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A B S T R A C T   

Investigational cell-based therapeutics are rapidly heading towards pivotal clinical trials. The premise is that the 
scientific rationale is well defined, and that product quality reflects exactly this. In vitro potency assays are 
necessary tools for evaluating cell products, and with potency assays comes high demands for standardization 
and reproducibility of the methods involved. For demonstrating principles of cell therapeutics for allogeneic use 
or with claimed immunosuppressive efficacies, assays involving peripheral blood mononuclear cells (PBMC) are 
critical. 

Establishment of a cryopreserved bank of PBMC favors standardization, as it allows repeated use of a single 
donor and simultaneous testing of several donors. The first step to fulfil such potential is to ensure optimum 
conditions for preservation of PBMC function, and secondly to design assays which heightens the reproducibility. 
Emphasis should be put on application of the assay. The objective of the present study was to establish a 
methodological foundation for cell therapeutics to be tested, and several aspects were factored in, including cell 
concentrations and partial changes of medium. 

PBMC were isolated and cryopreserved in six formulations of cryoprotective medium consisting of fetal bo-
vine serum (90%, 60%, and 30%) in combination with dimethyl sulfoxide (10% or 5%). The proliferative ca-
pacity of the cryopreserved cells was assayed by labeling with carboxyfluorescein succinimidyl ester and sti-
mulation by phytohemagglutinin or in mixed lymphocyte reactions, analyzed by flow cytometry. To counter an 
eventual lag phase post thaw, the assays were designed to include two durations and to explore the possibility of 
reducing cell numbers, two cell concentrations. Qualitative and quantitative aspects of the staining were affected 
by formulation as well as design, stressing the importance of basic optimization for assay development. We 
conclude that the established methods allow for optimized preservation of function and will serve as a platform 
for further development of robust functional assays.   

1. Introduction 

While the field of cell-based therapeutic products is progressing 
through clinical trials, well-defined assays tailored to monitor the 
therapeutic potential of such products are lacking. Traditional in vitro 
assays of immune function, e.g. mixed lymphocyte reactions and sti-
mulation of mononuclear cells with lectins, are extensively used to 
explore immune responses. These assays offer valuable information and 
scientific rationales. However, the suitability of the protocols for 

potency testing of cell therapy products is rarely addressed. In the 
present study, we have modified and optimized existing assays to meet 
requirements for robustness and reproducibility, thereby taking the first 
steps towards a platform suited for characterization and quality control 
of cell therapy products. 

Assays of cellular immune function are commonly performed using 
freshly isolated peripheral blood mononuclear cells (PBMC), under the 
assumption that cells less manipulated are more reflective of in vivo 
function. Studies have, however, demonstrated preserved functionality 
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of PBMC following cryopreservation (Angel et al., 2016; Nazarpour 
et al., 2012; Ramachandran et al., 2012; Smith et al., 2007), which 
opens doors for standardization and future assay development. Estab-
lishment of a cryopreserved PBMC bank holds many promises. Not only 
can emphasis be put on creating a bank of standardized and optimally 
processed cells for assays, it also allows for a single donor to be tested 
repeatedly over time and across various applications, which is logisti-
cally and practically unfeasible with freshly isolated cells. It becomes 
possible to test an increased number of donors in a single assay, iden-
tical donors can be included in several studies to account for biological 
variation, and additional analysis of any donor can be performed even 
upon finishing a study. From a cell therapy manufacturing perspective, 
this lends promise to the implementation of assays that are reliable and 
robust over time and offer measures of batch comparability and process 
drift. As such, a cryopreserved PBMC bank may prove an invaluable 
tool. 

We have explored variables most likely to have an influence on ro-
bustness and function of a PBMC bank suited for quality testing of cell 
therapy products. Variables include cryomedium composition, assay 
duration, and assay cell concentrations. The most common cryoprotective 
media revolve around the use of fetal bovine serum (FBS) and dimethyl 
sulfoxide (DMSO)(Higdon et al., 2016). Combined with a controlled rate 
of freezing, utilizing these two factors can accommodate long-term sto-
rage of cells. Generally, a concentration of 10% DMSO (volume/volume) 
is well tolerated by cells, yet prolonged exposure above freezing tem-
peratures cause cell death (De Abreu Costa et al., 2017). To investigate 
whether a DMSO-reduced alternative could prove feasible, a 5% group 
was included in the present study. To identify the optimum formulation of 
FBS and DMSO, we opted to test various concentrations of FBS. Three 
concentrations of 90%, 60%, and 30% FBS were included, the remaining 
volume made up of medium RPMI 1640 (Table 1). 

