carried out using an Ultimate 3000 RSLC nano system
(Thermo-Fisher Scientific). Peptides were loaded onto an
Acclaim PepMap RSLC Nano trap column (5 pm particle
size, 20 mm x 100 pym) at 5 uL min~! flow rate, using a
loading solvent of 0.1% trifluoroacetic acid. Peptides were
resolved on an EASY-Spray Acclaim PepMap RSLC C18,
2 um particle, 100 A pore size, 0.075 x 250 mm column
thermostatically controlled at 50 °C with a 300 nL min™"
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flow rate and linear gradient from 1 to 30% acetonitrile
containing 0.1% (v/v) formic acid for a total duration
of 150 min. Solvent A contained 5% DMSO in order to
increase sensitivity during the early portion of the chro-
matogram [11]. After the gradient portion of the chroma-
togram the column was washed with 99% acetonitrile for
20 min and equilibrated with 1% acetonitrile for 30 min.
MS analyses were performed on an Orbitrap Velos Pro in
the positive-ion mode using an EASY-Spray nano-source
(Thermo-Fisher Scientific). The instrument was operated
with the spray voltage of 1.8 kV, an ion transfer capillary
temperature of 275 °C and S lens RF level of 70%. One
high resolution FTMS scan of 60,000 resolution includ-
ing 1 micro scan with maximum injection time of 50 ms
was followed by 24 dependent MS/MS scans with maxi-
mum injection time of 100 ms. Dependent MS/MS scans
were performed using an isolation width of 2.0 m/z
around parent ions. The isolated multiple charged ions
(2, 3, 4 or higher) were activated using the CID param-
eters of 10 ms activation time and 35% normalized col-
lision energy. Data-dependent scan dynamic exclusion
was enabled. The dynamic exclusion settings were as fol-
lows: repeat count 1, repeat duration 20 s, exclusion list
size 500, exclusion duration 30 s, exclusion mass width
low 0.5, exclusion mass width high 1.5, expiration count 2
and expiration S/N threshold 2.

Samples were randomized into batches of 20 for LC-
MS/MS analysis. A plasma quality control sample was
included in every batch (Sigma-Aldrich) and was used
to assess performance across each study. The control
plasma sample was subjected to an identical workflow
to that described above and was used to assess variabil-
ity in digestion efficiency, number of peptide-spectrum
matches (PSMs) and number of proteins identified.
On average, the following variability metrics have been
observed across plasma quality control samples: diges-
tion efficiency—1% CV, #PSMs—3.3% CV and total #pro-
teins—5.4% CV. A HeLa cell digest (Thermo-Fisher) was
also run at regular intervals to monitor mass accuracy,
chromatographic performance and instrument sensitivity
over time.

Proteome Discoverer (v1.4, Thermo-Fisher) was used
to generate PSM counts from RAW files. Each RAW file
was run through a workflow which included spectrum
filtering, protein database searching using Sequest-HT
and peptide-level FDR calculation. For MS1 spectrum
filtering a signal/noise threshold of 1.5 was used. The
human Uniprot database (protein isoforms included)
was used. Mass tolerances of 10 ppm and 0.8 Da were
used for precursor ions and fragment ions, respectively.
The minimum peptide length was 6 amino acids with
a maximum of two missed tryptic cleavages. Peptide
dynamic modifications included N-terminal acetylation
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(+42.011 Da) and methionine oxidation (+15.995 Da).
Carbamidomethylation of cysteine (457.021 Da) was
included as a static modification. For peptide scoring
the maximum delta Cn was set to 0.05. Protein group-
ing, peptide grouping and maximum parsimony were
enabled. A 5% peptide-level false discovery rate was
applied using the target decoy PSM validator node within
Proteome Discoverer. A multi-consensus report was
prepared for each experimental group and protein group-
level results were exported for normalization and statisti-
cal analysis (Additional file 2: Tables S11-S16). Raw data
from designed experiments has been deposited to Mas-
sIVE repository (University of California San Diego, CA,
USA, http://massive.ucsd.edu) with accession numbers
MSV000085763, MSV000085850, MSV000085799 and
MSV000085814. In order to generate a set of high con-
fidence protein identifications a minimum of two pep-
tides per protein and at least one proteotypic peptide
per protein were required. Furthermore, within a given
study proteins with less than an average of one PSM per
RAW file were excluded. For analysis of protein expres-
sion levels we used spectral counting, a label-free method
for quantitation of MS-derived proteomics data. Spectral
counting has been previously shown to compare favora-
bly with label-based approaches such as iTRAQ [12].
Additionally, the identified proteins in each sample
group were compared to the set of proteins in the human
plasma build “Plasma Non-Glyco 2017-04—Mapping
2017-05-12” of PeptideAtlas [13]. Proteins were then cat-
egorized as “canonical” and “not observed” in accordance
with the annotations used by PeptideAtlas as shown in
Additional file 1: Section S1 and summarized below.

