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Abstract: Quantitative and functional analysis of mononuclear leukocyte populations is an invaluable
tool to understand the role of the immune system in the pathogenesis of a disease. Cryopreservation
of mononuclear cells (MNCs) is routinely used to guarantee similar experimental conditions. Immune
cells react differently to cryopreservation, and populations and functions of immune cells change
during the process of freeze–thawing. To allow for a setup that preserves cell number and function
optimally, we tested four different cryopreservation media. MNCs from 15 human individuals were
analyzed. Before freezing and after thawing, the distribution of leukocytes was quantified by flow
cytometry. Cultured cells were stimulated using lipopolysaccharide, and their immune response was
quantified by flow cytometry, quantitative polymerase chain reaction (qPCR), and enzyme-linked
immunosorbent assay (ELISA). Ultimately, the performance of the cryopreservation media was
ranked. Cell recovery and viability were different between the media. Cryopreservation led to
changes in the relative number of monocytes, T cells, B cells, and their subsets. The inflammatory
response of MNCs was altered by cryopreservation, enhancing the basal production of inflammatory
cytokines. Different cryopreservation media induce biases, which needs to be considered when
designing a study relying on cryopreservation. Here, we provide an overview of four different
cryopreservation media for choosing the optimal medium for a specific task.

Keywords: clinical studies; cryopreservation; MNCs; monocyte subsets; lymphocytes

1. Introduction

The analysis of human mononuclear cells (MNCs), which comprise circulating mono-
cytes and lymphocytes, has become an invaluable tool in medical research and nowadays
even in experimental clinical cell-therapies including autologous dendritic cell and chimeric
antigen receptor T (CAR-T) cell immunotherapy [1–4]. Further, the absolute amounts
and the relative composition of individual leukocyte populations can be used as reliable
biomarkers and predictors in different (inflammatory) diseases, i.e., an increase of circulat-
ing CD14++CD16+CCR2+ intermediate monocytes (Mon2) was found to be independently
predictive for cardiovascular events or outcome in multiple cardiovascular diseases [5–8].
Functional immunological assessment of MNCs ex vivo has further important implica-
tions in basic [9] as well as in therapeutic immunological research, as has been shown, for
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example, in the assessment of vaccine-induced cell-based immune responses during the
COVID-19 pandemic [10,11].

Assessment of MNCs in research laboratories in the context of clinical trials requires
personal and technical resources, i.e., instruments and standardized protocols for flow
cytometry [12] and the respective technicians processing and analyzing the samples in an
appropriate time. Especially in multi-centric studies, not all centers perform the laboratory
analysis of their samples themselves. These pre-processing and pre-analytic steps chal-
lenge a standardized analysis, which is required to draw solid scientific conclusions [13].
Cryopreservation of MNCs has become an important method to overcome these issues,
allowing transportation and batch-wise analysis of cells, which reduces inter-laboratory
and intra-assay biases [14,15]. However, cryopreservation induces various quantitative and
functional alterations in different immune cell populations, which needs to be considered
when studies using cryopreserved MNCs are interpreted [16–19]. Due to these observa-
tions, the European Society of Cardiology recommends the use of only fresh samples for
monocyte subset analysis [20].

In this study, we aimed to compare the effects of four routinely used cryopreserva-
tion media [CryoStor CS10 (Stemcell, Vancouver, Canada); Synth-a-Freeze (ThermoFisher,
Waltham, MA, USA); 90% FBS + 10% DMSO (self-prepared); 70% RPMI1640 + 20% FBS
+ 10% DMSO (self-prepared)] on the recovery/viability and the amount/function of differ-
ent leukocyte populations in detail. Therefore, leukocyte populations were quantified by
flow cytometry before cryopreservation as well as directly after and after 1-h resting period
at 37◦C post thawing. Further, the immunological response of the MNCs was assessed by
qPCR, ELISA, and flow cytometry of cytokines and activation markers.

The choice of used cryopreservation medium affected the obtained recovery and
viability after cryopreservation. Further, we were able to verify previously reported findings
on relative alterations in T cell and monocyte subsets. Freeze–thawing increased the basal
production of pro-inflammatory activation markers and cytokines in all cryopreservation
media. By stimulating the toll-like receptor 4 (TLR4) -competent cell compartment of
MNCs with lipopolysaccharide, we were able to show that the used cryopreservation
medium changed the immune response significantly. Further, the expression of activated
CD11b on the surface of monocytes was affected by the used cryopreservation medium.
To summarize our findings, we ranked the different cryopreservation media based on the
differences in conditions before freezing and the observed standard deviation for each
experimental aspect and created an overview table to aid other research groups in selecting
an appropriate cryopreservation medium for their future studies.

2. Results
2.1. The Choice of Cryopreservation Medium Affects Recovery and Viability of MNCs after Thawing

Four cryopreservation media (CryoStor CS10™ = CS; Synth-a-Freeze™ = SF;
90%FBS/10%DMSO = FBS; 70%RPMI/20%FBS/10%DMSO = RPMI), which are routinely
used in medical research studies, were examined for their effects on MNCs. MNCs were
isolated from leukocyte reduction chambers, which were stored overnight at 4◦C before
isolation. Overnight storage did not alter the viability relative distribution and activatability
(Figure S1). The experimental workflow for sample processing in this study is given in
Figure 1A. To determine whether there were differences in recovery and viability between
the individual cryopreservation media, MNCs were counted after thawing on a LUNA
Automated Cell Counter using 0.4% Trypan Blue Solution to assess viability before they
were further processed for flow cytometry and cell culture experiments. Recovery was
higher when MNCs were stored in FBS (80.9% [74.8–87.6]) and CS (78.0% [71.5–79.3])
compared to RPMI (72.5% [65.9–76.7]) and SF (68.4% [63.1–73.9]) (Figure 1B).
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human donors). 

Figure 1. The choice of cryopreservation medium affects recovery and viability of mononuclear
cells (MNCs) after thawing. (A) Experimental workflow of this study. (B) Calculated recovery after
thawing of total cells frozen; 1 × 107 cells were frozen per aliquot, and recovered MNCs were counted
on a LUNA automated cell counter. (C) Relative viability of all recovered MNCs after thawing using
0.4% trypan blue staining solution. The viability was analyzed on a LUNA automated cell counter.
(D) Representative plots and data of the relative viability of MNCs analyzed by flow cytometry. Dying
cells were identified by the membrane-impermeable DNA-intercalating dye SytoxGreen. * p < 0.05;
** p < 0.01; *** p < 0.001; † = significantly different from all other conditions. (n = 15 individual
human donors).

FBS (71.5% [68.3–78.7]) and CS (70.1% [64.4–74.8])-stored MNCs also showed higher
viability measured by Trypan Blue compared to ones stored in RPMI (63.7% [59.8–70.2]) or
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SF (62.4% [55.9–68.9]) (Figure 1C). As automated detection of Trypan Blue staining relies
on good visual focus and evenly dispersed cells, we verified the viability data by flow
cytometry using the cell-impermeable DNA-intercalating dye SytoxGreen. SytoxGreen
stains only cells with impaired membrane integrity, typically found during cell death. As
expected, cryopreservation significantly decreased the amount of viable cells compared to
conditions before freezing (99.2% [98.9–99.5]). When we compared the individual cryop-
reservation media, CS (94.7% [92.6–96.4]) showed the best viability, closely followed by FBS
(92.6% [91.3–94.3]) and RPMI (90.8% [87.6–92.7]). MNCs stored in SF (88.4% [84.1–91.3])
showed the lowest viability in this validation experiment (Figure 1D). Taken together, we
found significant differences between the individual cryopreservation media. CS and FBS
seem to be superior to RPMI and SF in terms of cell recovery and viability.

2.2. Cryopreservation Alters the Relative Distribution of Leukocyte Populations

Next, we asked how the different cryopreservation media would affect the relative
distribution of leukocyte populations after freeze–thawing, as it was shown before that
cryopreservation can affect individual populations differently [21]. Therefore, MNCs were
stained with three antibody panels and analyzed by flow cytometry to quantify the major
leukocyte populations (gating is depicted in Figure S2). After cryopreservation, the relative
number of monocytes and T cells compared to all CD45+ leukocytes, was drastically altered
(Figure 2A). We observed increased amounts of monocytes after thawing in all used media.
CS (28.5% [21.7–36.1])-stored MNCs resembled the distribution observed in fresh samples
(14.5% [13.7–20.2]) better than MNCs stored in the other cryopreservation media: FBS
(30.4% [25.4–38.7]), SF (32.5% [24.9–37.4]), and RPMI (34.1% [24.1–38.4]. The observed
relative monocyte increase in general was due to a reduction in T cells after thawing. All
cryopreservation media except CS (20.9% [16.8–31.8]) showed significantly lower amounts
of T cells: FBS (19.9% [15.8–29.9]), SF (19.7% [15.7–26.5]), and RPMI (18.7% [15.4–28.2])
compared to the samples before freezing (28.5% [22.7–32.0]). B cell distribution was only
significantly altered in samples stored in SF (8.7% [7.9–11.7]), whereas the other cryopreser-
vation media CS (8.1% [6.1–10.5]), RPMI (7.3% [7.1–11.6]), and FBS (7.1% [6.1–10.5]) were
not significantly different from fresh samples (7.1% [6.4–8.1]). Although NK cells were not
significantly altered after thawing compared to fresh samples (0.9% [0.7–1.5]), we detected
a significant difference between NK cells stored in CS (1.0% [0.6–1.2) compared to the other
media, RPMI (0.8% [0.4–1.2]), FBS (0.8% [0.5–1.0]), and SF (0.7% [0.5–1.2]), with the median
being closest to the fresh condition in CS-stored MNCs.