We tested the functional outcome of the different freezing protocols 
in two models, one focusing on the strong mitogenic response to lectin 
and another exploiting the alloreactivity between individual donors. 
Initiation of cell proliferation is essential in mounting an adaptive im-
mune response, and thus a crucial function of cryopreserved PBMCs to 
monitor (Shi et al., 2009). Stimulation of proliferation can be achieved 
by different means, and a longstanding reliable method is the use of 
phytohemagglutinin (PHA), which causes rapid and extensive pro-
liferation of primarily T lymphocytes (Naspitz and Richter, 1968). Al-
beit not caused by recognition of an immunogen, PHA is a strong in-
ducer of proliferation, and minor changes to the cryopreserved PBMC 
may be more detectable with a potent mitogen than a lesser stimulus. 

More akin to normal immune recognition is the mixed leukocyte 
reaction (MLR), in which PBMC from two donors are pooled, and the 
high frequency of alloreactive lymphocytes facilitates the proliferation. 
Rather than mixing two functional donors, which could introduce ad-
ditional variation, the one-way MLR entails to prevent proliferation of 
one donor by means of irradiation, in other words, reducing the pro-
liferative response to a single donor (responder) initiated by an irra-
diated donor (stimulator). The requirement for optimal cryoprotective 
medium may not be identical for stimulator and responder cells. 
Stimulator cells are essential cells for a cell based clinical assay and thus 
the effect of cryopreservation was tested on stimulators in addition to 
responders. 

In our hands, PHA stimulation of freshly isolated PBMC typically 
requires 4 days to elicit a strong proliferative response and the response 
in an MLR is seen 7 days after stimulation. As we hypothesized a slight 
lag in PBMC once thawed, additional time-points of 5 and 8 days, re-
spectively, were included to account for this lag time. When a ther-
apeutic cell product is tested in a biological assay, a titration of cells-to- 
PBMC ratios is often used, which are consequently dependent on the 
number of PBMC responders in the assay. In an effort to prevent 
medium deprivation caused by introduction of a cell product, we in-
cluded two PBMC concentrations in the assay, 1 × 105 and 5 × 104 

cells/well. 
To quantify the proliferative response, we opted to rely on flow 

cytometric analysis, as the concept of dye-dilution offers a simple yet 
efficient solution to quantification of proliferation. The perhaps most 
studied dye for the purpose, carboxyfluorescein succinimidyl ester 
(CFSE), permeates cell membranes and enters the cytosol where it is 
covalently linked to proteins, retaining the fluorescence in the cell. 
Upon division, the fluorescence is diluted in dividing cells, and quan-
tification of proliferation can be assessed. (Lyons et al., 2013; Lyons and 
Parish, 1994). 

In the present study we have tested variations of FBS and DMSO for 
cryopreservation of PBMC and the subsequent influence of time and cell 
concentration in two well-described models, an MLR assay and a PHA 
assay. Establishment of optimized and standardized cryopreservation 
protocols and assays is the necessary platform upon which further 
testing of cell therapy products can be built. 

2. Methods 

2.1. Media formulations 

Culture medium consisted of RPMI 1640 with L-glutamine and so-
dium bicarbonate (Sigma-Aldrich), Penicillin and Streptomycin (100 U/ 
ml and 100 μg/ml, respectively; Gibco), supplemented with 5% (vo-
lume/volume) human AB serum (Sigma-Aldrich). 

The various cryopreservation media were formulated by combina-
tion of heat-inactivated fetal bovine serum (FBS, Gibco) and dimethyl 
sulfoxide (DMSO; CryoSure-DMSO, WAK-Chemie Medical) to generate 
six variations by FBS/DMSO volume: 90/10, 60/10, 30/10, 90/5, 60/5, 
and 30/5, as illustrated in Table 1. Remaining volume consist of RPMI 
1640. 

