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ABSTRACT: The accurate quantification of T cell subtypes and their proportions
is of great significance in cell-based biomanufacturing, diagnosis, and advanced
therapy. The development and application of a cell reference material (RM) provide
a solid foundation for reliable and consistent T cell quantification worldwide.
However, creating a cell RM that is both accurate and practical remains a challenge.
In this study, we have developed a series of T cell RMs with a certified subtype
proportion based on traceable accurate quantification and stable long-term
preservation. We developed a quantitative flow cytometry method for the ratio of
T cell subtypes with improved accuracy by using the calibration of certified
reference materials of polystyrene beads. The relative standard deviation (RSD) for
the quantification of CD3+, CD4+, and CD8+ subtypes was 0.43%, 0.64%, and
1.31%, respectively. To ensure long-term stability, an innovative lyophilization
preservation technique was developed for our T cell RMs. The morphology and
surface antigens (CD45, CD3, CD4, and CD8) of T cell RMs were characterized after lyophilization using immunofluorescence,
demonstrating their equally good integrity compared with fresh cells. Their stability at 4 °C was demonstrated by continuous
monitoring over 12 months. The final value assignment of the RMs was performed through quantification using flow cytometry in
different laboratories. One of our RMs has been applied for the calibration of 54 different flow cytometry instruments. The T cell
RMs have outstanding potential in the quality control of multiparameter flow cytometry measurements, and we believe they have
great application prospects for the establishment and validation of T cell assays.

■ INTRODUCTION
Cell counting1 is a fundamental measurement in biotechnol-
ogy. The quantitative analysis of human T cells,2−4 particularly
the ratio of their specific immune phenotypes,5 plays a vital
role in diagnosis6 and therapy7,8 across numerous domains.
Critical immune phenotypes exhibit different valuable bio-
logical functions: CD8+ T cells can exert antitumor effects in
vivo, while CD4+ T cells play a crucial role in promoting the
function, expansion, and persistence of CD8+ T cells.9,10

Preclinical studies have suggested that a defined CD4:CD8
ratio could lead to superior antitumor efficacy in CAR-T cell
therapy.11 Therefore, quantification analysis of T cell
phenotypes become a widely used tool in clinical diagnosis
and cell therapy.12−14 For example, infection of the human
immunodeficiency virus (HIV) leads to a significant reduction
in CD4+ T cells,15 making CD4+ T cell counting a crucial
indicator for the determination of treatment for AIDS patients,
including the antiretroviral therapy when CD4+ T cell count is
below 350 cells/μL or chemoprophylaxis when the CD4+ T
cell count is below 200 cells/μL.16,17 Additionally, the
proportions of different T cell subtypes significantly impact
the efficacy of immune cell therapies,18 such as CAR-T cell

manufacturing, cell-based pharmacokinetics, and T cell
leukemia/lymphoma diagnosis.
Flow cytometry is the most widely used method for the

quantification of T cell subtypes.19 However, the complexity of
sample processing and differences in hardware platforms
present challenges to achieving consistency and accuracy.20

Therefore, there is an urgent need for the research of T cell
reference materials (RMs) with advanced metrological trace-
ability to improve the reliability of T cell analysis.21

Fluorescent polystyrene beads have been developed as a
high-grade reference material for microparticle counting. The
beads typically contain one or more fluorescent dyes with
uniform sizes and certified numbers, making them suitable for
the calibration of flow cytometry instruments. However, the
analysis of beads, which shows different scattering and omits
the immunofluorescence labeling process, is not representative
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of real cells. Although NIH once developed a standard of
CAR/TCR-T cells flow cytometry quality control,22 its
feasibility was quite limited due to the stringent storage
conditions in liquid nitrogen. Another critical issue with cell
reference materials is the lack of metrological traceability and
comparability during cell quantification. In 2017, the National
Institute of Standards and Technology (NIST) and the US
Food and Drug Administration (FDA) jointly hosted a
workshop23 for cell counting, to address the lack of
measurement assurance for cell counting. In general, there is
an urgent need to establish real cell reference materials with
long-term preservation strategies, accurate quantification, and
metrological traceability.
In this study, we developed two T cell RMs (RM1 and

