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Graphical abstract Abstract

Human whole blood cultures are widely used for the investigation of phys-
@) iological pathways and drug effects in vitro. Detailed information on the
effect of “sample aging” (the time span between blood collection and ex-
perimental start) on the experimental outcome is not readily available in
LPS the public domain. We studied the effect of sample aging on the ability of
SEB immune cells to respond to cell-specific immune triggers (LPS, PMA/iono-
PMA +ionomcyin mycin, and SEB). Sample aging at room temperature profoundly inhibit-
ed the Lps-induced monocytic cytokine release in minimally diluted whole
blood cultures. The reduction ranged from 20-50% after 30 minutes to
80-100% after 10 hours and differed between cytokines (IL-1B, IL-2, IL-6,
IFNY, and TNFa). Sample storage at 4°C or 37 ° C even worsened this. PMA/
ionomycin- and SEB-induced cytokine release, both mainly T cell-driven,
were also reduced by sample aging but to a lesser extent (20-50% after 24

hours). Intracellular cytokine staining revealed that the number of Lps-

G- —————

responding cells was not impacted by sample aging and reduced LPS re-
sponsivity could also not be explained by apoptosis or downregulated TLR4
expression. Thus, we speculate that sample aging induces an inhibitory

pathway downstream from TLR4 in monocytes. These results underline
the importance of quick sample handling when investigating innate im-
mune responses in whole blood, especially for monocyte responses.
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Introduction

Primary human immune cells are widely used for the investigation of phys-
iological pathways and drug effects in vitro. Primary cells are often used for
research on chronic diseases and for testing new therapies for awide range
of diseases. Such experiments are frequently performed on isolated leuko-
cytes, mostly peripheral blood mononuclear cells (PBMCs). Cryopreserved
PBMCs can be analyzed batchwise, so that samples collected at multiple
clinical sites can be analyzed at one central laboratory. Alternatively, in vitro
experiments can be conducted on whole blood samples, with the obvious
benefit that this better resembles in vivo conditions.' Sample handling is
minimal for in vitro experiments on whole blood samples: the only variable
to control is the time span between blood collection and the start of the
experiment. Although most publicly available literature on whole blood-
based experiments does not specify this time span, it is evident that the
“sample age” may vary substantially between and within experiments, de-
pending on the clinical unit, the laboratory, and the donor population in-
volved. Limited information is available on the effect of the sample age on
the outcome of whole blood-based experiments. This is remarkable since
a direct relationship between sample age and cell functionality (i.e., cell
viability and cell responsiveness to immune triggers) could be expected.
In PBMC cultures, apoptosis occurs spontaneously after prolonged sample
storage.>3 In whole blood samples, blood settling causes red blood cell and
platelet aggregation and alters cell function.# Another potential problem
in whole blood cultures is the short lifespan of neutrophils.s These cells
survive for less than 24 hours in the bloodstream and are prone to under-
go apoptosis under suboptimal environmental conditions. Apoptotic neu-
trophils may have secondary effects on other leukocyte subsets in a whole
blood based experiment. To overcome these problems, efforts have been
made to preserve whole blood samples for longer periods of time. For ex-
ample, cryopreservation of the whole blood has been shown to be feasi-
ble for experiments assessing Epstein-Barr virus (EBv) transformation,
lymphocyte proliferation, and DNA extraction.®® Freezing of fixed whole
blood may also be appropriate for immunophenotyping.° However, gran-
ulocytes do not stay viable during the freezing process impacting the re-
sponses of other cell types.’>” The addition of phytohaemagglutinin (PHA)
during sample storage avoided the apoptosis of lymphocytes,? and the ad-
dition of the polymer Ficoll to the whole blood prevented settling of red
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blood cells, limiting interference of aggregating red blood cells.+ However,
in addition, such chemicals may induce undesired cellular activation: PHA,
for example, is known to stimulate T-cell proliferation.’? An experimental
setup without the addition of cell preserving chemicals is preferred when
studying the natural behavior and effect of blood cells.