Next, we wanted to know whether the measured counts of the individual leukocyte
populations would correlate before and after cryopreservation, which would be important
for longitudinal studies comparing changes in individual patients rather than changes in
the means of whole populations (Figure 2B). The individual linear regressions for each
leukocyte population are given in Figure S3A. For monocytes, the overall correlation before
and after freezing was very weak (R2 values: CS 0.2675, SF 0.2564, FBS 0.1760, RPMI 0.1633)
and only significant for CS-stored monocytes. T cells (R2 values: CS 0.7589, SF 0.7543,
FBS 0.6852, RPMI 0.7203) and NK cells (R2 values: CS 0.7308, SF 0.5601, FBS 0.5890, RPMI
0.6731) correlated significantly in all cryopreservation media, with CS showing steeper
linear regression lines than the other cryopreservation media. Importantly and unpredicted,
B cell amounts before and after cryopreservation did not correlate at all in any medium. As
recovery and viability were different between the cryopreservation media, we also assessed
the absolute amount of dead cells for each leukocyte population. As shown in Figure 2B,C
and NK cells were less affected by cryopreservation, with significant differences before and
after cryopreservation only found for SF and RPMI. A significant number of monocytes
and T cells underwent cell death after thawing compared to fresh samples (0.2% [0.13–0.4]
for monocytes, 0.2% [0.1–0.2] for T cells), with higher amounts dying in SF (2.6% [2.0–6.5]
for monocytes, 2.0% [1.4–3.2] for T cells) and RPMI (1.9% [1.1–3.4] for monocytes, 1.9%
[1.2–3.2] for T cells) as compared to CS (0.8% [0.5–2.5] for monocytes, 0.9% [0.5–1.8] for
T cells) and FBS (1.1% [0.8–3.2] for monocytes, 1.4% [0.8–2.0] for T cells). In summary,
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cryopreservation affected leukocyte populations differently, with some media performing
better in maintaining the relative distribution of the MNC populations before and after
freeze–thawing. Further, correlation before and after cryopreservation was very different
between the individual leukocyte populations.
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Figure 2. Cryopreservation alters the relative distribution of leukocyte populations. (A) Relative
number of gated monocytes, T cells, B cells, and NK cells before and after cryopreservation analyzed
by flow cytometry. Cell amounts are given as % live CD45+ cells. (B) Correlation plots of relative cell
amounts of monocytes, T cells, B cells, and NK cells before and after cryopreservation. Correlation
was analyzed by linear regression. (C) Analysis of dead monocytes, T cells, B cells, and NK cells
before and after cryopreservation. Please notice the different scales on the y-axis of the two left and
two right panels. Gated cells staining positive for intracellular SytoxGreen are shown relative to all
CD45+ cells measured by flow cytometry. * p < 0.05; ** p < 0.01; *** p < 0.001; † = significantly different
from all other conditions; § = significantly different from other conditions except the ones indicated
with “ns”. (n = 15 individual human donors).

2.3. Analysis of the Effect of Cryopreservation Media on the Relative Frequency of Individual
Leukocyte Subsets

Often, investigators are only interested in distinct leukocyte subsets such as CD4+ T cells
in HIV [22] or relative subset distributions such as monocyte subsets in critically ill patients [23].
We analyzed the distribution of human monocyte subsets (classical CD14++CD16- = Mon1,
intermediate CD14++CD16+ = Mon2 and non-classical CD14+CD16++ = Mon3) before and
after cryopreservation. As shown above and similar to published data [16], the relative
amount of monocytes in the CD45+ leukocyte compartment was significantly increased due
to the death of other leukocyte populations. Interestingly, we were able to show that this
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increase was not evenly dispersed over all monocyte subsets. Cryopreservation led to a
significant increase in total classical (Fresh 10.7% [8.8–17.2], CS 22.6% [19.0–28.8], SF 25.8%
[21.9–31], FBS 25.2% [20.5–32.4], RPMI 28.0% [19.7–31.7]) and intermediate (Fresh 0.74%
[0.68–0.90], CS 1.16% [0.90–2.17], SF 1.26% [0.71–1.78], FBS 1.15% [0.95–2.14], and RPMI 1.07%
[0.87–1.98]) monocytes, whereas we did not observe an increase in non-classical (Fresh 2.9%
[2.7–4.9], CS 4.4% [3.1–5.3], SF 4.6% [3.2–5.5], FBS 4.3% [2.9–5.1], and RPMI 4.6% [2.9–5.0])
monocytes (Figure 3A). When we compared the relative subset distribution, we found a
significant increase in classical monocytes (Fresh 74.2% [64.1–81.2], CS 80.3% [78.1–81.8], SF
80.8% [78.5–82.8], FBS 83.4% [80.9–84.9], RPMI 82.3% [83.3–84.7]) whereas the proportion of
non-classical monocytes (Fresh 20.1% [14.3–31.1], CS 15.6% [12.5–18.0], SF 15.4% [13.1–18.0],
FBS 12.2% [11.1–17.7], RPMI 13.4% [11.7–15.8]) was significantly reduced (Figure 3B). By
calculating the ratio of the relative change of the individual subset to the relative change of all
monocytes overall, we were able to show that cryopreservation led to an overrepresentation
of classical monocytes and a loss of non-classical ones (Figure 3C). These alterations were
significantly less prominent in samples preserved in CS than in other cryopreservation media.
We correlated the relative fraction of the individual subsets before and after cryopreservation.
Only the classical (R2 values: CS 0.6651, SF 0.5826, FBS 0.4883, RPMI 0.5442) and non-classical
(R2 values: CS 0.6030, SF 0.5035, FBS 0.3740, RPMI 0.4369) subsets were significantly correlated,
whereas intermediate monocytes (R2 values: CS 0.2364, SF 0.1255, FBS 0.3208, RPMI 0.1440)
did not correlate at all (Figure 3D). The individual linear regressions for each monocyte subset
are given in Figure S3B.

Next, we focused on the different T cell subsets. We did not observe significant
differences in the relative amount of CD8+ (Fresh 37.9% [30.8–43.9], CS 32.7% [29.0–40.7],
SF 36.3% [30.7–42.2], FBS 35.4% [26.8–39.0], RPMI 35.4% [31.0–40.9]), CD4+ (Fresh 54.0%
[43.0–61.0], CS 56.6% [49.7–61.5], SF 54.0% [45.8–57.7], FBS 56.7% [48.2–63.9], RPMI 54.3%
[48.3–60.3]) or Double Negative (DN-) (Fresh 6.0% [4.4–14.0], CS 7.5% [5.0–13.8], SF 8.1%
[4.3–13.6], FBS 7.2% [4.2–12.7], and RPMI 7.0% [4.8–13.1]) T cells. The amount of Double
Positive (DP+) and Natural Killer-like T (NKT) cells was significantly increased after
cryopreservation in samples stored in SF (1.2% [0.6–2.2] for DP+ and 12.0% [8.6–16.1] for
NKT cells), whereas DP+ (FBS 0.6% [0.4–0.9], RPMI 0.7% [0.4–1.3] and CS 0.8% [0.4–1.1])
and NKT cells (FBS 8.8% [5.6–12.3], RPMI 11.9% [4.8–14.2] and CS 10.0% [4.9–12.5]) in the
other cryopreservation media were comparable to fresh samples (0.5% [0.3–0.9] for DP+ and
9.1% [3.5–15.3] for NKT cells) (Figure 3E). These observations were also evident when we
compared the correlations of the individual subsets. R2 values were prominently lower for
DP+ T cells and NKT cells than for the other subsets (Figure 3F). Loss of CD28 expression
is associated with aging [24], and increased amounts of CD28- T cells were shown to be
associated with the development of atrial fibrillation after cardiac surgery as well as with
increased mortality in patients with known atrial fibrillation [25,26]. When we compared
the effects of different cryopreservation media with the absolute amount and relative
fraction of CD8+ and CD4+ T cells lacking CD28 expression (CD28-), we only observed
small changes in the relative fraction of the CD4 and CD8 subsets in samples frozen in
media containing FBS (11.6% [7.1–20.4] vs. 7.3% [4.1–18.6] for CD8+ and 4.4% [2.5–16.9]
vs. 3.6% [2.0–10.4] for CD4+) (Figure 3G). These findings show that cryopreservation does
affect individual leukocyte subsets to a varying degree, which needs to be considered
when studies using cryopreserved leukocyte populations are compared to ones using
fresh MNCs.
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Figure 3. Analysis of the effect of cryopreservation media on the relative frequency of individ-
ual leukocyte subsets. (A) Relative amount of gated monocyte subsets relative to all live CD45+
cells analyzed by flow cytometry. CM = classical monocytes, IM = intermediate monocytes,
NCM = non-classical monocytes. (B) Relative distribution of the individual monocyte subsets analyzed
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by flow cytometry. (C) Relative change in monocyte subset distribution before and after cryopreserva-
tion; >1 indicates a relative overrepresentation of a subset, <1 indicates a relative underrepresentation.
(D) Correlation plots of relative monocyte subset distribution before and after cryopreservation.
Correlation was analyzed by linear regression. (E) Relative amount of different T cell subsets rel-
ative to all live CD3+ T cells analyzed by flow cytometry. DP+ = double positive (CD4+, CD8+).
DN- = double negative (CD4-, CD8-). (F) Correlation plots of different T cell subsets before and after
cryopreservation. Correlation was analyzed by linear regression. (G) Relative amount of gated
CD28- T cell subsets relative to all live CD45+ cells or to CD4/CD8+ cells analyzed by flow cytometry.
* p < 0.05; ** p < 0.01; *** p < 0.001; † = significantly different from all other conditions. (n = 15
individual human donors).

