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Objective: In vitro cytokine production by peripheral blood mononuclear cells (PBMCs) is an important and reliable measure of immunocom-
petence. PBMC can be stimulated directly after isolation or frozen for later use. However, cryopreservation may affect cell recovery, viability 
and functionality. This study aims to investigate cytokine synthesis in ex-vivo stimulated fresh and cryopreserved CD4+ and CD4- T cells. 
Methods: PBMCs were obtained by Ficoll gradient centrifugation from heparinized peripheral blood of 6 middle-aged clinically healthy sub-
jects. Half of these cells (labeled “Fresh”) was further processed and the other half (labeled “Cryo”) was cryopreserved at -140°C for up to 3 
months. Fresh-PBMCs were activated with Phorbol-Myristate-Acetate/Ionomycin/Monensin for 5 hours immediately after isolation while Cryo-
PBMCs were identically activated after thawing and cell resting. Activated cells were fixed, permeabilized and intracellular cytokine staining 
was performed using Phycoerythrin (PE)-conjugated antibodies for Interleukin-2 (IL-2), Tumor Necrosis Factor-alpha (TNF-a), and Interferon-
gamma (IFN-g). All samples were analyzed within 24 hours by flow cytometry. Results: Both Fresh and Cryo CD3+CD4+/CD3+CD4- sub-
populations partially produced each of the three cytokines. A higher percentage of CD4+ T cells produced IL-2 and TNF-a and a greater per-
centage of CD4- T cells were found to produce IFN-g. A significantly higher percentage of Cryo-lymphocytes was shown to produce TNF-a in 
both CD3+CD4+ (31.4% vs 24.9%, p=0.031) and CD3+CD4- (22.7% vs 17.9%, p=0.031) subpopulations. No notable difference was found 
for IL-2 and IFN-g production between Fresh and Cryo T cells. Conclusion: Cryopreservation for up to 3 months significantly increases TNF-a 
production of T-cells in clinically healthy middle-aged subjects.
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Introduction
Peripheral blood mononuclear cells (PBMC) include im-
mune cell types such as lymphocytes and monocytes. These 
cells can be efficiently obtained by Ficoll density gradient 
centrifugation from whole blood. When assessing the im-
mune system, PBMCs are arguably the most studied cells 
due to their availability and key roles in immunity. 

PBMCs are able to synthetize and secrete various cy-
tokines. These signaling molecules are important mediators 
of immune and inflammatory responses, growth, differen-
tiation and apoptosis of various cells [1]. Cytokine produc-
tion tends to be limited in space and time as cytokine mol-
ecules typically act in an autocrine and paracrine manner, 
having a very short half-life [2]. Thus, in vivo assessment 
of cytokine production becomes a challenging task, driv-
ing scientists to find alternative methods for the study of 
cytokines. Flow cytometry analysis of cytokine synthesis 
is an elaborate technique which requires cell stimulation 
followed by intracellular cytokine staining (ICS), but has 
the advantage of individual cell analysis and phenotyp-
ing of the cytokine producing cells [3-6]. ICS protocols 
require cell fixation and permeabilization in order to allow 
the fluorochrome-conjugated antibodies to enter the cell. 
This step is necessary because cytokines are retained within 

the cell due to the use of intracellular protein transport 
inhibitors such as Monensin (MON) or Brefeldin A in the 
stimulation process. This determines the accumulation of 
cytokines into the cell in sufficient concentration to emit 
detectable fluorescent signals. ICS is a valuable assay for 
vaccine development [4,7,8] and for the study of autoim-
mune diseases [9] and cancer [10].

PBMCs can be used as fresh cells or cryopreserved for 
later various structural and functional studies. Since large 
cohort studies frequently require sample cryopreservation, 
the use of cryopreserved PBMCs gained popularity over 
the years. The process of cryopreserving cells consists of 
maintaining cells in viable but dormant state at deeply 
low temperatures using cryoprotective agents like dime-
thyl sulfoxide (DMSO), glycerol and 1,2-propanediol 
[11,12]. This is challenging because, besides the need for 
monitoring the quality of frozen cells [13], there is a con-
cern regarding the differences in gene expression and func-
tionality (e.g. cytokine production) that might come with 
cryopreservation and thawing of cells [14-16]. 