A limited number of studies describe the effects of whole blood stor-
age on cellular responses. Unfortunately, these studies only focus on the
effects on a specific cell population or cellular response, with contradic-
tory results. The temperature at which the blood is stored may affect the
functionality of monocytes, with low temperature storage (4°C for 24
hours) preferred over room temperature. Another study demonstrated
that when stored at room temperature, the number of cytokine-produc-
ing monocytes remains relatively stable, whereas interferon (IFN)y- and
IL-2-producing T cells declined during storage.+

We aimed to provide a comprehensive overview of the effect of sample
aging on cell viability and stress and cellular reactivity to exogenous im-
mune triggers. We investigated cell responsiveness by quantification of
secreted cytokines, and we looked at the percentage of responsive cells
for particular cell subsets (T-cells and monocytes) by means of the flow
cytometric detection of intracellular cytokines. To obtain insight into
cell-specific or pathway-specific effects of sample aging, we used immune
triggers activating different immune cell subsets. T-cells were stimulat-
ed by simultaneous incubation with phorbol 12-myristate 13-acetate (PMA)
and ionomycin and by staphylococcal enterotoxin B (SEB). PMA plus iono-
mycin induces a general T-cell activation via protein kinase C (PKC) and
nuclear factor of activated T-cell (NFAT) signaling. Superantigen SEB acti-
vates up to 20% of all T-cells via the T-cell receptor B chain.’s Monocyte ac-
tivation was induced by lipopolysaccharide (LPs), a Toll-like receptor (TLR)
4 ligand.

Materials and methods
BLOOD COLLECTION

Blood was collected from healthy volunteers by venipuncture into sodium
heparin-coated vacutainers or cell preparation tubes (CPT) containing so-
dium heparin (Becton Dickinson, NJ, usa) after written informed consent
was obtained in accordance with Good Clinical Practice guidelines and the
Declaration of Helsinki.
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WHOLE BLOOD INCUBATIONS

Whole blood was simulated for 3 or 24 hours with LPS (2 ng/mL), SEB (100
ng/mL), or PMA/ionomycin (150 ng/mL and 7.5 pg/mL, resp.). All reagents
were obtained from Sigma-Aldrich (Deisenhofen, Germany). For intracel-
lular staining, brefeldin A (Thermo Fisher Scientific) was added to the cul-
tures. Cultures were incubated at 37°C and 5% co,.

PBMC ISOLATION AND INCUBATIONS

PBMCs were collected from cPT samples and washed twice with PBs.
PBMCs were counted using the MACSQuant 10 analyzer and resuspended
at 1 x 10° cells/mL in RPM11640 supplemented with 10% FBs. PBMCs were
stimulated with 2 ng/mL LPs for 24 hours.

MITOCHONDRIAL FUNCTION

Mitochondrial membrane potential (MMP) was assessed in whole blood cul-
tures after red blood cell lysis with RBC lysis buffer. Leukocytes were in-
cubated with 0.5 pM jc-1 (Mitoprobe kit, Thermo Fisher Scientific) for 15
minutes. CCCP (10 pM) was used as a positive control. MMP was assessed in
monocytes and T-cells with a MACSQuant 10 analyzer (Miltenyi Biotec).
Mitochondrial function was expressed as the mitochondrial membrane po-

tential, calculated as follows: (FL1: FL2) 16
Apm = «100%
(Fll¢eep: FL2¢ccp)

CYTOKINE MEASUREMENTS

IFNY, TNFa, IL-1B, and IL-6 from whole blood culture supernatants were mea-
sured using the V-plex inflammatory panel-I kit from Meso Scale Discovery
(Rockville, MD, USA). IL-2 and IL-10 were measured by ELISA (Thermo Fisher
Scientific).

Results

SAMPLE AGING RESULTS IN A RAPID DECLINE OF LPS-
DRIVEN RESPONSES, WHEREAS PMA- AND SEB-DRIVEN
ARE LESS AFFECTED

Whole blood was collected and stored at room temperature or at 4°C until
incubation experiments were started (immediately after blood collection
and 0.5, 1, 2, 4, and 10 hours after blood collection). Whole blood cultures
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were stimulated with LPs, SEB, and PMA/ionomycin. Sample aging strongly
reduced LPs-induced IFNY, IL-1B, IL-6, and TNFa release (Figure 1a). A delay
in the start of the incubation of only 0.5 hour already resulted in a loss of
30-50% of the cytokine profound (Figure 1B). After 0.5 hour, hardly any ef-
fect of sample aging was observed. Maximal aging of 10 hours resulted in a
loss of 25-60% of the cytokine response (IFNY, IL-6, and TNFa). In contrast to
LPS responses, sample storage at 4°C better preserved PMA/ionomycin in-
duced cytokine release compared to storage at room temperature. SEB re-
sponses were highly variable between subjects, but no strong indications
were found for a time-dependent reduction in cell responses (Figure 1c).
Cytokine release in unstimulated samples remained low (<50 pg/mL) for
all sample ages investigated (data not shown). Sample aging did not induce
the release of the anti-inflammatory cytokine 1L-10 (all responses < 25 pg/
mL, datanot shown). Given the large temperature-dependent effect on LpPs-
driven responses, sample storages at 37°C and at room temperature were
compared in a separate experiment (Figure 1D). The whole blood was stim-
ulated with Lps immediately after blood collection and after 2, 10, and 24
hours of storage. Sample storage at 37°C resulted in an even more rapid de-
crease in IL-6 and TNFa production compared to room temperature.