2.4. A 1-h Resting Period after Thawing Does Not Dramatically Alter Leukocyte Population Amounts

Lemieux et al. showed that a resting period of 1 h at 37◦C in an incubator after
cryopreservation could refine the expression of some surface markers, improving the
relative distribution of leukocyte populations after thawing [19]. Therefore, we assessed a
part of the cells after a 1-h resting period. However, in our experimental setup, we did not
observe such prominent differences between unrested and rested MNCs.

Compared to the analysis directly after thawing, B cell amounts were not significantly
increased after a 1-h resting period (CS 8.1% [6.1–10.5] vs. 6.3% [5.5–9.0], SF 8.7% [7.9–11.7]
vs. 7.8% [6.1–10.0], FBS 7.1% [6.1–10.5] vs. 6.5% [5.0–9.5], RPMI 7.3% [7.1–11.6] vs. 7.2%
[4.8–9.8]) and better resembled the amounts before cryopreservation (7.1% [6.4–8.1]). The
relative amount of NK cells was significantly reduced further in SF (0.6% [0.5–0.9] vs.
0.7% [0.5–1.2])-stored MNCs and was trend-wise reduced in RPMI (0.5% [0.4–0.9] vs. 0.8%
[0.4–1.2])-stored MNCs. For monocytes and T cells, we did not observe any significant
differences comparing a resting period of 1 h to no resting (Figure 4A). Although the
amount of total monocytes did not differ between unrested or rested MNCs, we found
significant changes in the relative amounts of the individual subsets for CS, SF, and FBS.
The relative proportion of classical monocytes was further significantly increased compared
to unrested conditions (CS 80.3% [78.1–81.8] vs. 80.2% [78.5–85.2], SF 80.8% [78.5–82.8]
vs. 86.2% [83.0–87.6], FBS 83.4% [80.9–84.9] vs. 85.4% [80.2–88.0], RPMI 82.3% [81.3–84.7]
vs. 82.8% [80.7–87.6]), and the amount of the intermediate (CS 4.7% [3.6–5.6] vs. 3.5%
[2.9–4.8], SF 4.1% [2.8–4.9] vs. 3.0% [2.6–4.1], FBS 4.5% [3.1–5.1] vs. 3.3% [2.4–4.7], RPMI
4.2% [3.1–5.0] vs. 3.5% [2.6–4.7]) and non-classical monocyte (CS 15.6% [12.5–18.0] vs.
14.9% [11.8–17.0], SF 15.4% [13.1–17.7] vs. 10.7% [9.1–14.3], FBS 12.2% [11.1–14.6] vs. 12.1%
[9.4–14.5], RPMI 13.4% [11.7–15.8] vs. 13.1% [10.5–15.7]) subsets was further reduced
significantly (Figure 4B). These changes were not observed for MNCs stored in RPMI. In
summary, a 1-h resting period at 37◦C in an incubator led to significant changes only in
the amount of B cells and the relative distribution of the individual monocyte subsets in
our experiments.

2.5. Changes in the Immunological Response to Bacterial Lipopolysaccharide after Storage in
Different Cryopreservation Media

Cryopreservation does not only affect the survival and relative distribution of dif-
ferent leukocyte populations, it can also interfere with the cells’ ability to respond to
different inflammatory stimuli needed to fulfil their role in clearing altered or infected
cells such as in modern chimeric antigen receptor (CAR) T cell therapy [27]. There-
fore, we evaluated the effects of cryopreservation of MNC samples on the expression
of different inflammatory cytokines and compared the alterations to samples before
freeze–thawing. LPS was used to activate cellular inflammatory pathways in TLR4-
expressing cells, evaluating the effects of different cryopreservation media on the reactivity
of these MNCs. First, we measured mRNA levels of the four inflammatory cytokines
interferon γ (IFNG), interleukin-1α (IL1A), interleukin-6 (IL6), and tumor-necrosis factor
α (TNFA). MNCs showed an increase in the unstimulated transcription of IFNG after
cryopreservation compared to the fresh condition (CS 7.4× [3.4–28.7], SF 7.0× [3.1–29.9],
FBS 7.5× [1.1–25.5], RPMI 16.1× [4.1–35.8]). When stimulated using LPS, the expression
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of IFNG was significantly increased in all cryopreserved samples compared to fresh LPS-
stimulated MNCs (Fresh 57.9× [12.2–201.9], CS 377.0× [230.2–565.6], SF 250.0× [109.2–447.4],
FBS 267.4× [131.3–637.0], RPMI 321.2× [129.9–400.8]). By calculating the fold increases be-
tween unstimulated and LPS-stimulated MNCs for each condition, we found that the
induction effect of IFNG mRNA on LPS was significantly higher in samples stored in
CS (146.5× [82.7–460.3]) compared to fresh conditions (Fresh 57.9× [12.2–201.9]). This in-
creased induction was not observed under the other freezing conditions (SF 139.8× [42.7–249.7],
FBS 127.4× [43.6–323.5], RPMI 80.9× [31.4–199.8]) (Figure 5A).
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Figure 4. A 1-h resting period after thawing does not dramatically alter leukocyte population
amounts. (A) Comparison of the relative amounts of monocytes, T cells, B cells, and NK cells without
or with a 1-h resting period after cryopreservation before analysis using flow cytometry. The dotted
lines labelled “Fresh” indicate the mean values of the fresh samples for each gated cell population.
(B) Comparison of the relative distribution of monocyte subsets without or with a 1-h resting period
after thawing before analysis using flow cytometry. The dotted lines labelled “Fresh” indicate the
mean values of the fresh samples for each gated cell subset. * p < 0.05; ** p < 0.01; *** p < 0.001. (n = 15
individual human donors).
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Figure 5. Changes in the immunological response to bacterial lipopolysaccharide after storage in
different cryopreservation media. (A–D) In the respective left panels, expression of the cytokines
IFNG (A), IL1A (B), IL6 (C), and TNFA (D) is given as fold values relative to the individual fresh
unstimulated amounts for all conditions and cryopreservation media. In the respective right panels,
the increases upon LPS stimulation are shown for fresh samples and all cryopreservation media.
(E,F) In the respective left panels, protein amounts of the cytokines IL-6 (E) and TNF-α (F) are given
as pg/mL for all conditions and cryopreservation media. In the respective right panels, the increases
upon LPS stimulation are shown for fresh samples and all cryopreservation media. * p < 0.05;
** p < 0.01; *** p < 0.001; † = significantly different from all other conditions; § = significantly different
from other conditions except the ones indicated with “ns”. (n = 15 individual human donors).

For IL1A, we also observed a significantly increased basal production after cryopreser-
vation compared to fresh levels (CS 3.0× [1.7–6.1], SF 5.1× [2.1–12.9], FBS 5.0× [1.4–9.3],
RPMI 10.7× [2.5–14.6]). LPS stimulation increased the expression of IL1A in all sam-
ples, but we did not observe any significant difference between the fresh and cryopre-
served MNCs (Fresh 122.8× [62.7–233.9], CS 100.9× [43.9–439.6], SF 105.9× [57.8–464.7],
FBS 145.3× [57.0–360.8], RPMI 99.6× [48.2–280.4]). This resulted in significantly reduced
fold increases upon LPS stimulation after cryopreservation compared to fresh conditions
(Fresh 122.8× [62.7–233.9], CS 50.0× [4.8–111.5], SF 45.9× [6.2–93.5], FBS 59.2× [5.7–106.7],
RPMI 9.7× [3.7–41.7]) (Figure 5B). Changes in IL6 transcription were quite similar to
those of IL1A. Cryopreservation led to an increased basal expression of the IL6 tran-
script compared to fresh unstimulated MNCs (CS 7.4× [3.4–28.7], SF 7.0× [3.1–29.9],
FBS 7.5× [1.1–25.5], RPMI 16.1× [4.1–35.8]). Upon LPS stimulation, the transcription of
IL6 mRNA was increased significantly (Fresh 1355× [274.1–2744], CS 2076× [564.2–4181],
SF 2198× [371.0–4011], FBS 2346× [371.0–4011], RPMI 1073× [342.6–3634]). Again, there
were no differences between fresh and cryopreserved samples, resulting in significantly
reduced fold increases after thawing (Fresh 1355× [274.1–2744], CS 338.9× [22.1–656.6], SF
115.5× [22.7–807.3], FBS 294.1× [22.2–2227], RPMI 44.9× [16.3–573.2]). Only for FBS stored
MNCs was the fold increase in IL6 transcription not significantly different from that of fresh
samples (Figure 5C). Further, cryopreservation and thawing significantly increased the
basal, unstimulated expression of TNFA mRNA (CS 1.4× [0.9–1.7], SF 1.5× [0.8–2.2], FBS
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1.2× [0.7–3.4], RPMI 1.9× [0.9–4.3]). When the MNCs were stimulated using LPS, TNFA
expression was significantly increased in cells of all conditions compared to unstimulated
ones. MNCs that were cryopreserved expressed significantly higher amounts of TNFA
upon LPS stimulation compared to fresh ones (Fresh 17.1× [10.3–22.4], CS 19.8× [11.7–36.0],
SF 26.2× [19.1–38.9], FBS 30.3× [14.8–33.6], RPMI 19.7× [13.33–35.3]). As the increased
amounts of basal TNFA expression were accompanied by significantly increased levels
of transcription upon LPS stimulation, fold increases in TNFA production before and
after freeze–thawing (Fresh 17.1× [10.3–22.4], CS 17.2× [7.0–28.4], SF 23.6× [6.2–28.4],
FBS 18.6× [8.8–40.0], RPMI 9.7× [5.4–20.3]) were not significantly different (Figure 5D).