Data normalization and statistical analysis

Statistical data analysis including pre-processing and
normalization of PSM counts was performed using R/
Bioconductor statistical software [14, 15]. Dissimilarities
between samples within each translational study collec-
tion were calculated as one complement of rank based
(Spearman) correlation between protein abundances in
each sample. This dissimilarity measure is invariant to
the choice of sample normalization as long as it does not
alter rank order of protein abundances within the sample.
R implementation (cmdscale) of classical multidimen-
sional scaling (aka principal coordinates analysis [16, 17])
of the resulting dissimilarity matrix was used to visual-
ize dissimilarities between samples in the two transla-
tional study collections. Correlations of average protein
levels across translational study sites relied on the ranks
of corresponding PSM counts within each sample. Analy-
sis of differences in protein levels across experimental
conditions studied in designed experiments (Additional
file 3: Tables S7-S10) was performed within limma-voom
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methodology relying on default settings available therein
[18, 19]. In brief, protein counts were normalized to their
sample total and log transformed prior to the accounting
for mean—variance trend and linear model fitting. Statis-
tical significance of the observed associations between
protein levels and experimental conditions has been esti-
mated as Benjamini—Hochberg false discovery rate (BH-
FDR) to account for multiple tests within each study [20].
Additional details including data pre-processing prior to
statistical analyses can be found in Additional file 1: Sec-
tion S1.

Results

Observation of intracellular proteins in patient plasma
samples

As part of a biomarker discovery effort we carried out
shotgun proteomic analysis of two separate sample
batches from a national patient registry. For the purposes
of the study two samples were collected for each patient,
one at the time of subject enrollment in the study and one
at a later timepoint. A total of 120 (60 patients) and 204
(102 patients) plasma samples were analyzed in study one
and study two, respectively. The samples for both studies
were drawn from 30 collection centers across the United
States of which 20 were common to the two studies. For
each batch samples were randomized and processed
in groups of 20 (immunodepletion, digestion, LC-MS/
MS shotgun proteomics). The median count of proteins
detected per sample and corresponding interquartile
range (IQR) was 351 (IQR=20) and 373 (IQR=28) for
the first and second batches respectively. The median
percentage of proteins that are “canonical” in human
plasma PeptideAtlas was 96% in both batches of samples
from the translational study with IQR=0.9% for the first
and 0.8% for the second batch.

Principal coordinates analysis of shotgun proteomics
data revealed two consistent trends across both studies
(Fig. 1a, b). Firstly, in both batches, the second principal
coordinate—Y axis in Fig. 1a, b)—was closely related to
the sample run order. This could be related to perfor-
mance drift over time of the immunodepletion column
or other part of LC-MS/MS proteomics pipeline, which
requires the sequential processing of samples. Altered
binding capacity of the immunodepletion column or
changes in non-specific protein binding may occur over
time. Secondly, we noted that the first principal coordi-
nate in both batches was significantly associated with the
levels of nominally intracellular proteins representing
highly overlapping set between two batches (Additional
file 1: Tables S2 and S3). As illustrated in the Additional
file 1: Table S4, in total, in the first and second batch from
the translational study 76 and 69 proteins respectively
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Fig. 1 Principal coordinate (classical multi-dimensional scaling) analysis of plasma shotgun proteomics data from two multicenter patient studies
a and b numerical labels represent sample run order, higher values predominantly correspond to positive values of the 2nd principal coordinate;
color indicates actin beta levels above (pink) and below (cyan) median; principal coordinates scaled to zero mean and unit variance) and correlation
of study site average actin beta rank between two batches (c)—letters indicate study sites. In both studies samples with higher levels of intracellular
proteins show greater between-sample variability compared to those with lower levels of intracellular proteins

pass BH-FDR <0.05 threshold for their association with
the first principal coordinate.