RM2) with varying levels of purity and different proportions of
the T cell subtype. Initially, the T lymphocytes were purified
from peripheral blood mononuclear cells (PBMCs) and
lyophilized under optimized experiment conditions. The
resulting cell RMs were shown to be uniform and pure, with

an excellent intact morphology, even when compared with the
fresh cells. We then established a metrologically traceable
quantification for cell numbers and portions, using microbeads
and RM as internal standards for the calibration of each flow
cytometry measurement. The value assignment of the RMs was
conducted through coordinated measurements in multiple
laboratories, and one of the cell RMs has been widely applied
for the calibration of 54 different flow cytometry instruments.
We believe these cell RMs will provide valuable support for the
quality control and metrological traceability of T cell analysis,
contributing to improved consistency across different testing
platforms, at different testing times and by different operators.

■ METHODS AND REAGENTS
Materials and Reagents. Peripheral blood mononuclear

cells (PBMCs) from healthy adults were prepared by Hycells
(Shanghai) and T cell isolation kit by T cell, Miltenyi Biotec.
Antibodies used in the study include APC antihuman CD45
Antibody (Biolegend), fluorescein isothiocyanate (FITC)

Figure 1. (A) Preparation of T cell RMs including immunospecific enrichment and lyophilization. One-time purification was performed for RM1,
and two-time purification was performed for RM2. Optical microscopy images of (B) fresh PBMCs and (C) T cell RM. The red circles indicated T
cells. Immunofluorescence images of T cells (D) in fresh PBMCs and (E) in T cell RM. The first column is the entire field of the image, and the
second to fourth columns are enlarged images of different channels in the white box. The nucleus was stained with DAPI (blue). T cells were
immunostained using specific antibodies. The first line is CD45 (green), the second line is CD3 (green), the third line is CD4 (magenta), and the
fourth line is CD8 (magenta). Green: Alexa Fluor 488 conjugated secondary antibody, magenta: Alexa Fluor 647 conjugated secondary antibody.
All of the scale bars are 10 μm. RM1 was taken as an example in this figure.
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antihuman CD3 Antibody (Biolegend), PE antihuman CD4
Antibody (Biolegend), PerCP-Cyanine5.5 antihuman CD8a
Antibody (Biolegend), CD45 Monoclonal Antibody (Invi-
trogen), CD4Monoclonal Antibody (CST), CD3Monoclonal
Antibody (Invitrogen), CD8a Monoclonal Antibody (Abcam),
Goat anti-Mouse IgG (H + L) Alexa Fluor 488 (Invitrogen),
and Donkey anti-Rabbit IgG (H + L) Alexa Fluor 647
(Invitrogen). Phosphate-buffered saline (PBS) (pH 7.2) was
from Gibco. Microns Fluorescent Count Particles Reference
Material (GBW(E)120142).

T Cell Purification. PBMCs were first incubated with a
mixture of biotinylated monoclonal antibodies (anti-CD14,
CD15, CD16, CD19, CD34, CD36, CD56, CD123, and
CD235a), and then captured by antibiotin-IgG-covered
magnetic beads. Finally, these non-T-cells were magnetically
separated by using a magnetic field. Finally, most of the CD3+

cells were enriched. This magnetic purification was performed
one time for RM1 and two times for RM2, to achieve different
levels of purification.

Cell Lyophilization. The purified T lymphocytes were
resuspended in a freezing medium containing sucrose in PBS,
mixed at 4 °C for 10 min, and then divided into 3 mL glass
vials with 1 million cells in each vial. The samples were placed
in a vacuum freeze-dryer (Tofflon lyo-0.5) and subjected to 48
h of vacuum lyophilization at −45 °C before being sealed
under vacuum.

Rehydration of Lyophilized Samples. The lyophilized T
cell RM was brought to room temperature and allowed to
stand for at least 10 min before carefully removing the cap of
the glass vial. Special attention should be given to the initial
low air pressure inside the vial. Then, 0.6 mL of rehydration
solution (2% BSA in PBS) was added, followed by gentle
mixing and incubation at room temperature for 10 min.