We aimed to verify our findings on protein level after 24 h of stimulation. Basal IL-6
production was indeed increased after thawing in unstimulated MNCs (Fresh 42.4 pg/mL
[13.6–119.2], CS 463.1 pg/mL [85.7–873.2], SF 237.2 pg/mL [45.7–756.1], FBS 442.1 pg/mL
[52.8–848.0], RPMI 157.1 pg/mL [48.6–733.8]). LPS stimulation significantly increased
the amount of IL-6 production compared to unstimulated conditions, but there was no
significant difference between fresh and cryopreserved samples in terms of protein levels
(Fresh 46,205 pg/mL [27,425–85,126], CS 52,348 pg/mL [43,616–70,031], SF 51,821 pg/mL
[30,233–62,001], FBS 48,355 pg/mL [32,471–59,807], RPMI 50,022 pg/mL [27,512–71,611]).
This resulted in reduced fold increases upon LPS stimulation for MNCs that were cry-
opreserved (Fresh 1750× [639.7–2541], CS 131.0× [70.7–612.4], SF 170.4× [79.3–991.9],
FBS 80.8× [46.4–618.4], RPMI 182.7× [96.8–715.9]) (Figure 5E). Although TNFA expres-
sion was higher after thawing at a transcriptional level, basal TNF-α protein production
was not significantly increased. LPS stimulation led to a significant increased production
of TNF-α under all conditions and further, cryopreserved MNCs produced significantly
higher amounts compared to fresh ones (Fresh 1049 pg/mL [543.2–3627], CS 6674 pg/mL
[1694–10,200], SF 3977 pg/mL [690.5–5680], FBS 5754 pg/mL [644.4–12,060], RPMI 8690 pg/mL
[994.3–10,311]) (Figure 5F). Thus, although MNCs preserved their ability to react to inflam-
matory stimuli after freeze–thawing, cryopreservation of MNCs can affect the inflammatory
readouts observed. This impacts the usage of MNCs for functional assessment after cryop-
reservation, as the cellular composition and different pathways and cellular functions seem
to be affected unequally.

2.6. Cryopreservation Affects the Activatability of the CD11b Surface Integrin

Bacterial LPS also induces the expression of CD11b in myeloid immune cells, leading
to increased adhesion and further boosting TLR4 induced LPS signaling via a positive
feedback loop in microbial infections [28,29]. Stimulation of monocytes in vitro using LPS
alters the relative amount of different monocyte subsets by inducing shedding of membrane
receptors used to identify CD16+ monocytes through A disintegrin and metalloproteinase
17 (ADAM17) [30]. Comparing the relative distribution of the individual monocyte sub-
sets between unstimulated and LPS-stimulated samples under fresh and cryopreserved
conditions in our study, we found that the relative amount of non-classical CD16+CCR2−

monocytes was diminished significantly, whereas the fraction of classical monocytes was
increased significantly (Figure S4A).

Previously, it has been shown that the individual monocyte subsets express different
amounts of activated CD11b and that LPS mainly induces the expression of CD11b in
intermediate monocytes [31]. We evaluated the effect of different cryopreservation media
on the activatability of the surface integrin molecule CD11b by flow cytometry. MNCs
were stimulated for 4 h with 100 ng/mL LPS, and the CD11b expression was analyzed by
measuring the median fluorescence intensity in unstimulated/stimulated monocyte subsets
before and after cryopreservation (Figure 6A). Similar to previous published data, CD11b
expression was highest in the intermediate monocyte subset in our experiments, and in vitro
stimulation with LPS led to an increase in CD11b expression in intermediate monocytes,
further increasing the difference in CD11b expression between the classical and intermediate
subsets (Figure S4B). In the classical monocyte subset, LPS stimulation only increased
activated CD11b expression before cryopreservation (5205 MFI [4416–7160] vs. 6606 MFI
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[553.0–7796]), whereas we did not observe significant increases afterwards (Figure 6B).
Overall, the absolute expression of activated CD11b in the classical monocyte subsets was
significantly decreased after freeze–thawing in all cryopreservation media except CS (117
MFI [−528.0–2156]), with higher decreases in FBS (−578.0 MFI [−2308–411.0]) and RPMI
(−2539 MFI [−2539–−100.0])-stored classical monocytes than in SF-stored ones (Figure 6C).

Interestingly, the LPS-induced increase in the CD11b expression of intermediate mono-
cytes (Fresh 6399 MFI [4879–8300] vs. 8925 MFI [7654–11,801] was not significant in MNCs
stored in RPMI (5308 MFI [3994–7353] vs. 7459 MFI [6544–8812]) and was markedly reduced
in FBS (5785 MFI [3375–7328] vs. 7163 MFI [6365–8041])-stored MNCs (Figure 6D). When
we compared the delta values of MFI for the unstimulated and LPS-stimulated groups,
the FBS and RPMI group showed a significant decrease compared to the fresh condition
and to CS-stored samples of LPS-treated MNCs (CS 169 MFI [-1614–3083], SF −51 MFI
[−3594–867.0], FBS -2961 [−4381–231.0], and RPMI −2500 [−4395–201.0]) (Figure 6E). As
expected, we did not observe large differences in the expression of active CD11b in the
non-classical monocyte subset (Figure 6F). Non-classical monocytes cryopreserved in SF
expressed significantly more active CD11b upon LPS stimulation compared to the other
cryopreservation media and to the cells before freezing; fresh 557.0 MFI [−174.0–1293], CS
1231 MFI [102.0–1627], SF 525 MFI [−834.0–998.0], FBS 539 MFI [−459.0–1252]) (Figure 6G).
Taken together, these observations show that the activatability of CD11b upon LPS stimu-
lation was significantly reduced in MNCs cryopreserved in FBS or RPMI and also signifi-
cantly altered in MNCs stored in SF, although the relative distribution of CD11b expression
between individual monocyte subsets remained intact after cryopreservation.

2.7. Comparison of the Individual Cryopreservation Media for Different Experimental Research Questions

To give an overview of the performance of the individual cryopreservation media in
this study, we created a table (Table S1) comparing the means and coefficients of variation
between fresh and the individual cryopreservation media for all individual experiments.
The media were ranked by their differences in the mean (deltas) and by their dispersion (co-
efficients of variation), allowing the selection of the appropriate cryopreservation medium
for an individual research question (see Table 1).
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Figure 6. Cryopreservation affects the activatability of the CD11b surface integrin. (A) Representative
flow cytometry overlays of the activated CD11b fluorescence of the gated intermediate monocyte
subset for the fresh condition and cryopreservation media. Dotted lines represent the unstimulated
monocytes, whereas filled lines represent the LPS-stimulated monocytes. (B) Median fluorescence
intensity (MFI) of activated CD11b expression of the classical monocyte subset measured by flow
cytometry for unstimulated and LPS-stimulated monocytes. (C) Delta fresh MFI values of cryopre-
served classical monocytes either unstimulated or stimulated with LPS. Negative values indicate
lower MFI compared to the individual fresh condition, and positive values indicate higher MFI
compared to the individual fresh condition. (D) Median fluorescence intensity (MFI) of activated
CD11b expression of the intermediate monocyte subset measured by flow cytometry for unstimulated
and LPS-stimulated monocytes. (E) Delta fresh MFI values of cryopreserved intermediate monocytes
either unstimulated or stimulated with LPS. Negative values indicate lower MFI compared to the
individual fresh condition, and positive values indicate higher MFI compared to the individual fresh
condition. (F) Median fluorescence intensity (MFI) of activated CD11b expression of the non-classical
monocyte subset measured by flow cytometry for unstimulated and LPS-stimulated monocytes.
(G) Delta fresh MFI values of cryopreserved non-classical monocytes either unstimulated or stimu-
lated with LPS. Negative values indicate lower MFI compared to the individual fresh condition, and
positive values indicate higher MFI compared to the individual fresh condition. * p < 0.05; ** p < 0.01;
*** p < 0.001; § = significantly different from other conditions except the ones indicated with “ns”.
(n = 15 individual human donors).
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Table 1. Summarized ranking of the individual cryopreservation media. Cumulative ranks of the
geometric mean values of the ranks in the individual experimental research questions. Best rank = 1,
worst rank = 4. The individual rankings for each subpanel are given in the Table S1.