2.2. Cell isolation and cryopreservation 

Buffy coats were provided by Clinical Immunological Department, 
Rigshospitalet, Copenhagen, Denmark. Donations are performed ac-
cording to Danish Transfusion Medical Standards and are received fully 
anonymized in compliance with the ethical committee. Citrate phos-
phate dextrose was used as anticoagulant. The buffy coat was diluted 
1:4 in Phosphate-Buffered Saline (PBS; Gibco) and gently transferred to 
50 ml Leucosep tubes (Greiner Bio-One) containing 16 ml Lymphoprep 
(Axis-Shield, Alere Technologies). The tubes were centrifuged (800 g, 
15 min, room temperature (RT), without brakes), the plasma phase was 
removed, and the PBMC were transferred to new centrifuge tubes. The 
PBMC were washed in PBS and centrifuged thrice (300 g, 5 min, RT). 
After washing, the PBMC were resuspended in pre-heated culture 
medium and allowed to rest for 60 min (37 °C). After resting, the PBMC 
were centrifuged (300 g, 5 min, RT), resuspended in a small volume of 
culture medium and cell count and viability was measured using a 
NucleoCounter NC-100 (ChemoMetec). PBMC were resuspended in 4 °C 
freshly prepared formulations of the respective cryomedia at a con-
centration of 5 × 106 cells/ml, aliquoted in 1 ml per cryotube (Nunc), 
and transferred to a pre-cooled CoolCell cell freezing container 
(BioCision) for controlled −1 °C/min freezing overnight, followed by 
transfer to liquid nitrogen and storage for at least a week. The experi-
ments were carried out at 2–11 weeks from cryopreservation, with no 

Table 1 
Combinations of FBS and DMSO employed as cryomedia. Remaining volume 
consists of RPMI-1640. FBS: Fetal Bovine Serum; DMSO: Dimethyl Sulfoxide; 
RPMI-1640: Roswell Park Memorial Institute 1640 (medium).         

FBS (%)    

90 60 30 
DMSO (%) 10 90/10 60/10 30/10 

5 90/5 60/5 30/5 
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detectable changes in viability or proliferative potential during the 
period. Four buffy coats were processed and preserved in the six dif-
ferent formulations of cryomedium, three for use as responders and one 
as stimulator for MLR. 

2.3. Thawing of cells and CFSE labelling 

Once removed from liquid nitrogen, the cryopreserved PBMC vials 
were kept on dry ice and processed within 1 h. A standardized protocol 
was used, by which vials were placed in a 37 °C water bath for 10 min, 
the 1 ml cryomedium was transferred to 9 ml preheated culture medium 
and allowed to recover in an incubator for 60 min (37 °C, 5% CO2). 
Stimulator cells were irradiated at ≥25 gy (25–30 gy; Gammacell 3000, 
Best Theratronics Ltd.) and used for MLR experimentation. Responder 
cells were stained with CFSE using the following protocol previously 
optimized for fresh cells: Cells were resuspended in PBS containing 4% 
FBS to a concentration of 1 × 107 cells/ml. CFSE (BD Biosciences) was 
dissolved in DMSO at a concentration of 0.5 mM, aliquoted, and stored 
at −20 °C. Immediately prior to use, CFSE was thawed and diluted in 
PBS to a concentration of 20 μM, which was added 1:4 to the cell sus-
pension, resulting in a working solution of 5 μM CFSE and 3% FBS in 
PBS. The suspension was gently but thoroughly mixed by pipette, be-
fore transferring to a 37 °C water bath for 10 min. Labeling was stopped 
and excess dye was removed by three washings in 4% FBS in PBS 
(300 g, 5 min, RT). 

2.4. Phytohemagglutinin assay 

In surface treated round bottom 96-well microplates (Corning), 
CFSE-labeled PBMC were seeded in concentrations of 5 × 104 or 
1 × 105 cells/per well in 200 μl culture medium containing 5 μg/ml 
phytohemagglutinin (PHA; PHA-L, Sigma-Aldrich) and incubated at 
37 °C, 5% CO2. Medium was partially replenished after 3 days by 
careful removal of 100 μl supernatant and addition of 100 μl fresh PHA- 
containing culture medium. Cells were analyzed after a total of 4 or 
5 days, 8 replicates for each condition. 