The aim of this study was to observe and compare cy-
tokine production between ex-vivo stimulated T cells from 
freshly isolated versus cryopreserved PBMC. The cytokines 
of interest were interleukin-2 (IL-2), tumor necrosis fac-
tor-alpha (TNF-α) and interferon-gamma (IFN-γ).
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Materials and methods
Blood samples 
Peripheral blood samples were collected from 6 healthy 
donors (3 men and 3 women) aged 40-50 years (mean age 
of 48) after overnight fasting. For each subject, two blood 
samples in 9mL NH Sodium Heparin vacutainer tubes 
(Greiner Bio-One, Cat. No. 455051) were collected. All 
participants gave written, informed consent and the study 
has been organized with the approval of the ethics com-
mittee of the “George Emil Palade” University of Medi-
cine, Pharmacy, Science and Technology (GEP UMPhST) 
from Târgu-Mureș, Romania (decision No. 165/6th of June 
2019). Sample collection and processing were performed 
at the Advanced Medical and Pharmaceutical Research 
Center (CCAMF) of GEP UMPhST. 

PBMC isolation
Prior to isolation, a complete blood count (CBC) was per-
formed using the Sysmex XS-800i automatic hematology 
analyzer and C-reactive protein (hsCRP) plasma level was 
measured by nephelometry (BN ProSpec, Siemens).

Blood samples were processed within 2hrs from collec-
tion. PBMCs were isolated using a high-yield density gra-
dient centrifugation protocol that was already tested and 
implemented in our laboratory [17]. In between the cen-
trifugation steps, cells were resuspended in complete RPMI 
medium (cRPMI) consisting of: RPMI 1640 culture me-
dium Sigma Aldrich (Cat. No. R8758) supplemented with 
10% Fetal Bovine Serum (FBS Sigma Aldrich, Cat. No. 
F7524) and 1% Antibiotic Antimycotic Solution (Sigma 
Aldrich, Cat. No. A5955). The freshly isolated PBMCs 
were also suspended in RPMI and counted. Half of these 
cells (labeled “Fresh”) were further processed for activation 
while the other half (labeled “Cryo”) were cryopreserved 
for future activation.

Cryopreservation and thawing
Cryo-PBMCs were placed in RPMI 1640 culture medium 
supplemented with 20% FBS and 10% Dimethyl sulfox-
ide (DMSO, Sigma Aldrich, Cat. No. D2438), stored 
overnight at -80°C in a FTS30 freezing container (Corn-
ing, Cat. No. 432007) and then transferred at -140°C for 
up to 3 months.

Thawing was done rapidly in a pre-heated 37°C water 
bath and cells were washed with cRPMI medium and cen-
trifuged. After discarding the supernatant, cells were re-
suspended in cRPMI and incubated for resting in a 5% , 
100% humidity incubator at 37°C for 2h. After incuba-
tion, cells were re-washed and prepared for activation.

PBMC activation
For cell activation, Phorbol 12-Myristate 13-Acetate (PMA, 
50 ng/mL, Sigma Aldrich, Cat. No. P8139), Ionomycin 
(ION 1 μg/mL, Sigma Aldrich, Cat. No. I0634) and BD 
GolgiStop (containing Monensin, MON 1.5 μL/mL, Cat. 
No. 554724) were used. Both Fresh- and Cryo-PBMCs 

were activated in triplicate alongside control (CTRL), 
unstimulated cells. After 5 hours of incubation at 37°C, 
cells were washed with phosphate buffered saline (PBS) 
and centrifuged at 300×g for 5 minutes at 10°C without 
brake. Cell pellets were resuspended in Stain Buffer (BD 
Pharmingen, Cat. No. 554656) and cell suspensions were 
adjusted to a concentration of 106 cells/mL.

Cell fixation and staining
Surface staining was performed using anti-human CD3-
Alexa-Fluor700 (BD Pharmingen, Cat. No. 557943) and 
CD4-PerCP-Cy5.5 (BD Pharmingen, Cat. No. 560650) 
antibodies, 5 μL each/106 cells, followed by incubation on 
ice for 10 minutes in the dark. 

For cell fixation, the activated PBMCs were suspended 
in Fixation/Permeabilization solution for 20 minutes. In 
order to maintain cell membrane permeability, Perm/Wash 
buffer was used for the following steps of the protocol (Fix-
ation/Permeabilization Solution Kit, BD Biosciences, Cat. 
No. 554714). 