Experimental Research Question CS SF FBS RPMI

Recovery and Viability
(Figure 1) 2 4 1 3

Cell population relative amount
(Figure 2) 1 3 2 4

Cell population dead cells
(Figure 2) 1 4 2 3

Monocyte subsets
(Figure 3) 1 2 4 3

T cell subsets
(Figure 3) 4 1 2 2

Cytokine measurement
(Figure 5) 2 1 4 3

Monocyte CD11b activation
(Figure 6) 1 3 2 4

Cumulative performance
(overall rank) 1 3 2 4

3. Discussion

In clinical studies, the standardized collection, handling, cryopreservation, and thaw-
ing of MNCs has become a widely used and accepted method to systematically investigate
the role of different immune cells in health and disease. The objective of this study was to
compare the influence of four different cryopreservation media on the amount and function
of MNCs, as there have been reports suggesting that cryopreservation can influence cell
populations and their function [32,33].

The choice of cryopreservation medium affected the recovery and viability of MNCs
after thawing in our study. The absolute recovery was higher when MNCs were stored
in CS or FBS compared to samples frozen in SF or RPMI. This was paired with a higher
viability of the recovered leukocytes, as shown by permeability assessment using Trypan
blue or SytoxGreen. Although all media were sufficient to obtain live MNCs after thawing,
the formulations of the individual media impacted the maximum gain. Similar observations
were also found when others investigated changes in formulations for freeze–thawing of
progenitor and stem cells [34–36].

Similar to prior published works [37,38], cryopreservation introduced quantitative
changes in the distribution of different leukocyte populations in this study. In general,
T cells were more likely to die during the cryopreservation process than other leukocyte
populations, as the relative amount of CD3+ T cells of all recovered leukocytes was sig-
nificantly reduced. In contrast, monocytes better withstood the procedure, as there was
a relative overrepresentation of monocytes compared to all CD45+ cells after cryopreser-
vation compared to the distribution before freezing. The unequal recovery rates between
monocytes and T cells could be due to different susceptibilities of the individual leukocyte
populations to the used cryoprotectants, as, for example, increasing dosages of DMSO
led to significantly reduced recovery of Treg cells [39]. Interestingly, this increase was
not evenly dispersed over all monocyte subsets, as the relative frequency of “younger”
classical monocytes was increased and the amount of “aged” non-classical monocytes [40]
was significantly reduced after cryopreservation. Although the respective changes were
observed for all cryopreservation media, MNCs stored in CS showed the least significant
changes among all cryopreservation media, and correlations of fresh and cryopreserved
values were highest for this cryopreservation medium. These findings need to be consid-
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ered in interpreting clinical studies investigating the association of circulating monocyte
subsets in patients, as CD16+ monocytes were shown to correlate with disease severity
and the occurrence of primary endpoints [41,42]. The unreflected usage of cryopreserved
MNCs for such analyses could introduce biases, potentially leading to false associations.
Overall, our findings suggest that only T cell analysis can be performed on frozen MNCs
with an adequate representation of the initial distribution, as all other cell populations
failed to show good correlations between cell numbers before and after freezing for each
individual donor. It should be noted that due to the fact that for this study NK cells were
defined as CD45+CD3-CD56+ and gating was done very restrictively on higher CD56
expression, the amount of NK cells in our study was somewhat lower than that observed in
other studies that focused in more detail on NK cell subpopulations. Due to missing CD16
staining in the analysis panel, we were not able to study the CD45+CD3-CD16+CD56- NK
cell population [43].

As a 1-h resting period led to a recovery of the relative distribution of CD14+ cells
in the study of Lemieux et al., we also evaluated the effect of a 1-h resting period in full
MNC medium on the relative distribution of different cell populations in our study [19].
However, we only observed a normalization of B cells to amounts before cryopreservation.
In contrast, a resting time of 1 h in cell suspension further diminished the relative amount
of intermediate and non-classical monocytes in our analysis.

It has also been stated that cryopreservation alters the capacity of MNCs to react to
different stimuli when compared to fresh samples [16,27,44]. We therefore asked whether
the choice of cryopreservation medium would affect the responsiveness of the MNCs to
LPS and if one medium would perform better than another. We analyzed the expression
and production of different cytokines at basal levels and upon LPS stimulation. LPS stimu-
lation led to a significant increase in the production of inflammatory cytokines compared
to basal values. Cryopreserved MNC samples showed an increased expression of all in-
flammatory cytokines compared to fresh samples. Fold-wise, this basal change ranged
from a 3- up to a 100-fold change compared to fresh samples. As total 18S RNA was used
to normalize the quantification data and cytokine production was probably driven mainly
by myeloid cell populations in this experiment, the altered monocyte–lymphocyte ratios
observed after freeze–thawing have to be taken into account too with respect to biasing
the observed basal change. These findings suggest that basal inflammatory activity could
be overestimated in study cohorts using cryopreserved MNCs. When analyzing fold in-
ductions, the response profiles of the individual cytokines need to be considered, as fold
changes were different between the individual cytokines determined. Interestingly, when
we evaluated the response of monocyte subsets to express activated CD11b on their surface
upon LPS stimulation, we observed profound differences between the individual media.
Monocytes stored in medium containing FBS (FBS and RPMI groups) showed diminished
expression of activated CD11b, and the induction of CD11b upon LPS was significantly
lower in FBS- and RPMI-stored MNCs, with only CS-stored cells being non-significantly
changed compared to fresh samples.

To conclude, we report that choosing a particular cryopreservation medium can have
dramatic impacts on the obtained readouts and can introduce alterations in the recovery,
survival, and distribution of different immune cell populations after thawing. For all cell types
studied, alterations induced by freeze–thawing need to be considered when different studies
or experimental samples are compared. We summarize and rank the observed changes for
different experimental setups and for individual cell populations in an overview table, aiding
other researchers in selecting an appropriate cryopreservation medium.

4. Materials and Methods
4.1. Study Samples

Buffy coats were obtained from leukocyte reduction system chambers (LRSC) obtained
by single platelet apheresis of 15 healthy individuals of both sexes. Due to technical
reasons, LRSCs used to isolate buffy coats in this study were stored overnight at 4◦C
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before processing. The advantage of leukapheresis compared to whole-blood samples
is the large yield and fast isolation of mononuclear cells, allowing one to test for large-
scale experimental research setups [45]. All donors gave their written informed consent
before the leukocyte reduction chambers were used for MNC isolation. The study was
performed after approval by and according to recommendations of the ethical committee
of the Medical University of Vienna (EK 1575/2014).

4.2. MNC Isolation

MNCs were collected by density gradient centrifugation as published before [46];
please see supplemental information. In short, the content of the leukocyte reduction
chambers was diluted with phosphate-buffered saline (PBS, Sigma–Aldrich, St. Louis, MO,
USA); 15 mL of Lymphocyte Separation Medium 1077 (Promocell, Heidelberg, Germany)
was added to the lower chamber of SepMate-50 Tubes (Stemcell, Vancouver, Canada), and
the diluted content of the leukocyte reduction chambers was added on top of the inner
barrier. The special insert of these tubes allows density gradient centrifugation at 1200 g for
10 min with full break, significantly reducing the processing time of MNC isolation. The
buffy coat was washed once with PBS and resuspended at 2 × 107 cells/mL in full MNC
medium [RPMI1640 (Sigma–Aldrich, St. Louis, MO, USA) supplemented with 10% fetal
bovine serum (FBS Gold; Seraglob, Switzerland), glutamine, and antibiotics (both Lonza,
Basel, Switzerland)].

4.3. Cryopreservation

After an aliquot was taken to perform experiments on fresh MNCs, the remaining
MNCs were split into four aliquots of 5 × 107 cells each for the different cryopreservation
media. Freezing was performed serially for each aliquot to ensure equal stay times as cell
pellets and in cryopreservation medium before freezing. Four widely used cryopreserva-
tion media were assessed, two commercially available ones and two self-prepared ones:
(1) CryoStor CS10 Cell Freezing Medium (Stemcell, Vancouver, Canada); (2) Synth-a-Freeze
Cryopreservation Medium (ThermoFisher, Waltham, MA, USA); (3) 90% FBS Gold (Sera-
glob) + 10% dimethyl sulfoxide (DMSO, >99.9% purity, Sigma–Aldrich, St. Louis, MO,
USA); (4) 70% RPMI1640 + 20% FBS Gold + 10% DMSO. FBS batch-to-batch comparability
was assured by usage of FBS Gold, which is a defined fetal bovine serum composed of
chromatographic isolated and re-supplemented components. The MNCs were centrifuged
at 500× g for 5 min and resuspended on ice in the respective cryopreservation medium
at a concentration of 2 × 107 cells/mL. The cell suspension was split into five aliquots of
1 × 107 cells each, transferred into 2 mL Bio-One Cryo.s Tubes (Greiner, Kremsmuenster,
Austria) and placed at −80◦C into a CoolCell reduced-scale freezing container (Corning,
Corning, NY, USA), cooling the MNCs at a rate of −1◦C/min. Afterwards, the cryo-tubes
were transferred into liquid nitrogen tanks and stored there until thawing.

After 6–10 weeks, the MNCs were thawed again by placing the cryo-tubes at room
temperature until the outer layer of the crystal became liquid. Then, the crystal containing
the MNCs was flipped into ice-cold full MNC medium. After all of the cryopreserved
medium became liquid, the MNCs were washed once and resuspended in 1 mL pre-warmed
full MNC medium for the assessment of recovery and viability.