2.5. Mixed lymphocyte reaction assay 

Irradiated stimulator cells, cryopreserved in different media, were 
seeded at concentrations of 5 × 104 or 1 × 105 cells per well, and CFSE- 

labeled responder cells, all cryopreserved in 90% FBS/10% DMSO, 
were added in a 1:1 ratio to a final volume of 200 μl culture medium 
and incubated at 37 °C, 5% CO2. On day 3 and 6, 100 μl supernatant 
was carefully removed and replaced by fresh medium. Cells were 
analyzed after a total of 7 or 8 days, 8 replicates per condition. 

2.6. Flow cytometry 

Upon completion of assays, plates were centrifuged (300 g, 5 min, 
RT), and supernatant was descanted. 200 μl FACS buffer (10% FBS, 
1 mM EDTA, 0.05% (w/v) Sodium Azide in PBS (Hospital Pharmacy, 
Rigshospitalet)) was added and plates were refrigerated for 10 min 
(4 °C), followed by dispersion with pipette to ensure a homogenous cell 
suspension. Replicates were pooled in 15 ml centrifuge tubes (Falcon, 
Corning) and PBS was filled to 10 ml. Samples were pelleted by cen-
trifugation (500 g, 5 min, RT), resuspended in 1 ml of Fixable Viability 
Dye 780 (FVS780; BD, Becton Dickinson) at a concentration of 1/10 of 
the manufacturers suggestion in PBS, and incubated at RT for 10 min 
shielded from light. Upon staining, samples were washed twice in FACS 
buffer, and acquired on a Navios Flow Cytometer (Beckman Coulter). 
Strategic use of fluorophores with very limited spill-over (CFSE and 
FVS780) made compensation between channels superfluous. Flow 
speed was set to low and run-time was fixed at 600 s. Data was analyzed 
in FlowLogic (Ver. 700.1A, Inivai Technologies) using the strategy il-
lustrated in Fig. 1. 

2.7. Statistics 

As the degree of proliferation is a fraction of the entire population, 
with data ranging from 0 to 1, logit transformation was used to avoid 
ceiling and floor effects. The logit transformed data was used for fac-
torial ANOVAs without interactions to determine significant differences 
(p ≤ 0.05). The transformed data has little biological meaning, and 
therefore untransformed data was used for plots, descriptive, and dif-
ferences. Results are presented as mean  ±  standard error. Confidence 
intervals (CI) are presented as 95% intervals. Bar graphs depict mean 
values with error bars showing standard error. Statistics were per-
formed in SPSS (IBM SPSS Statistics, version 22). 

Fig. 1. Sequential gating based on size and complexity, single events, viable cells (FVS780-negative), and proliferation (CFSE). A) PHA-stimulated sample, and B) 
Unstimulated sample. 
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3. Results 

3.1. Analysis of proliferation 

Qualitatively, the cells cryopreserved with 10% DMSO performed 
better than 5%. When comparing histograms, the concentration of FBS 
seems to be of lesser importance when in combination with 10% DMSO, 
whereas 5% DMSO introduced a lot of variation (Fig. 2A). Not only did 
the proliferative response vary substantially, the staining intensity 
displayed discrepancies. Collectively, this makes standardization more 
difficult. In terms of time, cryopreserved PBMC did take longer to 
mount a response than previously observed with freshly isolated cells 
(personal observation), however, spanning an additional day did not 
compromise the staining quality or results. Lowering the cell con-
centration to counter exhaustion of nutrients did not prove fruitful, as 
the assay performed less robust in terms of proliferative response and 
variation. All in all, the most reproducible quality of staining was 

achieved using cells cryopreserved with 10% DMSO and seeding at 
concentrations of 1 × 105 cells per well, regardless of FBS. Despite a 
smaller response in the MLR assay, the similarity in staining intensity, 
homogeneity of generations (peaks), and stability was evident, likely 
due to all responders being cryopreserved in 10% DMSO and 90% FBS 
(Fig. 2B). This suggests that the variation is dependent primarily on the 
preservation conditions of the stimulator cells; however, biological 
variation is expectedly higher than that of a mitogen, as the MLR is 
depending on incompatibility between stimulator and responder donor. 

Examining proliferation based on assay parameters revealed that 
increasing the PHA assay duration from 4 days to 5 days increased the 
response, 10% DMSO performed better than 5%, and less variation was 
present at high cell concentrations (Fig. 3A). For the MLR, duration did 
influence the response, but the effect of increased cell concentrations 
seemed more substantial (Fig. 3B). As for PHA assay, 10% DMSO per-
formed better than 5% in the MLR assay, especially evident at low cell 
concentrations. 