For intracellular staining, we added 20 μL/106 cells of 
each of the following PE-conjugated anti-human antibod-
ies: 1:1 cocktail of Rat IgG2b κ (BD Pharmingen, Cat. 
No. 553989) and Mouse IgG1 κ (BD Pharmingen, Cat. 
No. 559320) for isotype controls; anti-IL-2 (BD Pharmin-
gen, Cat. No. 554566); anti-TNF-α (BD Pharmingen, 
Cat. No. 559321) and anti-IFN-γ (BD Pharmingen, Cat. 
No. 559327) respectively. This step was followed by incu-
bation for 15 minutes at RT in the dark. Cells were washed 
1× with Perm/Wash and 1× with Stain Buffer.

Cell viability assessment
For viability testing, the Annexin-V/Propidium iodide 
double staining method was used, following the kit’s in-
structions (FITC Annexin V Apoptosis Detection Kit I, 
BD Pharmingen Cat. No. 556547). Cell viability was as-
sessed at two time points throughout the protocol: post-
isolation and post-activation. For Cryo-cells additional 
viability assessments were performed post-thaw and post-
rest.

Analysis and data processing
Viability was analyzed ad-hoc during the protocol. ICS 
samples were analyzed within 24hrs from activation. All 
samples were analyzed on the same FACSAria III Cytom-
eter using FACSDiva Software v8.0 (both from BD Bio-
sciences). Instrument calibration was done using BD setup 
and tracking beads (BD Biosciences, Cat. No. 655050). 
BD FACSAria III cytometer optics used for data acquisi-
tion were described elsewhere [18]. Window extension was 
set at 2μs, sheath pressure at 70 psi and a 70-micron nozzle 
was used. For viability assessment, 10000 events were col-
lected for each sample and PBMCs were gated based on 
their size and granularity (FSC/SSC) into two main popu-
lations: lymphocytes and monocytes. Viability assessment 
was performed on gated lymphocyte singlets as follows: 
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double negative for viability, Annexin-V single positive for 
apoptosis and double positive for late apoptosis/necrosis. 
For the ICS samples, a minimum of 25000 events in the 
lymphocyte gate were collected for each sample, all CD3+ 
singlets were gated into two populations (CD3+CD4+ and 
CD3+CD4-) and the percentages (%) of cytokine-produc-
ing cells were determined for each.

The non-parametric Wilcoxon signed rank test was used 
to compare paired data generated from fresh and frozen 
PBMC and p-values <0.05 were considered significant. All 
statistical processing was performed using MedCalc v14.8 
software. Data charts were generated in MedCalc v14.8 
software and flow cytometry plots were generated in Flow-
Jo 10 software.

Results
Surface staining and ICS were performed for all subjects 
(n=6) and cells were analyzed by flow cytometry using the 
gating strategy described in Figure 1.

CD3+ subset distribution
For Fresh-PBMC, the CD3+ singlets were 47.6% CD4+ 
(41.2% to 64.1%) and 32.5% CD4- (23.1% to 35.7%), 
accounting for a mean CD3+CD4+:CD3+CD4- ratio of 
1.72 (1.15 to 2.59). For Cryo-PBMC, 54.9% of the CD3+ 
singlets were CD4+ (50.8% to 57.4%) and 24.2% were 
CD4- (22% to 29.8%) with a CD3+CD4+: CD3+CD4- 
mean ratio of 2.25 (1.9 to 2.6). All reported values except 
ratios are median percentage values of the parent popu-

Fig. 1. Flow cytometry gating strategy. (From left to right) middle – pseudocolor density plots: identifying the lymphocyte population; 
doublet discrimination; gating of the CD4+ and CD4- cells from the CD3+ population; upper- histograms showing the cytokine producing 
CD3+CD4+ cells (IFN-γ, TNF-α, IL-2); lower – histograms showing the cytokine producing CD3+CD4- cells (IFN-γ, TNF-α, IL-2).
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lation (CD3+). No significant differences were observed 
between Fresh- and Cryo-PBMC regarding CD3+ subset 
distribution.

