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Flow cytometric analyses of the viability, surface
marker expression and function of lymphocytes
from children following cryopreservation
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Abstract. Flow cytometric analysis is important for the
investigation and clinical preparation of lymphocytes from
children. However, the strict requirement of cell freshness
and inter-assay variability limits the application of this
methodology for pediatric investigations. Therefore, it is
necessary to identify a reliable cryopreservative method
capable of maintaining high cell viability and proper cell
function in lymphocytes from children. In the present study,
eight commonly-used cell cyropreservative methods were
used, and their effects on cell viability, surface marker
expression and cell function were examined. In addition,
how these methods affect the distribution of T-cell receptor
VP subfamilies were also determined. The results of the
present study provided valuable experimental evidence,
based on which the optimal method for the cryopreservation
of lymphocytes from children in pediatric investigations and
clinical applications can be selected.

Introduction

Flow cytometry is a key approach for immunological
investigations, providing a convenient method to detect cell
differentiation markers, cytokines, transcriptional factors and
DNA content, in a number situations, simultaneously (1). It
has also been frequently used for the analyses of cell function,
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cytokine expression, cell apoptosis and proliferation. However,
in the majority of cases, flow cytometric analysis has a strict
requirement for fresh samples. Cell death not only alters the
expression level/pattern of cell surface markers, which is
critical for the accuracy of cell subpopulation determination,
but also affects the ex vivo cell function, which is closest to
the in vivo status experiments are aiming to recreate. This
strict time requirement causes limitations for investigations,
particularly clinical investigations, in two respects. Firstly, it
requires that samples are processed within a short time period
without delay. This problem is worsened if patient surgery
or other treatments are arranged later in the day. Secondly,
without an optimal protocol to preserve the sample, experi-
ments are performed discretely. As a result, the data collected
are of increased variance due to the unavoidable difference
generated from independent experiments. The inter-assay vari-
ance becomes more marked in certain complex experiments,
including cell stimulation in culture followed by intracellular
cytokine measurement.

Clinical trials or approved cell therapy, particularly
immunotherapy, require a large number of viable functional
cells. For example, the availability of large quantities of
functionally effective dendritic cells for immunotherapeutic
trials against infectious diseases is critical for the effec-
tiveness of cell therapy (2,3). The infusion of genetically
engineered T-cells with chimeric antigen receptors for cancer
therapy involves concentrated cell preparations (4). Another
example is the storage of cord blood, a valuable source of
hematopoietic stem cells for the treatment of several serious
diseases (5).

Therefore, the cryopreservation of immune cells is
indispensable for experimental and clinical use. Different
cryoprotectants, cytomedia additives and freezing procedures
are continuously being assessed to optimize cell cryopreserva-
tion for different purposes (6-9). The primary aim is to protect
cells from the adverse effects of the ice crystals formed, which
either completely destroys cells or eventually affects cell
viability and function.

As an effective cyroprotective formula, 10% dimethyl
sulfoxide (DMSO) in 90% fetal bovine serum (FBS) has been
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widely used, particularly for experimental purposes due to the
xenogenic property of FBS to humans and possible zoonotic
contamination. Unlike traditional pooled human serum, which
may contain viral or other bioactive contamination, human
serum albumin (HSA) combined with DMSO is frequently
selected as a standard protocol for clinical use (10).

Lymphocytes in children are different from those of adults
in terms of their subset proportions, cell functions and their
responsiveness to antigens (11,12). How cryopreservation
affects lymphocytes of children remains to be elucidated. In
the present study, alterations in cell viability, subset propor-
tion, cytokine production and T cell receptor (TCR) Vf
subfamily distribution were examined following the thawing
of cells from eight cryopreservation methods. The results
aimed to provide a valuable reference for the optimal storage
of blood cells from children for pediatric investigations and
clinical applications.

Materials and methods

Ethics statement. The present study was performed according
to the principles expressed in the Declaration of Helsinki
and was approved by the Ethics Committee of the Beijing
Children's Hospital, Capital Medical University (Beijing,
China). Whole blood samples from 80 children aged 1-6 years
old (38 female, 42 male) were collected in Beijing Children's
Hospital following the provision of written informed consent
for its use for experimental purposes from the children's
parents or guardians.