SAMPLE AGING DOES NOT AFFECT CELL VIABILITY,
MITOCHONDRIAL FUNCTION, OR TLR4 EXPRESSION

Since Lps stimulation results in a mainly monocyte-driven response, and
SEB and PMA/ionomycin are mainly T-cell stimuli, we hypothesized that
monocytes are more prone to undergo cell death due to sample aging.
However, absolute counts of cp3* T-cells, cD14* monocytes and granulo-
cytes (as gated in Fsc/ssc scatter plot) did not decrease with prolonged
sample storage (Figure 24). Also no increase in number of dead cells was
observed, as measured by propidium iodide staining (data not shown). To
check whether sample aging rendered the cells apoptotic, annexin V stain-
ings were performed (Figure 2B). For all tested conditions, the percentage
of annexin V positive cells remained below 5%, demonstrating that nei-
ther monocytes nor T-cells are in a more apoptotic state at the beginning
of the culture experiments after prolonged sample aging. Next, the effect
of sample aging on cell functionality was investigated by measurement of
the mitochondrial membrane potential (MMP), a marker for cellular stress
(Figure 2c). Also based on MMP, no effect of sample aging was detected that
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could explain the significant reductions in LPs-induced cytokine respons-
es. Finally, it was investigated whether the impaired LPS responses in aged
blood samples could be explained by a reduced recognition of the trig-
ger. However, sample aging did not significantly affect TLR4 expression on
monocytes (Figure 2D).

SAMPLE AGING DOES NOT AFFECT THE NUMBER OF
RESPONDING CELLS

To explore whether the impaired LPS response after sample aging could
be explained by a reduction in responding number of cells, additional ex-
periments were conducted, but now with intracellular cytokine produc-
tion as endpoint. Whole blood cultures were started directly after blood
collection, and with a delay of 1 and 4 hours and storage at room tempera-
ture. After LPS stimulation, the percentage of cytokine-producing mono-
cytes was high: approximately 80% produced IL-6, and 95% produced TNF«
(Figure 3a). T-cells and monocytes remained negative for IFNy staining
after LPs stimulation (data not shown).In response to PMA/ionomycin, ap-
proximately 45% of the T-cells produced I1L-2 and IFNY, 30% produced IL-6,
and 65% produced TNFa (Figure 3B). Monocytes responded to PMA/iono-
mycin as well: approximately 10% produced IL-6, and 20% produced TNFa.
Importantly, sample aging did not affect the number of monocytes or
T-cells responding to LPS or PMA/ionomycin (Figure 3A and 3B).

THE ADDITION OF CULTURE MEDIUM DOES NOT
PRESERVE THE WHOLE BLOOD RESPONSE

To assess whether the addition of culture medium prevents the sample ag-
ing-dependent loss of cellular responsiveness to LPS, RPMI1640 was added
to the whole blood samples directly after blood collection (Figure 4). The
addition of RPMI to the blood cultures did not result in preservation of cell
responsiveness: LPS-induced cytokine responses were affected to the same
extend by sample aging in the absence and presence of RpmI. To test wheth-
er the sample aging effect could relate to influences of dying granulocytes
or granulocyte products, an experiment was performed with PBMCs. Cells
were stimulated with 2ng/ml Lps directly after PBMC isolation (t=oh) or
after up to 6 hours of aging (Figure 5). The sample aging effect on LPS re-
sponsiveness was comparable between the PBMC experiment (Figure 5) and
earlier whole blood experiments (Figures 1 and 4) concerning IL-6 (mild re-
duction in cytokine release) and IL-1B (significant reduction in cytokine
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release). Interestingly, the effect on Lps-induced TNFa release was oppo-
site between both setting: whereas sample aging reduced TNFa« release in
whole blood (Figures 1 and 4), it strongly enhanced TNFa release in PBMCs

(Figure 5).