We did not observe a statistically significant correla-
tion between the first principal coordinate and patient
demographic features in these two sets (Additional file 1:
Table S4). However, we noted that samples collected at
particular sites tended to have higher levels of intracellu-
lar proteins compared to other sites in both groups, sug-
gesting that the association of the intracellular proteins
with the first principal coordinate noted above might be
attributable to the differences among translational study
sites. This trend showed a highly statistically significant
positive correlation across the two studies (Spearman
rank correlation=0.84, p<10~°, Fig. 1c). While intracel-
lular proteins may be found in plasma as a result of tissue
leakage or aberrant secretions [21], it appears that vari-
ability in sample handling and processing at particular
sites is the most likely cause of a site-dependent effect. A
list of the proteins associated with this site effect is given
in Additional file 1: Table S5. Cytoskeletal and cytosolic
proteins are particularly prevalent (e.g. ACTB, VCL,
FLNA and TLN1 shown in Additional file 1: Tables S2,
S3 and S5) as further reflected by the Gene Ontology cat-
egories highly enriched by the proteins showing positive
correlation of the levels averaged per study site across
two batches (Additional file 1: Table S6).

The presence of these intracellular proteins in plasma
from specific collection sites suggests they are released
from blood cells (e.g. neutrophils, platelets) during
sample processing. Samples with higher levels of these
cytoskeletal proteins tend to show a greater degree of dis-
similarity in terms of their proteomic profiles in the two

sets of samples from our translational study as compared
to those with lower levels of them (Additional file 1: Fig-
ure S1). In order to further investigate the blood process-
ing factors that could be contributing to the site-effect we
have performed several experiments using plasma sam-
ples from healthy volunteers.

Examination of pre-analytical variables associated

with proteome variability

After examination of the literature, we identified several
preanalytical blood processing variables which might
contribute to an increase in intracellular proteins in
plasma. These included centrifugation conditions, time
between collection and first centrifugation, blood storage
temperature prior to processing and type of anti-coag-
ulant. Healthy donor blood was used to test the above
variables as summarized in Fig. 2. Improper centrifuga-
tion may result in residual blood cells in plasma and lysis
of these cells could result in intracellular protein release
into the soluble space. Delays in processing blood may
also result in protein leakage from blood cells, while stor-
age temperature may influence cell lysis. Likewise, the
choice of anticoagulant may introduce some variability.
Standardized blood collection protocols generally call
for EDTA collection tubes, since EDTA is considered to
be more inert than other anticoagulants such as heparin
[22]. Since heparin tubes were used for patient samples in
our initial studies we compared EDTA and heparin col-
lection tubes here. To further our understanding of the
relative impacts of these four factors (centrifugation con-
ditions, sample hold time, temperature and anticoagu-
lant type) and to prioritize them for evaluation in a larger
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multi-donor experiment we first performed three small-
scale single-donor pilot studies as detailed in Fig. 2a—c.