Blood sample collection. Patients at Beijing Children's
Hospital were recruited to the present study between June
2014 and June 2015. Patients with immune system-associated
diseases or diseases affecting lymphocyte proportion and
function were excluded. All blood samples were collected
in EDTA blood collection tubes. The experiments were
performed at least three times to reduce single operating error
and sample variation. Within each cryopreservative method,
comparisons were made for the same sample between data
collected prior to freezing and that collected post-thawing.

Cell freezing and thawing. In method 1, the whole blood
sample was not pre-treated prior to freezing. In method 2,
DMSO (1:10 total blood volume) was added to the whole
blood prior to freezing. In methods 3 and 4, red blood cells
(RBCs) were lysed with RBC lysis buffer (OptiLyse C lysis
solution; Beckman Coulter, Miami, FL, USA). In methods 7
and 8, the RBCs were lysed with ammonium chloride lysing
solution (10X stock) containing 1.5 M NH,CI, 100 mM
NaHCO; and 10 mM EDTA-Na, (pH 7.4). The cells were
spun for 5 min at 500 RCF. The cell pellets were then washed
once with RPMI medium prior to being resuspended with
10% DMSO+90% FBS or with 10% DMSO+90% HSA,
respectively. In methods 5 and 6, lymphocytes were purified
from the whole blood by density gradient centrifugation
(1000 x g, 20 min, room temperature) over lymphocyte sepa-
ration medium. The cells were then washed and resuspended
with 10% DMSO +90% FBS or with 10% DMSO+90% HSA
as cryoprotective additives, respectively. The cells in the
cryovials were first stored at -80°C for 3 days in a Nalgene
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cell freezing container (Thermo Fisher Scientific, Inc.,
Watlham, MA, USA) filled with isopropanol, and then moved
to a -196°C liquid nitrogen tank for long-term storage. Cell
thawing was performed by removing the frozen vial from
the liquid nitrogen tank and immediately immersing it into a
37°C water bath for ~5 min with intermittent agitation. The
thawed cells were washed once with PBS and resuspended
with cell staining buffer or cell culture medium for the
respective experiments.

Cell count and viability assessment. The absolute cell count
was determined using a Millipore Guava Easycyte 8 flow
cytometer (EMD Millipore, Billerica, MA, USA). In brief,
with appropriate adjustment of FSC (47.3 V) and SSC (108 V)
voltages, granulocytes, monocytes and lymphocytes were well
separated. Targeting a total of 5,000 lymphocyte-gated events,
the flow cytometry recorded a volume of sample consumed,
and the number of lymphocytes (number/ul of loaded sample)
was calculated. The dilution factor (10) was then applied to
obtain the total lymphocyte cell count (cells/ml blood). The
sample was stained with 7-amino-actinomycin D (7-AAD)
to distinguish between the viable (7-AAD") and dead cells
(7-AAD").

Flow cytometric analysis. The fluorochrome-conjugated
mouse anti-human antibodies: Fluorescein isothiocyanate
(FITC)-CDS8, FITC-CDI16, phycoerythrin (PE)-CD4,
PE-interleukin (IL)-2, PEcy5-CD3, PEcy5-CD56,
PEcy5-CD19 and antigen presenting cell-interfron vy
(APC-IFNy) were purchased from BioLegend, Inc. (San
Diego, CA, USA). Incubation was conducted for at 4°C. For
surface staining, cells prior to freezing and after thawing,
and those harvested from cell culture were washed once with
PBS, and stained with antibodies in cell staining buffer (3%
FBS in PBS) in the dark for 25 min. For intracellular staining,
the Cytofix/Cytoperm™ Fixation/Permeabilization kit (BD
Biosciences, San Diego, CA, USA) was used according to
the manufacturer's protocol. For determining the TCR Vf(3
repertoire, the 10 Test Beta Mark VB-TCR repertoire kit
(Beckman Coulter) was used. FlowJo software, version 7.6
(Tree Star, Inc., Ashland, OR, USA) was used for flow cyto-
metric data analysis.