Fig. 2. Proliferation of PBMC in response to (A) PHA or (B) MLR, arranged by days, cell concentration, and DMSO concentration. Histograms depicting the CFSE 
intensity of assays. Overlays of three different concentrations of FBS. PHA display maximum values, whereas MLR display 50% of maximum. Notice the high 
reproducibility highlighted by arrows, as well as the variation emphasized by asterisk (*). 
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Means and confidence intervals of factors are presented in Fig. 4. 
Factorial ANOVAs were conducted on the influence of all five in-
dependent variables (days elapsed, cell concentration, FBS%, DMSO%, 
and donor) on the fraction of proliferating cells for PHA and MLR as-
says. All effects were highly significant (p  <  0.001) except for FBS as 
described in detail below. 

3.1.1. PHA assay 
Examining the effect of variables showed that the most influential 

factor on proliferation in the PHA assay was duration, differing from 

day 4 (0.628  ±  0.009) to day 5 (0.754  ±  0.009) (Table 2). In terms of 
composition of cryomedium, DMSO had a profound effect on pro-
liferation, whereas the concentration of FBS had no significant impact. 
DMSO content resulted in a difference between 5% DMSO 
(0.654  ±  0.009) and 10% DMSO (0.727  ±  0.009), while the main 
effect for FBS (90% = 0.682  ±  0.011; 60% = 0.699  ±  0.011; 
30% = 0.691  ±  0.011) were not statistically significant (F(2, 
64) = 0.719, p = 0.491). By increasing cell concentration, the pro-
liferative response was increased from 5 × 104 cells/well 
(0.663  ±  0.009) to 1 × 105 cells/well (0.719  ±  0.009). Regardless of 

Fig. 3. Quantification of proliferation depending on assay factors. A) PHA assay. B) MLR assay. Error bars depict standard error.  

Fig. 4. Mean and 95% confidence intervals of parameters of PHA and MLR assays.  
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other factors, the largest source of variation was attributed to donors 
(donor 1: 0.671  ±  0.011, donor 2: 0.735  ±  0.011, and donor 3: 
0.667  ±  0.011). 

3.1.2. MLR assay 
The influences on MLR assay differed slightly from PHA (Table 3). 

Results showed that while the most decisive variables for differences in 
proliferation were related to cell concentrations, DMSO content, and 
duration, the greatest source of variation was related to donors. Sig-
nificant differences were observed between cell concentrations of 
5 × 104 cells/well (0.265  ±  014) and 1 × 105 cells/well (0.385  ±   
0.014), 5% DMSO (0.296  ±  0.014) and 10% DMSO (0.354  ±  0.014), 
from day 7 (0.298  ±  0.014) to day 8 (0.352  ±  0.014), and between 
donor 1 (0.403  ±  0.018), donor 2 (0.334  ±  0.018), and donor 3 
(0.238  ±  0.018). The main effect for FBS (90% = 0.347  ±  0.017; 
60% = 0.322  ±  0.017; 30% = 0.306  ±  0.017) was not statistically 
significant (F(2, 64) = 1.432, p = 0.246). 

4. Discussion 

In this study, cryopreservation methods and assay parameters were 
optimized to improve the functional response of cryopreserved PBMC in 
PHA and MLR assays. We concluded that a cryomedium formulation, 
assay parameters, and donor sources were decisive test variables. The 
combination of 10% DMSO in combination with FBS was superior in 
preserving function, and especially in MLR experiments, higher FBS con-
centrations appeared favorable, albeit not statistically significant. In terms 
of assay parameters, the assays benefitted from increased duration and 
higher cell concentrations. However, a main source of variability could be 
ascribed to donor variation, underpinning the potential of generating 
cryopreserved PBMC banks to circumvent the obstacles related. The ad-
vantages are numerous. A central benefit is to reduce variation by having a 
steady supply of prepared and functional PBMCs from multiple donors at 
hand for simultaneous as well as repeated use, yet other advantages in-
clude minimization or elimination of the variation associated with dif-
ferences in procedures, handling, and instrumentation. 

To minimize the influence and potential deleterious effects of DMSO 
on the function of cryopreserved lymphocytes, a lower concentration of 
DMSO was compared to a commonly employed concentration of 10%. 