Cytokine-producing cells
Cytokine production in activated PBMC was compared 
between Fresh- and Cryo-cells for both subsets of the 
CD3+ population and data are presented in Table I. Gen-
erally, a significantly higher percentage of CD4+ compara-
tively with CD4- cells, produce IL-2 (Fresh p=0.03, Cryo 
p=0.03). A higher, but not significant percentage of CD4+ 
cells produce TNF-α (Fresh p=0.15, Cryo p=0.06). On the 
contrary, a greater percentage of CD4- comparatively with 
CD4+ cells, were found to produce IFN-γ (Fresh p=0.03, 
Cryo p=0.03). No cytokines of interest were detected in 
CTRL cells.

Regarding the effect of storage, cryopreservation did not 
affect the proportion of T-cells producing IL-2 and IFN-γ 
after PMA stimulation. However, cryopreservation seems 
to significantly increase the percentage of TNFα -produc-
ing T-cells.

Viability
As reflected in the median viability values, PMA activa-
tion of PBMC significantly reduced viability in both Fresh 
(53.2% vs CTRL 87.3%) and Cryo cells (69.5% vs CTRL 
85.2%) (Figure 2). The median viability of activated Cryo 
cells was apparently higher than for Fresh cells (69.5% vs 
53.2%), but the difference was not statistically significant 
(p=0.093). Upon thawing, the median viability of cryo-

preserved cells dropped significantly from 88.9% (post-
isolation) to 67.1%, but no significant changes occurred 
during the 2 hours of resting (63.2%).

Discussions
Cell viability – thawing, resting and stimulation
In our study, viability of cryopreserved PBMC dropped 
significantly comparatively with fresh cells but no signifi-
cant changes occurred during the 2 hours of resting before 
activation. PMA activation also significantly reduced vi-
ability in both fresh and cryopreserved cells. 

Cell loss occurred at each step of our experiment, main-
ly during cell freezing/thawing, washing and especially 
during cell stimulation. The reason why substantially fewer 
than expected viable cells were recovered in some of our 
subjects is not known, but most likely relates in part to 
variations in protocol with regard to the number of cells 
originally placed in the cryovials. Wang et al. demonstrated 
that the duration of cryopreservation does not influence 
cell survival, but that cell loss is more likely linked to the 
process of cryopreservation [19]. A multicenter study sug-
gested that cryopreserved cells can be stored for at least 
12 years with no general tendency toward cell loss over 
time. Furthermore, there was no statistically significant re-
lationship between the duration of cryopreservation and 
cell viability [20]. It has been previously reported that hy-
droxyethyl starch (HES) can partially substitute DMSO, 
with a 6% HES plus 5% DMSO solution showing a very 
slight increase in PBMC recovery [21]. In our study, only 
two out of six subjects showed PBMC post-thaw viability 

Fig. 2. Viability of (A) fresh and (B) cryopreserved PBMC after Ficoll separation and short-term activation with Phorbol-Myristate-Acetate/
Ionomycin/Monensin. 

Table I. Cytokine production capacity of fresh versus cryopreserved T cell subsets, after Phorbol-Myristate-Acetate/Ionomycin/Monensin 
short-term activation.

IL-2 TNF-α IFN-γ
Fresh Cryo Fresh Cryo Fresh Cryo

CD3+CD4+ (%) 55.2 (45.5 – 69.8) 54.0 (28.0 – 70.5) 24.9 (15.5 – 33.4) 31.4 (28.1 – 45.0) 13.6 (10.6 – 17.2) 12.9 (10.7 – 16.3)

p = 0.56 p = 0.031 p = 0.84

CD3+CD4- (%) 21.8 (18.9 – 43.5) 36.5 (8.4 – 44.1) 18.0 (14.6 – 24) 22.7 (16.4 – 33.1) 21.2 (13.5 – 30.4) 21.7 (17.3 – 49.7)

p = 0.84 p = 0.031 p = 0.31
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above 70%, despite the use of optimal DMSO concentra-
tion.