Cell culture and lymphocyte activation. A U-bottom 96-well
culture plate was coated with 10 yg/ml solution of anti-CD3
in sterile PBS and maintained at 4°C overnight. The cells
(1x10%/well) were cultured for 20 h at 37°C with 5% CO, in
complete RPMI 1640 medium (200 pl/well) supplemented with
10% FBS, 2 mM L-glutamine, 1% penicillin/streptomycin,
5 ng/ml IL-2 and anti-CD28 (2.5 pg/ml)-free antibodies.
Final lymphocyte activation was performed by adding PMA
(50 ng/ml) and ionomycin (1 pg/ml) in the presence of
GolgiStop (monensin; 2.5 pl/ml; BD Biosciences). The culture
was maintained in the incubator for another 5 h. The cells were
then washed twice with staining buffer prior to surface and
intracellular staining with PE-IL-2 and APC-IFNy.

Statistical analysis. A paired t-test was performed to
compare the differences between each fresh blood sample and
its corresponding thawed frozen sample in terms of surface
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marker and intracellular cytokine expression following acti-
vation. GraphPad Prism software, version 5 (GraphPad, Inc.,
La Jolla, CA, USA) was used for statistical analysis. P<0.05
was considered to indicate a statistically significant differ-
ence.

Results

Viability maintenance of lymphocytes cryopreserved using
different methods. In the present study, eight methods for the
cryopreservation of blood cells from children were compared.
As expected, the whole blood cells frozen directly without
any cryoprotective additive exhibited complete loss of the
typical cytometric pattern comprising the three major cell
populations of granulocytes, monocytes and lymphocytes,
based on FSC, vs. SSC values in flow cytometry (Fig. 1). The
addition of DMSO only to the whole blood prior to freezing
in method 2 resulted in the thawed cells exhibiting a similar
pattern to those frozen using method 1. The three major cell
populations were well maintained in the cells cryopreserved
with methods 3,4, 7 and 8, in which the RBCs were lysed first
(hemolysin for methods 3 and 4; NH,CI for methods 7 and 8)
followed by the addition of standard medium (90% FBS+10%
DMSO for methods 3 and 7; 90% HSA+10% DMSO for
methods 4 and 8) prior to freezing. There was an appreciable
decrease in SSC values for the granulocyte population. In
methods 5 and 6, in which the lymphocytes were isolated by
lymphocyte separation medium prior to being frozen with
10% DMSO+90% FBS or HSA, respectively, no alterations
in the FSC or SSC values of the lymphocyte population were
observed, compared with the same sample fresh following
collection.

Measuring the absolute number of viable lymphocytes
in the same sample prior to and following freezing revealed
that methods 1 and 2 resulted in a marked cell death (Fig. 2).
Following thawing from method 1, the remaining viable
(7-AAD") lymphocytes were 40% + 13 (mean + standard
error of the mean) of the lymphocytes measured in the
fresh sample. Method 2 was the least effective among the
cryopreservative methods in terms of their ability to main-
tain lymphocyte viability. The percentage of remaining
lymphocytes relative to the fresh sample was only 25% =+ 13.
The remaining methods (methods 3-8) maintained a mean
viability of lymphocytes between 59 and 77%, relative to their
respective cell counts determined prior to freezing. Among
these, method 5 provided the optimal lymphocyte protection,
with a viability of 77% + 10. However, the lymphocyte counts
prior to freezing with methods 5 and 6 decreased by 50%,
caused by the lymphocytes isolation procedure, compared
with the lymphocyte count in the same sample measured
without purification. Therefore, a high ratio of thawed viable
lymphocytes to their counterparts prior to freezing does not
necessarily indicate a high absolute lymphocyte count in the
thawed samples.

Changes in the percentage of the lymphocyte subpopulations
following cryopreservation. The present study then aimed
to determine how the different methods of cryopreservation
affected the percentages of lymphocyte subpopulations. As
shown in Fig. 3, methods 1 and 2 resulted in a significant
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decrease in the percentages of CD3* T-cells and CD19* B-cells
in the thawed cells, in the context of a marked decline in viable
lymphocytes. The percentage of CD16*CD56" NK cells in
method 1 was increased in lymphocyte gates, whereas the
average percentage of NK cells in method 2 decreased, but not
significantly. Method 3 resulted in a significant decrease in the
percentage of CD19* B cells, but not CD3* T cells, compared
with the measurements in the fresh sample. Method 4 exhib-
ited a decrease in the percentages of B and T cells, however,
this was not significant. By contrast, methods 3 and 4 led to
a statistically significant increase in the percentage of NK
cells. Method 5 also led to a significant alteration in the
percentage of B and T cells, however, this was in the oppo-
site direction. The percentage of B cells decreased, but that
of T cells increased, compared with their respective values
measured prior to freezing. By contrast, the percentage of NK
cells was not altered by method 5. Methods 6-8 maintained a
broad spectrum of lymphocyte subpopulations, as they did not
affect the percentage of B cells, NK cells or T cells, with the
exception of method 7, which showed a significant increase in
T cells, resembling that observed in method 5.