4.4. Measurement of Absolute Cell Counts and Viability after Thawing

Recovery and viability of MNCs after thawing were assessed using the LUNA Au-
tomated Cell Counter (Logos Biosystems, Anyang, South Korea) together with 0.4% Try-
pan Blue Solution (Lonza, Basel, Switzerland). The cell suspensions were adjusted to
2 × 107 viable cells/mL, and the concentration was verified using a XN-350 Hematology
Analyzer (Sysmex, Vienna, Austria).
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4.5. In Vitro MNC Stimulation

Cell function prior to and after thawing was assessed by stimulation of MNCs
with the toll-like receptor 4 agonist lipopolysaccharide (LPS, from Escherichia coli strain
O111:B4, Sigma–Aldrich, St. Louis, MO, USA). MNCs were seeded at a concentration of
2 × 105 cells/400 µL full MNC medium and were left unstimulated or were stimulated
with 100 ng / mL LPS either for 4 h for all gene expression experiments or for 24 h to collect
the condition culture supernatant. For experiments involving a 1-h resting period, cells in
full MNC medium were incubated for 60 min under standard cell culture conditions (hu-
midified atmosphere, 5% CO2, 37◦C) before analysis and stimulation. After the indicated
times, cells were harvested and conditioned culture medium was collected by taking the
supernatant. Cell-free supernatant was generated by centrifugation at 500× g for 5 min.

4.6. Flow Cytometry

For flow cytometric quantification of leukocyte populations, three aliquots of
1 × 105 MNCs were stained with different antibody panels (all antibodies were purchased
from Biolegend, San Diego, CA, USA) in 10 µL PBS for 15 min at room temperature. The
individual panels were as follows: (1) Monocyte panel: CD45 (Clone 2D1, Alexa Fluor
700), HLA-DR (Clone L243, APC/Fire750), CD14 (Clone HCD14, APC), CD16 (Clone 3G8,
BrilliantViolet 605), CCR2 (Clone K036C2, Brilliant Violet 421); (2) T cell panel: CD45 (Clone
2D1, Alexa Fluor 700), CD3 (Clone OKT3, APC), CD4 (Clone A161A1, APC/Fire750), CD8
(Clone Hit8a, Brilliant Violet 421), CD28 (Clone CD28.2, Brilliant Violet 605); (3) B/NK cell
panel: CD45 (Clone 2D1, Alexa Fluor 700), CD3 (Clone OKT3, APC), CD19 (Clone HIB19,
Brilliant Violet 421), CD56 (Clone QA17A16, APC/Fire750). Afterwards, the cell suspen-
sions were incubated for 5 min with 220 µL of PBS supplemented with 30 nM SytoxGreen
viability dye (ThermoFisher, Waltham, MA, USA) and were analyzed immediately on an
Attune NxT Flow Cytometer (ThermoFisher, Waltham, MA, USA). MNCs treated with
LPS and their respective controls were incubated similarly as above using the Monocyte
Antibody Panel, but instead of a viability dye, an antibody against activated CD11b (Clone
CBRM1/5, FITC, Biolegend, San Diego, CA, USA) was used during incubation and the cell
suspensions were washed using only PBS.

4.7. Gene Expression Analysis

RNA from MNC lysates was prepared using Maxwell RSC simplyRNA Tissue kits on
a Maxwell RSC Instrument (both Promega, Madison, WI, USA). To create cDNA from the
extracted RNA, 10 µL RNA was added to 10 µL GoScript 1:1 Oligo(dT)/Random Primer
Reverse Transcriptase Mix (Promega, Madison, WI, USA), and reverse transcription was
performed on a Thermocycler (Analytika Jena, Jena, Germany). To quantify the expression
of different mRNAs, qPCR was performed on a CFX Connect Real-Time PCR Detection
System (BioRad, Hercules, CA, USA). For the detection of different genes, primers were
designed using the Universal Probe Library (UPL) system (Roche, Basel, Switzerland), and
qPCR was performed using GoTaq Probe qPCR Master Mix (Promega, Madison, WI, USA).
Primer sequences and used UPL probes were as follows: 18S (FWD-gggttcgattccggagag, REV-
tcgggagtgggtaatttgc, UPL 40), IFNA (FWD-ggcattttgaagaattggaaag, REV-tttggatgctctggtcatctt,
UPL 21), IL1A (FWD-ggttgagtttaagccaatcca, REV-tgctgacctaggcttgatga, UPL 6), IL6 (FWD-
gatgagtacaaaagtcctgatcca, REV-ctgcagccactggttctgt, UPL 40), TNFA (FWD-cagcctcttctccttcctgat,
REV-gccagagggctgattagaga, UPL 29). Ct values were calculated by regression and were
normalized by the ∆Ct method relative to 18S as a housekeeping gene.

4.8. Protein Quantification

Cytokine production was analyzed in the supernatant of MNCs before and after cry-
opreservation. Reactiveness of the immune response to a bacterial stimulus was assessed
by stimulating the cells with LPS as stated above. Secreted protein amounts were quan-
tified using the TNF alpha Human Uncoated ELISA Kit with plates as well as the IL-6
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Human Uncoated ELISA Kit (both ThermoFisher, Waltham, MA, USA) as indicated by the
manufacturers’ instructions.

4.9. Statistical Analysis

Statistical analysis was performed using Prism 8 for Windows (Graphpad Software,
San Diego, CA, USA). Unless otherwise stated, the effects of cryopreservation media were
assessed using RM (paired) one-way ANOVA, followed by a post-hoc analysis to account for
multiple testing. Normality was assessed before, using the D’Agostino–Pearson normality
test. Dunnett’s post-hoc test was used to compare the samples after cryopreservation to
conditions before freezing. Afterwards, the means between different media were compared
against each other, and adjustment for multiple comparison was performed using Tukey’s
post-hoc test. To reliably compare dispersion of the measured values under the individual
conditions, coefficient of variation (standard deviation normalized relative to the mean)
values were used. Unless otherwise stated, summary data are shown as bar charts with
mean ± s.d. and all data points. In the main text results, the detailed data for all experiments
are given in round brackets with median values with unit and inter-quartile range in the
form of the 25th to 75th percentile in square brackets (MEDIAN UNIT [IQR]).
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www.mdpi.com/article/10.3390/ijms23031881/s1.

Author Contributions: Conceptualization: P.H. and P.J.H.; Methodology: P.H., P.J.H. and J.W.;
Formal Analysis: P.H. and T.H.; Investigation: T.H.; Visualization: P.H., M.S. and T.H.; Resources:
M.B.F.; Funding acquisition: J.W.; Project administration: P.H. and T.H.; Supervision: P.J.H. and J.W.;
Writing—Original Draft P.H.; Writing—Review & Editing: T.H., M.S., M.B.F., W.S.S., P.J.H. and J.W.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Austrian Science Fund (FWF). SFB-F54 grant awarded to
Johann Wojta. Open Access Funding by the Austrian Science Fund (FWF).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and was approved by the Institutional Ethics Committee of the Medical
University of Vienna (EK1575/2014).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data from this study are available from the corresponding author
upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hong, M.; Clubb, J.D.; Chen, Y.Y. Engineering CAR-T Cells for Next-Generation Cancer Therapy. Cancer Cell 2020, 38, 473–488.

[CrossRef] [PubMed]
2. Labanieh, L.; Majzner, R.G.; Mackall, C.L. Programming CAR-T Cells to Kill Cancer. Nat. Biomed. Eng. 2018, 2, 377–391. [CrossRef] [PubMed]
3. Schmitt, A.; Reinhardt, P.; Hus, I.; Tabarkiewicz, J.; Roliñski, J.; Barth, T.; Giannopoulos, K.; Dmoszyñska, A.; Wiesneth, M.;

Schmitt, M. Large-Scale Generation of Autologous Dendritic Cells for Immunotherapy in Patients with Acute Myeloid Leukemia.
Transfusion 2007, 47, 1588–1594. [CrossRef] [PubMed]

4. Fesnak, A.; Lin, C.; Siegel, D.L.; Maus, M.V. CAR-T Cell Therapies From the Transfusion Medicine Perspective. Transfus. Med. Rev.
2016, 30, 139–145. [CrossRef]

5. Krychtiuk, K.A.; Lenz, M.; Richter, B.; Hohensinner, P.J.; Kastl, S.P.; Mangold, A.; Huber, K.; Hengstenberg, C.; Wojta, J.;
Heinz, G.; et al. Monocyte Subsets Predict Mortality after Cardiac Arrest. J. Leukoc. Biol. 2021, 109, 1139–1146. [CrossRef]

6. Pfluecke, C.; Wydra, S.; Berndt, K.; Tarnowski, D.; Cybularz, M.; Jellinghaus, S.; Mierke, J.; Ende, G.; Poitz, D.M.; Barthel, P.; et al.
Mon2-Monocytes and Increased CD-11b Expression before Transcatheter Aortic Valve Implantation Are Associated with Earlier
Death. Int. J. Cardiol. 2020, 318, 115–120. [CrossRef]

7. Shantsila, E.; Ghattas, A.; Griffiths, H.R.; Lip, G.Y.H. Mon2 Predicts Poor Outcome in ST-Elevation Myocardial Infarction. J. Intern.
Med. 2019, 285, 301–316. [CrossRef]