Other findings suggest that the experience level of the 
laboratory staff members performing the cryopreservation 
is a major determinant of the viability of cryopreserved 
PBMC [22]. Maintenance of optimal storage conditions 
is also critical. It was shown that PBMC viability increases 
with decreasing temperatures [23]. In comparison to stor-
age below –135°C, storage at –80°C and above leads to 
progressive deterioration and loss of viability in both cells 
and tissues [24]. Significant deterioration in viability has 
been noted in PBMCs after 14 months of storage at –80°C 
[16]. As such, this is another aspect which should be con-
sidered when developing pre-freeze and post-thaw viability 
assessment protocols. Incubating cells after thawing is a 
common practice when performing functional assays. We 
rested the cells post-thaw at 37°C for two hours in cRPMI 
in order to restore cell metabolism and functionality.  Cell 
resting times are variable, allowing for practical variations 
in the laboratory set-up. It was shown that PBMCs can 
be incubated (rested) for up to 8 hours without affecting 
cell counts, but after 16 hours, viability is significantly de-
creased [25]. Lemieux showed that a rest of 1 hour was suf-
ficient to restore T cells phenotype in thawed PBMCs [26]. 

Although PMA/ION is a very potent pharmacological 
cell stimulator, it is accepted that cell response to this stim-
ulus represents the physiological cytokine production po-
tential [27]. Studies showed that, upon 4-6hrs of stimula-
tion, PMA/ION induces a greater cytokine response than 
other stimuli such as Phytohemagglutinin (PHA), Conca-
navalin A (ConA), and pokeweed mitogen (PWM) [28]. 
Nevertheless, if PMA/ION is used, cell loss is to be expect-
ed as it has been shown that not all cells survive throughout 
such an intense stimulation. However, since our aim was 
to investigate the cytokine-producing potential of PBMC 
in middle-aged subjects, we considered PMA/ION to be 
the most appropriate cell activator to use, despite its toxic-
ity. As expected, and in agreement with a previous similar 
study performed in our laboratory [18], cell viability was 
significantly lower for stimulated cells compared to control 
unstimulated cells.

Cytokine synthesis in fresh vs frozen T-cells
In our study, we found that, after 5hrs of stimulation with 
PMA/ION, cryopreserved CD4+ and CD4- T-cells pro-
duce TNF-α in greater proportions compared to freshly 
isolated and activated cells. This is important in clinical 
practice because oversecretion of TNF-α in frozen cells 
may have harmful effects when transplanted as was shown 
in rabbits where injection of TNF-α induces a shock-like 
state with increased vascular permeability, severe pulmo-
nary edema, and hemorrhage [29].

TNF is a pleiotropic cytokine required for optimal 
defense against pathogens, proper lymphoid-organ archi-
tecture and germinal-center formation, development of 
granulomas, resolution of inflammation, and induction of 

tissue repair [30]. Once released, TNF-α and IL-1 act on 
different target cells, such as macrophages, endothelial cells, 
and neutrophils. TNF-α leads to an enhanced production 
of macrophages from progenitor cells [31], promotes the 
activation and differentiation of macrophages [32], and 
prolongs their survival [33]. All these effects enhance pro-
inflammatory responses in sepsis. These cytokines act syn-
ergistically in the initiation of the inflammatory cascade 
of sepsis, resulting in hypotension, tachycardia, systemic 
edema, disseminated intravascular coagulation, and finally 
multiple organ system failure [34].

The multifaceted freezing and thawing process modu-
lates the expression of thousands of genes, many involved 
in the cellular stress response, death and inflammation. It 
was shown that cryopreserved PBMCs have different gene 
expression patterns than their freshly isolated counterpart, 
with an increased expression of TNF and IFN-γ genes 
alongside other IFN-γ stimulated genes. These changes 
tend to be related to stress responses, immune activation 
and cell death, thus IFN-γ, TNF-α and associated cy-
tokines are induced, promoting increased anti-microbial 
activities as part of an activated inflammatory response. 
Yang et al. used a lower concentration of DMSO (7.5%) 
[15], which could be a reason for the different cytokine 
production pattern. 

Regarding the production of IFN-γ and IL-2, no sig-
nificant difference was observed in our study between fresh 
and frozen cells. A recent study on stored PBMCs showed 
that cryopreservation can result in significant reduction of 
mean IFN-γ production in TRAP megapool stimulated 
CD4+ cells with less significant loss of IFN-γ production 
in CD8+ cells. In the same study, significant loss of IL-2 
and TNF-α expression in CD4+ cells after cryopreserva-
tion was obtained, but there was no observed reduction 
in IL-2 or TNF-α production from CD8+ cells at either 
timepoint [35]. Given that the magnitude of the cytokine 
response is variable between stimulations with different 
agents, such differences are common between stimulation 
protocols.