From the results, this clearly decreases the cryoprotective potential of 
DMSO, as the fraction of proliferating cells was lowered. In addition, it 
is worth noting that the quality of CFSE stain was less consistent on cells 
cryopreserved with 5% DMSO. It remains unclear if this is a result of 
lower viability and ergo more debris, a less homogenous recovered 
population, or something else entirely. By introducing additional sta-
bilizers, such as hydroxyethyl starch, others have successfully managed 
to lower the DMSO content while preserving function (Germann et al., 
2011; Worsham et al., 2017). Along with commercial alternatives, such 
formulations could be compared to the results presented in the assays 
defined in this study. 

Regardless of whether a PHA or MLR assay is used, a cell con-
centration of 1 × 105 cells/well excelled one of 5 × 104 cells/well, 
suggesting that a certain threshold of cells is needed to produce the 
paracrine, juxtacrine, and autocrine milieu required for sustained pro-
liferation. Concordantly, increasing the number of cells may further 
increase response or lower variation, but for testing of therapeutics with 
a metabolic component (e.g. cell products), this could prove ill-advised, 
cf. depletion of nutrients, spatial constraints, etc. Further experi-
mentation and titration could be performed to define the specific 
threshold per laboratory, user, and setting. Additional stimuli could 
provide further insights to specific effector functions, and might more 
closely resemble disease-specific antigens, which should be considered 
in a clinical setting. However, these antigens will differ greatly de-
pending on the disease in question, and to document a general tendency 
of limiting lymphocyte proliferation, a robust mitogen (e.g. PHA) is 
desirable for establishing the required foundation and providing a 
suitable model to build upon. Upon optimizing the parameters to ensure 
preserved function, the models enable implementation of a plethora of 
mitogens, more applicable to the disease in question. 

The long-standing use of FBS is mainly grounded in its abundance of 
trophic factors and carrier proteins, while containing limited im-
munoglobulins compared to adult sources. Considering the data pre-
sented here, it appears as if FBS concentration is of minor importance 
when the remaining parameters are optimal. It is worth noting, that 
while the cryopreservation medium made use of FBS, the assays were 
performed in medium supplemented with human serum. For some ap-
plications, introduction of animal sera may pose a problem, especially if 
xeno-reactivity is observed. In no instances did the cryopreservation 
lead to undesired proliferation of negative controls (unstimulated 
PBMC), but emphasis should be placed on the potential consequences of 
animal-based supplements, especially if proliferation of infrequent 
disease-specific lymphocytes is investigated. For the potent stimulation 
provided by PHA or allogeneic PBMC, the potential interference of 
serum sources has not posed a problem. 

Timing can be critical. In the present study, the variation decreased 
markedly as the cell numbers rose by letting the assay proceed longer. If 
subtype analysis or identification of rare cell types are included in the 
assay, higher cell numbers are desirable, and the lag phase following 
thawing is an important aspect to factor in. 

Rather than relying on methods describing the sum of the cells in-
cluded in the assay, flow cytometry combined with CFSE-labeling en-
ables researchers to distinguish proliferating cells from non-dividing 
and quantify the subsequent number of divisions in detail. In this study, 
we aimed to enumerate the entire proliferating population, which 
would consist mainly of T lymphocytes, but future inclusion of addi-
tional markers would make it possible to quantify the response of 
various subtypes of cells. The ability to describe single cells as well as 
entire populations is particularly useful in settings such as cryopre-
servation, where some subpopulations might be affected to a larger 
extent than others. When utilizing the assays to investigate the effect of 
interventions, identification of specific cell populations becomes in-
creasingly important; however, for establishing cryopreservation pro-
tocols and identifying decisive factors, analyzing lymphocyte pro-
liferation in totality represents a logical and cost-effective mean of 
generating a platform, on which more complex analyses can be build. 

Table 2 
Mean difference and 95% confidence intervals of assay parameters in PHA 
assay. p-value determined by factorial ANOVAs without interactions on logit 
transformed data. NS: Not significant (p  >  0.05).      