The present study then investigated whether CD4 and
CD8 T cells are differentially affected by cryopreservation,
which may lead to a percentage change in the CD3* T cell
gate. The data indicated that CD4 and CDS8, in the majority
of the methods, were proportionally affected. As shown in the
lower panel of Fig. 3, the relative CD4 or CD8 percentage in
the CD3* T cell population remained unaltered in methods 1,
2,3,4,7 and 8. Significant alterations existed in methods 5 and
6, of which the former caused a decrease in CDS8 cells and the
latter caused a decrease in CD4 T cells.

Functional changes of lymphocytes following cryopreserva-
tion. To determine whether there is an optimal freezing method
for the maximum maintenance of function of lymphocytes
from children, the present study determined the intracellular
expression of IFNy and IL-2 in the lymphocytes of children
being cryopreserved, the expression of which is the hallmark
of activated lymphocyte function. Following stimulation of the
thawed cells with anti-CD3/CD28 in the presence of PMA and
ionomycin in culture, no intracellular expression of IFNy or
IL-2 were detected in the cells cryopreserved using methods
1 and 2 due to extensive cell death. Upon stimulation of the
cells thawed from methods 3 and 4, which were confirmed to
have considerable viability, did not express intracellular IFNy
or IL-2. By contrast, cytokines were successfully detected in
the purified lymphocytes thawed from methods 5 and 6, and
those cryopreserved using methods 7 and 8 in which RBCs
were lysed with NH,CI (Fig. 4). In methods 5-8, although
the percentage of IFNy relative to its respective value in the
fresh sample varied between experiments, the mean fluores-
cence index (MFI) was invariably reduced in all independent
experiments. By contrast, the percentage and MFI of IL-2
were consistently decreased following cryopreservation in
every independent experiment, with method 8 as an exception.
The percentage and MFI of the intracellular staining of IL-2 in
method 8 were bidirectionally variable between experiments.

Altered TCR Vp subfamily distribution following cryopreserva-
tion. The measurement of bias-usage or diversity changes of the
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Figure 1. FSC and SSC pattern of blood samples following cryopreservation. Red blood cells in blood sample were lysed in OptiLyse C lysis solution and
cells were collected immediately as fresh data using a Beckman Coulter Epics XL flow cytometer. The remaining blood was treated and cryopreserved using
methods 1-6. Thawed samples from methods 1-6 were collected using the same flow cytometer and the same FSC and SSC voltage as used to collect the fresh
sample. Blood samples used for methods 7 and 8 differed from methods 1-6. The flow data for methods 7 and 8 and their corresponding flow data prior to
freezing (fresh) were generated using a BD FACScalibur flow cytometer with the same FSC and SSC settings. FSC, forward scatter; SSC, side scatter.
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Figure 2. Viability of lymphocytes in blood samples following cryopreserva-
tion. Red blood cells in the blood samples were lysed in OptiLyse C lysis
solution and the total viable lymphocyte counts were measured using a Guava
Easycyte 8 flow cytometer. Viable lymphocyte counts in the thawed samples,
cryopreserved using different methods were measured 10 days later and
expressed as a percentage relative to the respective lymphocyte count prior
to freezing (fresh). Each bar is based on four independent experiments, with
at least four blood samples collected for each method in each independent
experiment. Data are presented as the mean + standard error of the mean.