Concerning the cytokine production in fresh T-cells, 
we found that IL-2 production in both CD4+ and CD4- 
(considered mainly CD8+) cells was similar to a previous 
study conducted in our laboratory [18]. However, that 
same study reported a significantly higher proportion of 
TNF-α producing CD4+ cells which is the opposite of 
what we have observed in our study. The difference is most 
probably caused by the different protein transport inhibi-
tors used in the two studies (Brefeldin A in the previous 
vs MON in the present study). It is known that MON 
and Brefeldin A display similar performances in stimula-
tion protocols for IFN-γ and IL-2 synthesis, but MON is 
a better suited protein transport inhibitor if the cytokine 
of interest is TNF-α. The percentage of IFN-γ producing 
cells (both CD4+ and CD4-) was higher in our study. One 
explanation could be the age of the subjects: 21-26 in the 
last study and 40-50 in the present study. Some studies 
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suggest IFN-γ correlates positively with age [36,37], while 
others imply that there is a negative correlation for CD4+ 
T cells [38,39], but a positive one for CD8+ [39].

Cryopreservation – advantages and challenges
Cell cryopreservation has many advantages over the use 
of fresh samples, especially when it comes to studies con-
ducted on large populations over extensive time periods. 
Processing the samples at multiple time points and/or loca-
tions throughout the study inevitably results in undesired 
variability. In order to minimize variability, cryopreserved 
samples collected throughout a study can easily be central-
ized and batch analyzed in one single laboratory at one 
particular time. Another advantage of cell cryopreservation 
is the future availability, as cells stay viable for extended 
periods of time, allowing for further analysis. Cell cryo-
preservation also poses some challenges such as the need 
for temperature-controlling devices to allow cells to cool 
gradually, the need for cryoprotective agents (CPA) and for 
standardized protocols and qualified personnel.

The main concern regarding cell cryopreservation is 
the formation of intra- and extracellular ice crystals which 
causes mechanical, chemical and osmotic cell damage. In 
order to preserve cell viability, CPAs must be used. The 
most commonly used CPA is dimethyl sulfoxide (DMSO) 
to which cell membranes are permeable. DMSO acts by 
preventing ice crystals formation and by reducing the elec-
trolyte concentration in unfrozen solutions inside and out-
side the cell, therefore protecting the cells throughout the 
freeze-thaw cycles [40,41]. DMSO can be used as a CPA in 
concentrations ranging from 1% to 32% with an optimal 
concentration of approximately 10% [42]. In this study, 
PBMCs were cryopreserved in cRPMI medium with 10% 
DMSO and 20% FBS. FBS also contributes to cell viabil-
ity by adjusting the osmotic pressure and maintaining the 
integrity of cell membranes [43]. As a CPA, DMSO is less 
toxic and yields a higher rate of cell survivability to cryo-
preservation [43,44].

Another important aspect for cell viability is the freez-
ing/thawing rate. In order to have control over this aspect, 
special devices are required. Cooling the cells at a rate of 
1°C per minute is recommended as it makes ice crystals 
formation less probable. In this study we used a FTS30 
freezing container which provides the optimal cooling rate 
for cell cryopreservation. On the contrary, thawing the 
cells is a process best done rapidly in order to prevent cell 
damage caused by recrystallization [45]. In this study, the 
1mL cryovials containing cryopreserved cells were rapidly 
thawed (1-2 minutes) in a pre-heated water bath at 37°C. 
Post-thaw exposure to DMSO was minimized by immedi-
ately washing the cells with cRPMI medium [46]. 

Study limitations
The empirical results reported herein should be consid-
ered with regard to some of the present study’s limitations. 
Since ICS is a lengthy, costly and elaborate technique, 

our study was conducted on a limited number of subjects 
which is an issue to be addressed in the future. Although 
the phenotype CD3+CD4- is sometimes used in practice 
as a substitute for CD3+CD8+ [47], the lack of CD8 sur-
face staining in this study was another limitation as the 
response of cytotoxic T cells was not assessed directly.

Conclusions
Cryopreservation of Ficoll-isolated PBMCs for up to 3 
months significantly increases the TNF-α production po-
tential of short-term ex-vivo PMA/ION/MON activated 
T-cells in middle-aged clinically healthy subjects. We be-
lieve that this effect on TNF-α should be considered when 
employing cryopreserved PBMCs for downstream applica-
tions.
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