Sample Staining for Flow Cytometric Analysis. Four
single-staining samples were prepared by adding a fluorescent
labeled antibody (CD45-APC, CD3-FITC, CD4-PE, or CD8-
PerCP-Cy5-5, respectively) into the rehydrated cell suspen-
sion, while the multistaining was performed by adding all four
antibodies together. All samples were incubated in the dark for
1 h after the centrifugation to remove the supernatant at 500g
for 5 min. The cell pellet was washed with 1 mL of PBS
followed by centrifugation again at 500g for 5 min. Then, it was
resuspended in 1 mL of PBS before being analyzed using a flow
cytometer (FACS Canto II, BD). Before quantification, the
compensation of the flow cytometer was adjusted using four
single-staining samples and one unstained cell sample for a
minimal leakage between the four channels. The sample tubes
with multistaining were then analyzed, collecting at least
10,000 events each time.

Imaging and Immunofluorescence. Rehydrated T cell
RM was incubated with monoclonal antibodies (CD45, CD3,
CD4, and CD8) as primary antibodies at room temperature for
1 h to overnight at 4 °C. In the four groups of cells incubated
with primary antibodies, species-specific fluorescent secondary
antibodies were added and incubated at room temperature in
the dark for 1 h. The cells were washed once with 1 mL of PBS
and centrifuged to remove the supernatant. The cell pellet
from the previous step was resuspended in 50 μL of Antifade
Mounting Medium (Beyotime). Immunostained cells were
imaged by using a confocal microscope (Leica STELLARIS 8).

■ RESULTS AND DISCUSSION
T Cell Purification. The development of a cell RM faces

critical challenges, including homogeneity, stability, and the
realization of specific ratios of cell subtypes. In this section
(Figure 1A), we took PBMCs as the starting material and
employed a purification process to enrich T cells with the CD3
surface antigen from PBMCs. Through an antigen-specific
magnetic separation, most of the other cells expressing
nontarget antigens (CD14+, CD15+, CD16+, CD19+, CD34+,
CD36+, CD56+, CD123+, and CD235a+) were removed. Two
candidate T cell RMs were purified using different levels of
magnetic purification: a low-purity T cell RM (RM1) through
one-time magnetic separation and a high-purity T cell RM
(RM2) through two-time magnetic separation.
The microscopic imaging confirmed the effectiveness of the

purification process. In contrast to the fresh T cells (Figure
1B) showing obvious heterogeneity of cell morphology, the
purified sample (RM1, as an example) contained predom-
inantly T cells with a consistent cell population (Figure 1C).
Furthermore, the components of the prepared cell samples
(RM1 and RM2) were also characterized by a flow cytometer.
Specifically, 99.9% of all of the remaining cells in both RM1
and RM2 were CD45+ lymphocytes. Among these CD45+
lymphocytes, the proportion of T cells (CD3+) was higher than
89% in RM1 (Figure S1A) and 99% in RM2 (Figure S1B). In
summary, two cell samples containing different proportions of
T cells were successfully prepared.

Lyophilization. T cells are fragile and prone to breakage,
traditionally requiring storage in liquid nitrogen. Lyophilization
is a long-term storage method for delicate samples, such as
nucleic acids and proteins. However, there is currently a lack of
research on lyophilization techniques for T cells. In the
absence of a cryoprotectant, T cell rupture occurs after
lyophilization-rehydration, limiting the development of T cell
RMs. In this study, we optimized the components and
concentrations of cryoprotectant for T cells and demonstrated
that the cryoprotectant (8% sucrose and 8% trehalose)
provides excellent preservation of cell morphology (Figure
S2A). Subsequently, we established and optimized a
lyophilization for the long-term preservation of the RMs. We
researched a cryoprotectant containing sucrose and trehalose
to preserve intact cell membranes under harsh freeze-drying
conditions. By comparing different concentrations of sucrose
and trehalose in our cryoprotectant and assessing the flow
cytometry results, we found that (Figure S2B,C) the higher
concentration (8% sucrose and 8% trehalose) provided the
best protection for the cells, generating the highest MFI of
mean fluorescence intensity (MFI) during flow cytometry
analysis. In contrast, reduced sucrose and trehalose (2 or 0.5%)
led to lower MFI, likely due to damaged cell phenotype or
inactivated surface antigens. The microscopic imaging
demonstrated the intact cell morphology of our RMs after
lyophilization-rehydration (Figure S2D), while many cells were
ruptured without this protection (PBS was used instead;
Figure S2D).
Immunofluorescence imaging analysis was further conducted

to investigate the cell morphology at the subcellular level after
lyophilization. Results showed that T cell RM1, rehydrated
after lyophilization, exhibited cellular membranes and nuclei
that were highly consistent with fresh T cells (Figure 1D).
Effective localization of CD45, CD3, CD4, and CD8 on the
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cell membrane was also observed (Figure 1E). A similar
investigation result was achieved for RM2 (Figure S2E).
These characterization results demonstrate the production

of two T cell RMs with specific subtype proportions as well as
the successful preservation of the cell morphology after
lyophilization.