Discussion and conclusions

Human whole blood cultures are widely used for investigation of physio-
logical pathways and drug effects in vitro. Detailed information on the ef-
fect of ‘sample aging’ (the time span between blood collection and exper-
imental start) on the experimental outcome is not readily available in the
public domain. This is an important knowledge gap, especially since whole
blood-based pharmacodynamic assays have become increasingly impor-
tant for the guidance of first-in-human clinical pharmacology studies with
investigational medicinal products. Whole blood challenges are common-
ly applied to study the effect of immunomodulatory compounds on innate
immune responses, such as ex vivo LPS and PHA stimulations.”" No strict
protocols or criteria apply for such whole blood cultures, and a main fac-
tor that potentially confounds experimental outcome is the ‘sample age’,
the time span between blood collection and start of the experiment. To
provide more insight into the effect of sample aging on innate immune re-
sponses induced ex vivo, we stimulated whole blood samples with cell-spe-
cific immune triggers (LPS, PMA/ionomycin, SEB). We studied the effect of
sample aging on the ability of immune cells to respond to these triggers.
Whole blood was minimally diluted (9% dilution) to resemble in vivo condi-
tions as close as possible.

Sample aging at room temperature, but also at 4°C or 37°C, profound-
ly inhibited Lps-induced cytokine release. At room temperature, the re-
duction ranged from 20-50% after 30 minutes to 80-100% after 10 hours,
with the strongest reductions observed for 1IFNyand the smallest reduc-
tion for 1L-6. An Lps-driven cytokine response in whole blood samples is
mainly monocyte-derived.?° PMA/ionomycin- and SEB-induced cytokine
release, both mainly T-cell-driven, were also reduced by sample aging but
to alesser extent (20-50% after 24 hours). Apparently, in a whole blood set-
ting monocytes are more affected by sample aging than T-cells. pMA/ion-
omycin stimulation of whole blood drives a T-cell response, but also di-
rectly activates monocytes. For example, monocytes produce IL-2 upon
PMA/ionomycin stimulation.» We observed IL-6 and TNFa production by
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monocytes after PMA/ionomycin stimulation. Therefore, the slight re-
duction in IL-6 and TNFa in aged whole blood samples stimulated with
PMA/ionomycin is probably explained by a lower responsiveness of the
monocyte fraction, and not of the T-cell fraction.

Previous reports on the effect of sample aging show that monocyte re-
sponses do not diminish after prolonged sample storage.’>*+ Schultz et al.
concluded that prolonged sample storage resulted in a decreased lympho-
cyte response, without affecting monocyte responsiveness.'* However,
these conclusions were based on intracellular cytokine staining only.In
our experiments, intracellular cytokine staining also showed that the
number of Lps-responding cells was not impacted by sample aging, so the
reduced responsiveness to LPS could not be explained by fewer cells re-
sponding to the trigger. In previous experiments, whole blood cultures
were diluted with culture medium providing nutrients for the cells,+>
which may preserve cell responsiveness during prolonged periods of sam-
ple storage. Therefore, we repeated our experiment with RPMI1640 cul-
ture medium added to the aging samples, but this did not prevent or re-
duce sample aging-dependent decreases in cytokine production.

Since monocytes can die via an apoptotic process in the absence of spe-
cific activation stimuli,*>+ we investigated whether reduced LPS respon-
siveness could be explained by cell death or cellular stress. However, we
did not find any indication for a sample aging-dependent reduction in
number of viable immune cells, elevated apoptotic cells, or altered mi-
tochondrial membrane potential. This is in line with literature report-
ing that apoptosis in whole blood cultures only develops after at least 24
hours of sample storage.3 Since uptake of apoptotic cell fragments may
suppress the cytokine production by macrophages,> the conclusion that
reduced cytokine responses in our experiments do not coincide with cell
death or cellular stress is informative, and suggests that other physiolog-
ical mechanisms may explain the observed effects of sample aging. We
also demonstrated that reduced cytokine release in aging samples did
not correlate with downregulated TLR4 expression, or with an enhanced
IL-10 production (data not shown). Thus, we speculate that sample aging
induces an inhibitory pathway downstream from TLR4 in monocytes.
Alternatively, changes in the expression of cytokine receptors on mono-
cytes may have caused autocrine consumption of cytokines, but this was
not investigated.
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All the cytokine release experiments described in this manuscript were
performed with incubation durations of 24 hours. This time span is suffi-
ciently long to not only allow primary LPs-driven responses, but also sec-
ondaryleukocyte responses initiated by Lps-induced factors, or even by fac-
tors induced by sample aging. One potentially relevant factor driving sec-
ondary responses are granulocyte-related products. For example, granulo-
cyte contamination in PBMC cultures reduced T-cell responses to PHA and
FMLP.?* Granulocytes are known to have a short lifespan and to be sensitive
to sample handling. Spontaneous activation of granulocytes occurs after
6-8 hours after venipuncture.?® In our experiments, no apoptosis of granu-
locytes was observed in the first 10 hours after sample collection (data not
shown). Since we did not assess the level of granulocyte activation, it is
theoretically possible that this may have had an effect on the immune re-
sponses in our whole blood cultures. However, we showed that sample ag-
ing-dependent alterations in some LpPs-induced cytokine responses were
not only observed in whole blood, but also in PBMC cultures, suggesting
that granulocyte-derived factors alone do not explain the observed effects
of sample aging.