8. Leers, M.P.G.; Keuren, J.F.W.; Frissen, M.E.P.W.; Huts, M.; Kragten, J.A.; Jie, K.-S.G. The Pro- and Anticoagulant Role of
Blood-Borne Phagocytes in Patients with Acute Coronary Syndrome. Thromb. Haemost. 2013, 110, 101–109. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms23031881/s1
https://www.mdpi.com/article/10.3390/ijms23031881/s1
http://doi.org/10.1016/j.ccell.2020.07.005
http://www.ncbi.nlm.nih.gov/pubmed/32735779
http://doi.org/10.1038/s41551-018-0235-9
http://www.ncbi.nlm.nih.gov/pubmed/31011197
http://doi.org/10.1111/j.1537-2995.2007.01328.x
http://www.ncbi.nlm.nih.gov/pubmed/17725721
http://doi.org/10.1016/j.tmrv.2016.03.001
http://doi.org/10.1002/JLB.5A0420-231RR
http://doi.org/10.1016/j.ijcard.2020.05.030
http://doi.org/10.1111/joim.12847
http://doi.org/10.1160/TH12-09-0643


Int. J. Mol. Sci. 2022, 23, 1881 19 of 20

9. Tortola, L.; Jacobs, A.; Pohlmeier, L.; Obermair, F.-J.; Ampenberger, F.; Bodenmiller, B.; Kopf, M. High-Dimensional T Helper Cell
Profiling Reveals a Broad Diversity of Stably Committed Effector States and Uncovers Interlineage Relationships. Immunity 2020,
53, 597–613.e6. [CrossRef]

10. Peng, Y.; Mentzer, A.J.; Liu, G.; Yao, X.; Yin, Z.; Dong, D.; Dejnirattisai, W.; Rostron, T.; Supasa, P.; Liu, C.; et al. Broad and Strong
Memory CD4+ and CD8+ T Cells Induced by SARS-CoV-2 in UK Convalescent Individuals Following COVID-19. Nat. Immunol.
2020, 21, 1336–1345. [CrossRef]

11. Newell, E.W.; Sigal, N.; Bendall, S.C.; Nolan, G.P.; Davis, M.M. Cytometry by Time-of-Flight Shows Combinatorial Cytokine
Expression and Virus-Specific Cell Niches within a Continuum of CD8+ T Cell Phenotypes. Immunity 2012, 36, 142–152. [CrossRef]
[PubMed]

12. Cossarizza, A.; Chang, H.; Radbruch, A.; Acs, A.; Adam, D.; Adam-Klages, S.; Agace, W.W.; Aghaeepour, N.; Akdis, M.; Allez, M.; et al.
Guidelines for the Use of Flow Cytometry and Cell Sorting in Immunological Studies (Second Edition). Eur. J. Immunol. 2019, 49,
1457–1973. [CrossRef] [PubMed]

13. Mallone, R.; Mannering, S.I.; Brooks-Worrell, B.M.; Durinovic-Belló, I.; Cilio, C.M.; Wong, F.S.; Schloot, N.C.; on behalf of the
Immunology of Diabetes Society T-Cell Workshop Committee. Isolation and Preservation of Peripheral Blood Mononuclear
Cells for Analysis of Islet Antigen-Reactive T Cell Responses: Position Statement of the T-Cell Workshop Committee of the
Immunology of Diabetes Society: PBMC Preparation for T Cell Assays. Clin. Exp. Immunol. 2011, 163, 33–49. [CrossRef] [PubMed]

14. Trück, J.; Mitchell, R.; Thompson, A.J.; Morales-Aza, B.; Clutterbuck, E.A.; Kelly, D.F.; Finn, A.; Pollard, A.J. Effect of Cryopreser-
vation of Peripheral Blood Mononuclear Cells (PBMCs) on the Variability of an Antigen-Specific Memory B Cell ELISpot. Hum.
Vaccin. Immunother. 2014, 10, 2490–2496. [CrossRef]

15. Stevens, V.L.; Patel, A.V.; Feigelson, H.S.; Rodriguez, C.; Thun, M.J.; Calle, E.E. Cryopreservation of Whole Blood Samples
Collected in the Field for a Large Epidemiologic Study. Cancer Epidemiol. Biomark. Prev. 2007, 16, 2160–2163. [CrossRef]

16. Martikainen, M.-V.; Roponen, M. Cryopreservation Affected the Levels of Immune Responses of PBMCs and Antigen-Presenting
Cells. Toxicol. In Vitro 2020, 67, 104918. [CrossRef]

17. Verschoor, C.P.; Kohli, V.; Balion, C. A Comprehensive Assessment of Immunophenotyping Performed in Cryopreserved
Peripheral Whole Blood: Testing Cryopreserved Blood for Immunophenotyping. Cytometry 2018, 94, 818–826. [CrossRef]

18. Draxler, D.F.; Madondo, M.T.; Hanafi, G.; Plebanski, M.; Medcalf, R.L. A Flowcytometric Analysis to Efficiently Quantify
Multiple Innate Immune Cells and T Cell Subsets in Human Blood: Flowcytometric Analysis of Human Blood. Cytometry 2017,
91, 336–350. [CrossRef]

19. Lemieux, J.; Jobin, C.; Simard, C.; Néron, S. A Global Look into Human T Cell Subsets before and after Cryopreservation Using
Multiparametric Flow Cytometry and Two-Dimensional Visualization Analysis. J. Immunol. Methods 2016, 434, 73–82. [CrossRef]

20. Weber, C.; Shantsila, E.; Hristov, M.; Caligiuri, G.; Guzik, T.; Heine, G.H.; Hoefer, I.E.; Monaco, C.; Peter, K.; Rainger, E.; et al. Role
and Analysis of Monocyte Subsets in Cardiovascular Disease. Joint Consensus Document of the European Society of Cardiology
(ESC) Working Groups “Atherosclerosis & Vascular Biology” and “Thrombosis.”. Thromb. Haemost. 2016, 116, 626–637. [CrossRef]

21. Barcelo, H.; Faul, J.; Crimmins, E.; Thyagarajan, B. A Practical Cryopreservation and Staining Protocol for Immunophenotyping
in Population Studies. Curr. Protoc. Cytom. 2018, 84, e35. [CrossRef] [PubMed]

22. Njai, H.F.; Gombe, B.; Khamis, T.; Birungi, J.; Ruzagira, E.; Admassu, D.; Tarragona-Fiol, T.; Porter, K.; Stevens, G.;
Mugisha, J.; et al. Setting Up a Standardized Peripheral Blood Mononuclear Cells Processing Laboratory to Support Multi-Center
HIV/AIDS Vaccine and Intervention Trials. Lab. Med. 2011, 42, 711–718. [CrossRef]

23. Krychtiuk, K.A.; Lenz, M.; Koller, L.; Honeder, M.C.; Wutzlhofer, L.; Zhang, C.; Chi, L.; Maurer, G.; Niessner, A.; Huber, K.; et al.
Monocyte Subset Distribution Is Associated with Mortality in Critically Ill Patients. Thromb. Haemost. 2016, 116, 949–957.
[CrossRef] [PubMed]

24. Weng, N.-P.; Akbar, A.N.; Goronzy, J. CD28− T Cells: Their Role in the Age-Associated Decline of Immune Function. Trends
Immunol. 2009, 30, 306–312. [CrossRef]

25. Kazem, N.; Sulzgruber, P.; Thaler, B.; Baumgartner, J.; Koller, L.; Laufer, G.; Steinlechner, B.; Hohensinner, P.; Wojta, J.; Niessner, A.
CD8+CD28null T Lymphocytes Are Associated with the Development of Atrial Fibrillation after Elective Cardiac Surgery. Thromb.
Haemost. 2020, 120, 1182–1187. [CrossRef]

26. Sulzgruber, P.; Koller, L.; Winter, M.-P.; Richter, B.; Blum, S.; Korpak, M.; Hülsmann, M.; Goliasch, G.; Wojta, J.; Niessner, A. The
Impact of CD4+CD28null T-Lymphocytes on Atrial Fibrillation and Mortality in Patients with Chronic Heart Failure. Thromb.
Haemost. 2017, 117, 349–356. [CrossRef]

27. Hanley, P.J. Fresh versus Frozen: Effects of Cryopreservation on CAR T Cells. Mol. Ther. 2019, 27, 1213–1214. [CrossRef]
28. Schmid, M.C.; Khan, S.Q.; Kaneda, M.M.; Pathria, P.; Shepard, R.; Louis, T.L.; Anand, S.; Woo, G.; Leem, C.; Faridi, M.H.; et al.