TCR V}f repertoire as an immune characteristic has been docu-
mented in several diseases and malignant conditions (13-16). The
results of the present study revealed that freezing differentially
affected cell death in different subsets, which caused percentage
changes in the lymphocyte subpopulations. The present study
then investigated whether any of the cryopreservative methods
supported the TCR Vf staining without causing a differential
change in the 24 V[ subfamilies. The preferential alteration of
particular subfamilies of V(B by cryopreservation results in a
change in Vf3 subfamily distribution, which leads to an error in
assessing the TCR repertoire (data not shown). To assess this,
the present study compared the percentages of 24 V3 subfami-
lies in the blood samples prior to freezing, and these values were
monitored following cryopreserved of the cells using methods
3-8. The cells directly preserved without cryoprotective addi-
tives or with the addition of DMSO only in methods 1 and 2,
respectively were found to cause extensive cell death. Therefore,
the antibody staining of TCR Vf3 stored in cells in these two
methods was omitted. The data collected from methods 3-8,
as shown in Fig. 5, were classified into three categories based
on the change in Vf subfamilies following cyropreservation.
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Figure 3. Surface CD marker expression of lymphocytes in blood samples following cryopreservation. Blood samples were cryopreserved using different
methods. The percentages of CD19* B cells, CD3*CD4* and CD3*CD8* T cells, and CD16*CD56* natural killer cells following thawing (frozen) are shown
compares with the percentage prior to freezing (fresh). Raw flow cytometry data were collected using a BD FACScalibur flow cytometer and analyzed
using FlowJo software. Paired #-tests were performed to compare differences between the fresh and frozen samples. "P<0.05; “P<0.01; “"P<0.001. Data are
represented as the mean + standard error of the mean. Each bar is based on five independent experiments. At least three blood samples were collected for each

method in each independent experiment.

Firstly, the percentage of V[ subfamilies were decreased by
all cryopreservative methods. These V[ subfamilies included
VB 5.2, VB 9 and VP 22 (Fig. 5A). Secondly, changes in the
percentages of certain Vf subfamilies were variable in a
method-dependent manner. These included Vf 5.1, 13.2, 14, 16,
18, 20 and Vf 23 (Fig. 5SB). Thirdly, the percentages of certain
V[ subfamilies were not affected by any of the cryopreservative
methods (Fig. 5C). These subfamilies included VB 1,2, 3,4,5.3,
7.1,72,8,11,12,13.1,13.6, 17 and 21.3.

Discussion

The ability to store lymphocytes, and maintain sufficient
viability and function has been an important issue for investi-
gations and clinical applications. The present study compared
several commonly used cryopreservation methods for the
efficient storage of lymphocytes of children, which differs from
that of adults with regard to the cell function and, possibly,
susceptibility to freezing. The data based on methods 1 and 2
showed that direct freezing of whole blood samples resulted in
extensive cell death. As shown in the FSC, vs. SSC flow plots in
Fig. 1, adding DMSO as a cyroprotective additive to the whole
blood exacerbated the cell death in cryopreservation. It is likely
that salt and/or other unknown small molecules in the plasma
of the whole blood contributed to the dominant detrimental
effect in the freeze-thaw cycle. The direct addition of 10%
DMSO in the context of insufficient endogenous human serum,
in which the endogenous human serum was <90% of the total
volume as suggested in the frozen medium formula, provided
no beneficial effect, and was toxic to cells. When the leukocytes

in the whole blood were washed with PBS and resuspended
with 10% DMSO+90% FBS or HSA in methods 3,4,7 and 8,
the thawed cells largely maintained their viability (Fig. 2). Of
note, an appreciable decrease in the granulocyte SSC values in
methods 3,4, 7 and 8 (Fig. 1) suggested a change in the internal
complexity of granulocytes as a result of freezing.

The changes in the percentage of lymphocyte subpopula-
tions in the present study suggested that, in certain situations
(Fig. 3; methods 3 and 5), CD19* B cells were more susceptible
to freezing damage, compared with CD3* T cells. The fact that
the percentage of NK cells increased in methods 3 and 4 is
possibly a reflection of relative decreases in B and T cells in the
lymphocyte population. It is likely that the increase of NK cells
in method 1 was a reflection of the substantial reduction of B and
T cells due to extensive cell death. However, the possibility that
the change in NK cells may have been a stochastic event cannot
be excluded; compared with other cells, the percentage of NK
cells exhibited the highest variability in different individuals.
This is complicated further when age-dependent NK change is
considered in children (17). With the exception of methods 1 and
2, the observation that cryopreservation induced a percentage
change in CD3* T cells in lymphocytes or CD4*/CD8" single
positive T cells in total CD3* T cells may be the result of insuf-
ficient sampling as these changes are marginal.