Quantitative Flow Cytometry for the Value Assign-
ment of T Cell RMs. Establishing flow cytometry for the value
assignment of the cell RMs is much more challenging than
routinely applied flow cytometry assays due to the higher

requirement of accuracy, stability, and precision.21 This section
established a quantification flow cytometry method with solid
metrological traceability of cell counting to obtain accurate
proportions of subtypes: CD3+, CD4+, and CD8+ in RM1 and
CD4+ in RM2.
Initially, antigen staining for flow cytometry was investigated

as it significantly affects the discrimination between negative
and positive cell populations. Excessive or insufficient staining
time can lead to poor discrimination. Staining times for
different antigens were studied at intervals of 5, 10, 30, 60, and

Figure 2. Optimization and investigation of the multiparameter flow cytometry method. (A) Optimization of staining times for CD45, n = 3
independent replicate experiments. (B) Stain index (SI) of CD3, CD4, and CD8 antibodies. (C) Cell counting using calibration of microbeads, and
the gating of the CD45+ cells and microbeads. (D) Gating of CD3+, CD4+, and CD8+ cells in the CD45+ cells to obtain the number of events in the
defined region. (E) Number of CD45+ cells after one year of storage at 4 °C. Error bars represent standard deviation (SD). P-value >0.05. (F) T
cell was subjected to multiparameter flow cytometry analysis for five consecutive days, with nine measurements on each day. The gray area
represents the range of ±5% interval of the target value. (G) Statistical of MFI for CD3, CD4, and CD8 in day 5.
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120 min, and the fluorescent intensity was compared. As
depicted in Figure 2A, the CD45 signal (stained by CD45-
APC) increased with longer staining time, reaching its
maximum at 120 min.
Similar trends were observed for the positive signals of

CD3+, CD4+, and CD8+ cell populations (Figure S3A−C), but
some inevitable nonspecific staining of CD3−, CD4−, and
CD8− cells was observed with prolonged staining time. Upon
comparison of the stain index (SI), which is the ratio of
positive and negative signals, it was determined that a 60 min
staining time was optimal for all three antigens (CD3+, CD4+,
and CD8+) (Figure 2B).
Second, variation of the sample volume is a critical source of

variation for flow cytometry quantification of total cell
numbers. To address this, we calibrated our cell counting by
using microbeads with a known particle number as an internal
standard in flow cytometry.24,25 As the result showed (Figure
2C), the fluorophores on the microbeads (excitation: 390−630

nm, emission: 500−750 nm) could be detected under the same
condition of antibody-stained T cell RM1. The microbeads
and cells were dramatically separated into distinct populations
in the flow cytometry plots, enabling accurate gating.
Subsequently, we obtained the event counts within defined
regions containing different subtypes of cells and a known
concentration of microbeads. The total number of lympho-
cytes (CD45+) was measured and calibrated by using eq 1,
which was the foundation of the following quantification of the
proportions of subtypes: CD3+, CD4+, and CD8+ cells in
CD45+ lymphocytes (Figure 2D). The stability of the total
number of CD45+ lymphocytes at 4 °C for 12 months was
demonstrated (Figure 2E), and its cellular morphology and
staining of CD45, CD3, CD4, and CD8 remained consistent
with those of fresh T cells (Figure S3D). By introducing the
number of microbeads in the RM, which was from absolute
counting under a microscope, we established the metrology

Figure 3. Homogeneity, stability, and cross-laboratory measurements of T cell RM1. (A) Homogeneity investigation. Fifteen randomly selected
vials were taken from 200 T cell RM1 samples, and CD3+, CD4+, and CD8+ proportions were measured three times for each sample under the
same conditions. (B) Stability of T cell RM1 within 15 days at 20 °C, n = 3 independent replicate experiments, error bars represent SD. (C)
Stability of T cell RM1 within 12 months at 4 °C, n = 3 independent replicate experiments; error bars represent SD. (D) Stability after rehydration
of T cell RM1 within 96 h at 4 °C, n = 3 independent replicate experiments, error bars represent SD. (E) Measurement results of T cell RM1 from
six different laboratories.
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traceability of cell counting for the development of our cell
RMs.