PHA assay 

Variable Difference CI p-Value  

Duration 0.127 0.101–0.152  < 0.001 
DMSO 0.073 0.048–0.098  < 0.001 
Cell concentration 0.055 0.030–0.081  < 0.001 
Donor 0.450 −0.044–0.134  < 0.001 
FBS NS  0.491 

Table 3 
Mean difference and 95% confidence intervals of assay parameters in MLR 
assay. p-value determined by factorial ANOVAs without interactions on logit 
transformed data. NS: Not significants (p  >  0.05).      

MLR assay 

Variable Difference CI p-Value  

Cell concentration 0.120 0.081–0.159  < 0.001 
Donor 0.110 −0.013–0.233  < 0.001 
DMSO 0.057 0.018–0.096 0.001 
Duration 0.055 0.016–0.094 0.005 
FBS NS  0.246 
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An often-overlooked aspect is the concentration of cryopreserved cells, 
yet it constitutes a critical aspect. Although cell concentrations exceeding 
3 × 107 cells/ml have not been systematically evaluated (Mallone et al., 
2011), Jeong et al. reported preserved differentiation capabilities of PBMC 
cryopreserved at concentrations exceeding 1 × 108 cells/ml (Heo et al., 
2009). The protocol described in the present study has been used on 
5–20 × 106 cells/ml with good results, but at higher concentrations, we 
have experienced a rapid decline in proliferative capacity. Whether this is 
the result of higher extracellular concentration of salts, less available 
DMSO per cell, mechanical constraints or other factors remain unknown, 
and would make an interesting objective for future research. 

Another subject which has not been addressed is the use of antic-
oagulants. It has been demonstrated that anticoagulants may affect in vitro 
assays (Cedrone et al., 2018). The blood donations utilized in the present 
study has been treated with CPD, with the authors having no influence on 
the approved procedures and methods involved. While CPD may interfere 
with lymphocytes responses in whole blood (Hoffmeister et al., 2003), it is 
removed during the PBMC isolation and subsequent washings and is un-
likely to have influenced the findings of this study. 

What this study is lacking is information on the stability of long-term 
cryopreserved cells. Utilizing methods similar to the ones presented in this 
study, Weinberg et al. demonstrated preserved viability, phenotype, 
function, and proliferative capacity following storage for up to 15 months. 
(Weinberg et al., 2009). Others have reported a decline in cellular re-
sponses upon long-term storage (Owen et al., 2007), suggesting that ex-
piration criteria may apply for use in assays. In addition to the duration of 
time spent cryopreserved, fluctuations in temperature even below −60 °C 
significantly impacts the function of cells. (Angel et al., 2016), stressing 
the importance of controlled storage conditions. If stability studies are 
initiated, a cryobank of PBMC provides the opportunity to freeze golden 
standards for comparison with future PBMC batches and correlation of 
assaying over time. Taking the next step towards use of PBMCs for potency 
testing of cell therapy products, tools that are reliable over time and 
measures of process drift are of high value. For that purpose, selected 
PBMC donors could be included as a control, allowing for improved 
comparison between assays. If the scope of the assay is to quantify in-
hibition of proliferation, additional controls should also be considered, 
such as an immunosuppressant or a cell product with well-defined sup-
pressive potential. 

Despite the challenges associated with developing cryopreservation 
strategies for PBMC, the data presented here confirm that assays can be 
based on frozen cells and that these constitute a promising tool 
(Koryakina et al., 2014; Reimann et al., 2000). Optimized cellular im-
mune assays should enable researchers to test, document, and elucidate 
mechanisms of action. As clinical testing advances towards pivotal 
trials, (Haack-Sørensen et al., 2013; Kastrup et al., 2017; Mathiasen 
et al., 2013; Qayyum et al., 2012), swift translation of such assays into 
standardized, robust and reproducible versions suited for potency 
testing will be in high demand. An eye for assay standardization is to be 
recommended at early developmental stages. 

In summary, we have documented the effect of different components 
of cryomedia on function in terms of proliferative capacity and conclude 
that robust assays can be developed based on cryopreserved PBMC. 
Attention must not be limited to the essential cryomedium per se, but also 
encompass factors such as cell concentration and duration for optimum 
performance. The combination of a standardized cryopreservation pro-
tocol and equally standardized assay methodology, with results based on 
flow cytometric evaluation of CFSE, offers a multitude of perspectives for 
analysis of PBMC subpopulations. Ultimately, this lends promise to the 
developments of robust potency assays for characterization and doc-
umentation of the immunomodulatory effects of therapeutic cell products. 
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