Isolating lymphocytes using separation medium
prior to freezing with standard cryoprotective medium
(methods 5 and 6), conferred protection of cell viability regard-
less of whether HSA or FBS was used. The data revealed that
the cells thawed from these two methods expressed intracellular
IFNy and IL-2 (Fig. 4), but not those from methods 3 and 4,
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Figure 4. Lymphocyte cell function following cryopreservation. Lymphocytes in the blood sample were isolated with lymphocyte separation medium and
cultured in U-bottom 96-well plates. Intracellular staining of IL-2 and IFNy were performed following stimulation of the cells with anti-CD3/CD28, PMA and
ionomycin. Maintenance of cell function following cryopreservation was evaluated by comparing the intracellular expression levels of IL-2 and IFNy between
fresh cultured lymphocytes and those thawed following different methods of cryopreservation. Methods 1 and 6 shared the same fresh sample. Results from
methods 7 and 8 were compared with their respective fresh samples. In the representative flow diagrams, the percentages and MFIs of IFNy and IL-2* cells in
lymphocytes gates were labeled. The percentage of IFNy*IL-2* double positive cells were also labeled. No IFNy or IL-2* cells were detected following use of
methods 1-4, therefore, the percentage and MFI were not labeled. At least four independent experiments were performed, with three samples of each method
in independent experiments. IL-2, interleukin-2; IFNy, interferon y; MFI, mean fluorescence intensity.

which has been confirmed to maintain cell viability and surface
marker expression. Commonly used hemolysin RBC lysis buffer
(Optilyse C lysis solution) contains formaldehyde as a fixative.
It is likely that the lymphocytes were partially fixed and that
activation of the lymphocytes was inhibited by hemolysin treat-
ment. This result provided experimental evidence that, when cell
functional analysis is planned, the hemolysin lysis method is not
suitable. When NH,CI was used instead of hemolysin RBC lysis
buffer in methods 7 and 8, the intracellular expression of IL-2
and IFNy recovered, compared with those in methods 3 and 4.
Of note, as the majority of monocytes and granulocytes were
lost in methods 5 and 6, these two methods are not suggested
for use if cells other than lymphocytes are the focus of interest
(Fig. 1). In addition, ~50% of total lymphocytes were lost by cell
isolation, which indicated this method is not suitable for experi-
ments or clinical preparations requiring large quantities of cells.

The cryopreservative method with the optimal perfor-
mance among the methods assessed in the present study
was method 8, in terms of the viability maintenance, surface
marker expression and cell function of activated lympho-
cytes. Considering the HSA used in method 8 is cheaper than
FBS and does not contain zoogenic substances, method 8
may be a cost-effective and safer cryopreservative approach
for clinical applications in addition to experimental investi-
gations.

The TCR repertoire, determined by specific antibodies
recognizing different TCR subfamilies with variable V[3
chains, is a useful index for antigen-specific responses,
including infection, immunodeficiency or autoimmune
diseases (18-20). However, in the present study, none of
the cryopreservative methods were found to maintain the
unbiased percentages of all the 24 V[3 subfamilies simul-
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Figure 5. TCR V{ repertoire following cryopreservation. A total of 24 TCR Vf3 subgroups were detected using flow cytometry and their percentages in thawed
samples following cryopreservation using the different methods were compared with their respective percentages prior to freezing (fresh). Changes in the
percentages caused by freezing are summarized as three groups. (A) All freezing methods caused a decrease in the percentage of the TCR Vf subgroups
indicated; (B) Variable method-dependent changes were observed in the percentages of the VP subgroups indicated; (C) No freezing methods altered the
percentages of the TCR V[ subgroups indicated. TCR Vf, T cell receptor Vf3.

taneously. Therefore, method-dependent alterations in the
percentages of particular V3 subfamilies were found, which
are misleading in forming conclusions on the TCR Vf} reper-
toire. Accordingly, accurate evaluation of the TCR repertoire
may be attained either by using fresh lymphocyte samples
or using sequencing technology from DNA material (21,22).
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