Significant levels of IFNy were released upon LPS, SEB and PMA/iono-
mycin stimulation in whole blood cultures. However, intracellular stain-
ing showed that LPs stimulation did not induce IFNy production in either
monocytes or T-cells. There are different potential explanations for this
observation. Possibly, a different cell type accounted for the IFNy produc-
tion after LPS stimulation, for example NK cells and B cells are known to
produce IFNY upon induction of innate immune responses.?” Alternative-
ly, Lps-induced IFNYy release may have been secondary to a primary LPs-
driven effect, and the incubation time for the intracellular cytokine ex-
periments was too short to allow such a secondary response. Further in-
vestigation into this observation falls beyond the scope of this paper.

These results underline the importance of the use of fresh samples
when investigating innate immune responses in whole blood. Given the
ever increasing application of whole blood challenge tests as pharmaco-
dynamic readout measure in early phase clinical pharmacology trials, a
better understanding of the conditions affecting the outcome of such
tests is critical. We demonstrated that sample aging primarily affects
monocyte responses, and that this cannot be explained at the level of cell
viability or ligand recognition.
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Figure 1 Cytokine release in whole blood culture supernatants (as % of the response
at t=o, average plus sp). Whole blood of 3 donors was stimulated for 24 hours with Lps
(a), PMA/ionomycin (B) or SEB (C). Whole blood of 5 donors was stimulated for 24 hours
with LPs (D). The x-axis indicates the sample age (time span between blood collection and
start incubation). Blood was stored at room temperature (continuous line), 4°C (dashed
line panel A/B/C), or 37°C (dashed line panel D).
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Figure 2 Cell viability (cell counts, annexin V, MMP) and TLR4 expression in whole
blood cultures (average plus sp). In whole blood cultures of 6 donors, absolute cell

counts (T-cell, monocyte and granulocytenumbers; (a), apoptosis (annexin V-positive
monocytes; (B), mitochondrial function (MMP for T-cells and monocytes; (C) and TLR4
expression (TLR4-positive monocytes; (D) were quantified. The x-axis indicates the
sample age (time span between blood collection and start incubation). Blood was stored
at room temperature (continuous lines) or 4°C (dashed lines).
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Figure 3 Cytokine-producing cells in whole blood cultures (average plus sp). Whole
blood of 5 donors was stimulated for 3 hours with LPS (A) or PMA/ionomycin (B) in the
presence of brefeldin A to block cytokine secretion. The percentage positive cells for
intracellular cytokines was quantified for T-cells (continuous lines) and monocytes
(dashed lines). The x-axis indicates the sample age (time span between blood collection
and start incubation). Blood was stored at room temperature. T-cells and monocytes

remained negative for IFNy staining after Lps stimulation.
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Figure 4 Cytokine release in whole blood culture supernatants; RpmI effect (as

% of the response at t=0, average plus sp). Whole blood of 3 donors was stimulated

for 24 hours with LPs in the absence of RPMI (), or diluted 1:1 with RPMI during aging

(B). The x-axis indicates the sample age (time span between blood collection and start

incubation). Blood was stored at room temperature.
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Figure 5 Cytokine release in PBMC culture supernatants (as % of the response at t=o,
average plus sp). Isolated PBMCs of 2 donors were stimulated for 24 hours with 2 ng/
ml LPs directly after isolation or after aging up to 6 hours in RPMI + 10% FBS. The x-axis
indicates the sample age (time span between PBMC isolation and start incubation). Cells
were stored at room temperature. For IFNy most samples remained below LLOQ.
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