Integrin CD11b Activation Drives Anti-Tumor Innate Immunity. Nat. Commun. 2018, 9, 5379. [CrossRef]
29. Zhou, X.; Gao, X.-P.; Fan, J.; Liu, Q.; Anwar, K.N.; Frey, R.S.; Malik, A.B. LPS Activation of Toll-like Receptor 4 Signals

CD11b/CD18 Expression in Neutrophils. Am. J. Physiol. Lung Cell. Mol. Physiol. 2005, 288, L655–L662. [CrossRef]
30. Waller, K.; James, C.; de Jong, A.; Blackmore, L.; Ma, Y.; Stagg, A.; Kelsell, D.; O’Dwyer, M.; Hutchins, R.; Alazawi, W. ADAM17-

Mediated Reduction in CD14++CD16+ Monocytes Ex Vivo and Reduction in Intermediate Monocytes with Immune Paresis in
Acute Pancreatitis and Acute Alcoholic Hepatitis. Front. Immunol. 2019, 10, 1902. [CrossRef]

http://doi.org/10.1016/j.immuni.2020.07.001
http://doi.org/10.1038/s41590-020-0782-6
http://doi.org/10.1016/j.immuni.2012.01.002
http://www.ncbi.nlm.nih.gov/pubmed/22265676
http://doi.org/10.1002/eji.201970107
http://www.ncbi.nlm.nih.gov/pubmed/31633216
http://doi.org/10.1111/j.1365-2249.2010.04272.x
http://www.ncbi.nlm.nih.gov/pubmed/20939860
http://doi.org/10.4161/hv.29318
http://doi.org/10.1158/1055-9965.EPI-07-0604
http://doi.org/10.1016/j.tiv.2020.104918
http://doi.org/10.1002/cyto.b.21526
http://doi.org/10.1002/cyto.a.23080
http://doi.org/10.1016/j.jim.2016.04.010
http://doi.org/10.1160/TH16-02-0091
http://doi.org/10.1002/cpcy.35
http://www.ncbi.nlm.nih.gov/pubmed/30040214
http://doi.org/10.1309/LM84WWEUSKT4ABXO
http://doi.org/10.1160/TH16-05-0405
http://www.ncbi.nlm.nih.gov/pubmed/27604519
http://doi.org/10.1016/j.it.2009.03.013
http://doi.org/10.1055/s-0040-1713096
http://doi.org/10.1160/TH16-07-0531
http://doi.org/10.1016/j.ymthe.2019.06.001
http://doi.org/10.1038/s41467-018-07387-4
http://doi.org/10.1152/ajplung.00327.2004
http://doi.org/10.3389/fimmu.2019.01902


Int. J. Mol. Sci. 2022, 23, 1881 20 of 20

31. Thaler, B.; Hohensinner, P.J.; Krychtiuk, K.A.; Matzneller, P.; Koller, L.; Brekalo, M.; Maurer, G.; Huber, K.; Zeitlinger, M.;
Jilma, B.; et al. Differential In Vivo Activation of Monocyte Subsets during Low-Grade Inflammation through Experimental
Endotoxemia in Humans. Sci. Rep. 2016, 6, 30162. [CrossRef] [PubMed]

32. Braudeau, C.; Salabert-Le Guen, N.; Chevreuil, J.; Rimbert, M.; Martin, J.C.; Josien, R. An Easy and Reliable Whole Blood
Freezing Method for Flow Cytometry Immuno-Phenotyping and Functional Analyses. Cytom. B Clin. Cytom. 2021,
100, 652–665. [CrossRef] [PubMed]

33. Anderson, J.; Toh, Z.Q.; Reitsma, A.; Do, L.A.H.; Nathanielsz, J.; Licciardi, P.V. Effect of Peripheral Blood Mononuclear Cell
Cryopreservation on Innate and Adaptive Immune Responses. J. Immunol. Methods 2019, 465, 61–66. [CrossRef] [PubMed]

34. Sart, S.; Ma, T.; Li, Y. Cryopreservation of Pluripotent Stem Cell Aggregates in Defined Protein-Free Formulation. Biotechnol. Prog.
2013, 29, 143–153. [CrossRef]

35. Clarke, D.M.; Yadock, D.J.; Nicoud, I.B.; Mathew, A.J.; Heimfeld, S. Improved Post-Thaw Recovery of Peripheral Blood
Stem/Progenitor Cells Using a Novel Intracellular-like Cryopreservation Solution. Cytotherapy 2009, 11, 472–479. [CrossRef]

36. Campbell, L.H.; Brockbank, K.G.M. Serum-Free Solutions for Cryopreservation of Cells. In Vitro Cell. Dev. Biol. Anim. 2007,
43, 269–275. [CrossRef]

37. Luo, Y.; Wang, P.; Liu, H.; Zhu, Z.; Li, C.; Gao, Y. The State of T Cells before Cryopreservation: Effects on Post-Thaw Proliferation
and Function. Cryobiology 2017, 79, 65–70. [CrossRef]

38. Appleby, L.J.; Nausch, N.; Midzi, N.; Mduluza, T.; Allen, J.E.; Mutapi, F. Sources of Heterogeneity in Human Monocyte Subsets.
Immunol. Lett. 2013, 152, 32–41. [CrossRef]

39. Kaiser, D.; Otto, N.M.; McCallion, O.; Hoffmann, H.; Zarrinrad, G.; Stein, M.; Beier, C.; Matz, I.; Herschel, M.; Hester, J.; et al.
Freezing Medium Containing 5% DMSO Enhances the Cell Viability and Recovery Rate After Cryopreservation of Regulatory T
Cell Products Ex Vivo and In Vivo. Front. Cell Dev. Biol. 2021, 9, 750286. [CrossRef]

40. Ong, S.-M.; Hadadi, E.; Dang, T.-M.; Yeap, W.-H.; Tan, C.T.-Y.; Ng, T.-P.; Larbi, A.; Wong, S.-C. The Pro-Inflammatory Phenotype
of the Human Non-Classical Monocyte Subset Is Attributed to Senescence. Cell Death Dis. 2018, 9, 266. [CrossRef]

41. Fendl, B.; Weiss, R.; Eichhorn, T.; Spittler, A.; Fischer, M.B.; Weber, V. Storage of Human Whole Blood, but Not Isolated Monocytes,
Preserves the Distribution of Monocyte Subsets. Biochem. Biophys. Res. Commun. 2019, 517, 709–714. [CrossRef] [PubMed]

42. Rundgren, I.M.; Bruserud, Ø.; Ryningen, A.; Ersvær, E. Standardization of Sampling and Sample Preparation for Analysis of
Human Monocyte Subsets in Peripheral Blood. J. Immunol. Methods 2018, 461, 53–62. [CrossRef] [PubMed]

43. Zarife, M.A.S.; Reis, E.A.G.; Carmo, T.M.A.; Lopes, G.B.; Brandão, E.C.M.; Silva, H.R.; Santana, N.; Martins-Filho, O.A.; Reis, M.G.
Increased Frequency of CD56Bright NK-Cells, CD3− CD16+ CD56− NK-Cells and Activated CD4 + T-Cells or B-Cells in Parallel
with CD4+ CDC25High T-Cells Control Potentially Viremia in Blood Donors with HCV: Lymphocyte Subsets in Blood Donors
with HCV. J. Med. Virol. 2009, 81, 49–59. [CrossRef] [PubMed]

44. Hayden, H.; Friedl, J.; Dettke, M.; Sachet, M.; Hassler, M.; Dubsky, P.; Bachleitner-Hofmann, T.; Gnant, M.; Stift, A. Cryopreser-
vation of Monocytes Is Superior to Cryopreservation of Immature or Semi-Mature Dendritic Cells for Dendritic Cell-Based
Immunotherapy. J. Immunother. 2009, 32, 638–654. [CrossRef]

45. Ferdowsi, S.; Abbasi-Malati, Z.; Pourfathollah, A.A. Leukocyte Reduction Filters as an Alternative Source of Peripheral Blood
Leukocytes for Research. Hematol. Transfus. Cell Ther. 2021, 43, 494–498. [CrossRef]

46. Haider, P.; Kral-Pointner, J.B.; Mayer, J.; Richter, M.; Kaun, C.; Brostjan, C.; Eilenberg, W.; Fischer, M.B.; Speidl, W.S.;
Hengstenberg, C.; et al. Neutrophil Extracellular Trap Degradation by Differently Polarized Macrophage Subsets. ATVB 2020,
40, 2265–2278. [CrossRef]

http://doi.org/10.1038/srep30162
http://www.ncbi.nlm.nih.gov/pubmed/27444882
http://doi.org/10.1002/cyto.b.21994
http://www.ncbi.nlm.nih.gov/pubmed/33544978
http://doi.org/10.1016/j.jim.2018.11.006
http://www.ncbi.nlm.nih.gov/pubmed/30447244
http://doi.org/10.1002/btpr.1653
http://doi.org/10.1080/14653240902887242
http://doi.org/10.1007/s11626-007-9039-z
http://doi.org/10.1016/j.cryobiol.2017.08.008
http://doi.org/10.1016/j.imlet.2013.03.004
http://doi.org/10.3389/fcell.2021.750286
http://doi.org/10.1038/s41419-018-0327-1
http://doi.org/10.1016/j.bbrc.2019.07.120
http://www.ncbi.nlm.nih.gov/pubmed/31387744
http://doi.org/10.1016/j.jim.2018.06.003
http://www.ncbi.nlm.nih.gov/pubmed/29906454
http://doi.org/10.1002/jmv.21340
http://www.ncbi.nlm.nih.gov/pubmed/19031471
http://doi.org/10.1097/CJI.0b013e3181a5bc13
http://doi.org/10.1016/j.htct.2020.10.963
http://doi.org/10.1161/ATVBAHA.120.314883

	Introduction 
	Results 
	The Choice of Cryopreservation Medium Affects Recovery and Viability of MNCs after Thawing 
	Cryopreservation Alters the Relative Distribution of Leukocyte Populations 
	Analysis of the Effect of Cryopreservation Media on the Relative Frequency of Individual Leukocyte Subsets 
	A 1-h Resting Period after Thawing Does Not Dramatically Alter Leukocyte Population Amounts 
	Changes in the Immunological Response to Bacterial Lipopolysaccharide after Storage in Different Cryopreservation Media 
	Cryopreservation Affects the Activatability of the CD11b Surface Integrin 
	Comparison of the Individual Cryopreservation Media for Different Experimental Research Questions 

	Discussion 
	Materials and Methods 
	Study Samples 
	MNC Isolation 
	Cryopreservation 
	Measurement of Absolute Cell Counts and Viability after Thawing 
	In Vitro MNC Stimulation 
	Flow Cytometry 
	Gene Expression Analysis 
	Protein Quantification 
	Statistical Analysis 

	References