Proteomic effects of variable centrifugation conditions

In all eight different centrifugation protocols were car-
ried out on blood from a single donor as outlined in
Fig. 2a. The number of spins, speed of spin and applica-
tion of the centrifuge brake were examined. Shotgun
proteomics on immunodepleted plasma was carried out
and results were assessed for the association between
protein levels and these experimental factors. None of
the proteins detected (ranging from 267 to 293 proteins
per sample, 96% to 98% of proteins annotated as “canoni-
cal” in human plasma PeptideAtlas) were found to reach
statistical significance upon correction for multiple tests
(BH-FDR < 0.05) for the association with the differences
in centrifugation protocols and majority of the changes
were smaller than twofold (Additional file 1: Figure
S2). Ten of the 33 site effect proteins (Additional file 1:
Table S5) were detected in this study and none of these
proteins showed fold changes greater than 2 between the
conditions tested (Additional file 1: Figure S2). The data
imply that release of intracellular proteins into plasma
during blood processing is not sensitive to variable cen-
trifugation conditions. Additionally, no visible red blood
cell hemolysis was observed in any of the conditions
tested, suggesting that red blood cell hemolysis was not
induced by altered centrifugation. For subsequent experi-
ments blood was spun twice at 1500xg with the centri-
fuge brake applied for both spins.

Proteomic effects of processing delay and storage
temperature

Blood samples from a single donor were processed after
storage at room temperature and 4 °C for five different
time intervals prior to the first centrifugation (0, 6, 24,
48 and 72 h) as outlined in the Fig. 2b. The resulting
ten LC—-MS/MS shotgun proteomics profiles of immu-
nodepleted plasma (with 279 to 322 proteins detected
per sample, 97% to 98% of which were determined to
be “canonical” by human plasma build of PeptideAtlas)
were evaluated for the effects of temperature and hold
time on the measured protein abundances as further
detailed in Supplementary Material (Additional file 1:
Section S$3.2). Association between storage time and
measured protein levels resulted in the largest number
of statistically significant differences (51 proteins pass
BH-FDR < 0.05 cutoff) most of which correspond to the
increase in average protein level with time. Approxi-
mately 1/3 of the proteins (14 out of 33) showing cor-
relation with the study site in multi-center translational
study (Additional file 1: Table S5) have been detected
in this experiment, with 8 of them also passing the sta-
tistical significance cutoff (BH-FDR < 0.05) for the effect
of storage time corresponding to the increase in their
measured levels with time (Additional file 1: Figure S3).
As further discussed in Supplementary Material (Addi-
tional file 1: Section S3.2), this effect could be at least
partially alleviated by storage at 4 °C as compared to
room temperature. Two proteins pass BH-FDR <0.05
cutoft for the main effect of the temperature when
analyzed by the regression model with main effects of
processing delay, temperature and interaction between
them. Further discussion of the impact of model formu-
lation on the significance estimates is provided in Sup-
plementary Material (Additional file 1: Section S3.2).
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Regardless of the statistical significance, about 10% of
proteins demonstrated greater than twofold difference
on average between samples stored at room tempera-
ture and 4 °C.

Proteomic effects of processing delay and anticoagulant
type

Blood samples from a single healthy donor were collected
in EDTA and heparin tubes and stored at room tem-
perature for 0, 6, 24, 48, 72 and 144 h (Fig. 2c). Twelve
resulting profiles of protein abundances (with 291 to
343 protein identifications per sample and 94% to 96%
of proteins falling in the “canonical” category of Pep-
tideAtlas human plasma build) as measured by LC-MS/
MS shotgun proteomics in immunodepleted plasma
have been analyzed as further detailed in Supplementary
Material (Additional file 1: Section S3.3) for the associa-
tion of protein levels with anticoagulant type and time.
As in the pilot study of time and temperature, the length
of processing delay had significant impact on the larg-
est number of proteins (36 proteins pass BH-FDR <0.05
threshold) most of which increase with time. Of the three
pilot experiments conducted on the single donor samples
(centrifugation, time and temperature, time and antico-
agulant—Fig. 2a—c) this study yielded the highest frac-
tion of proteins—21 out of 34—that also showed positive
correlation of their abundances between study sites in
the two batches of samples in the translational study. As
was the case for the pilot study of time and temperature,
the majority of these proteins increased with longer pro-
cessing delays. Irrespective of the statistical significance,
11% of proteins detected had at least a twofold difference
in EDTA versus heparin tubes. Several of them (TLNI1,
TAGLN2 and TPM4) were significantly correlated across
study sites in the translational study. The impact of the
power of this pilot study and regression model setup are
further described in Supplem