= ×C
N
N

N
Vcells

cells

B

BS

(1)

where Ccells is the concentration of cells to be measured (cells/
μL), Ncells is the number of events in defined regions
containing cells, NB is the number of events in defined regions
containing microbeads, NBS is the standard particle number in
RM of microbeads, and V is the sample volume (μL).
Next, we measured the percentage of three main subtypes:

CD3+, CD4+, and CD8+ in total CD45+, using eqs 2−4.

= ×P
C
C

100%CD3
CD3

CD45 (2)

= ×P
C
C

100%CD4
CD4

CD45 (3)

= ×P
C
C

100%CD8
CD8

CD45 (4)

where PCD3, PCD4, and PCD8 are the proportions of CD3+,
CD4+, and CD8+ cells in T cell RM, respectively.
We further conducted a systematic investigation and

optimization of this quantification flow cytometry method.
Initially, we assessed the sensitivity by analyzing consecutively
diluted cell samples. A specific number of unstained cells were
added into our stained cells to achieve a series of cell ratios
(stained cells:total cells) of 1:1, 1:10, 1:100, and 1:1000
(Figure S4), which were then quantified by our flow cytometry
method. The results showed that the number of detected cells
decreased in correlation with the dilution, exhibiting a perfect
linear correlation with the dilution factors. Even when the cells
were diluted 100 times (1:100), the subtypes of stained cells
remained detectable with a low relative standard deviation
(RSD) of less than 5%, indicating excellent reliability and
precision. Consequently, the detection limit of our method was
determined to be 1:100 (Table S1).
Then, we assessed the repeatability and comparability of

flow cytometric quantification at different times, which are
crucial for RM value assignment. T cell RM1 was analyzed nine
times per day over five consecutive days (Figure 2F). The RSD
for the quantification of CD3+, CD4+, and CD8+ subtypes was
found to be 0.43, 0.64, and 1.31% across five experimental
days, respectively (Table S2). Additionally, there was a
significant difference in MFI between the positive and negative
populations of CD3, CD4, and CD8 (Figure 2G). The flow
cytometry results of different cell subtypes indicated that the
positive group’s MFI was 2 orders of magnitude higher than
that of the negative group. In summary, the above results
strongly demonstrate the metrology traceability, sensitivity,
and repeatability of our quantitative flow cytometry method for
the value assignment of T cell RMs.

Quantification and Inspection of Our T Cell RMs. The
homogeneity of cell RMs presents more challenges than
dissolvable chemical reagents because the dispersibility of cells
is low, and vigorous mixing should be avoided for the
protection of the cell membrane. Therefore, prior to
lyophilization, the cell RMs were separated into 200 vials
under very gentle and continuous vortexing. We then
investigated the homogeneity between vials by analyzing 15
randomly selected vials. Each sample was measured three times

for the proportion of CD3+, CD4+, and CD8+ cells (Figure
3A). Fortunately, the results indicated excellent homogeneity
according to single-factor analysis of variance (ANOVA)
(Table S3).
The lyophilization step effectively improved the stability of

the cell RMs, which is critical for their practical application. We
investigated the preservation of lyophilized cell RMs under
storage under different conditions by monitoring the
proportion of cell subtypes. First, several lyophilized vials of
RM1 were stored at ambient temperature (20 °C), and the
proportions of CD3+, CD4+, and CD8+ subtypes were
measured 7 times over a 15-day period. The results were
maintained statistically stable, demonstrating 15-day stability of
the cell RMs at 20 °C (Figure 3B and Table S4). Second, a
similar investigation of stability was performed under 4 °C,
showing longer preservation over 12 months (Figure 3C and
Table S5). Third, the stability after rehydration was studied.
Some lyophilized T cell RMs were rehydrated by adding PBS
containing 2% bovine serum albumin (BSA) and then stored at
4 °C. The cell proportions were measured at 24, 48, and 96 h.
The unchanged results proved the stability of rehydrated RMs
within 96 h (Figure 3D).
The final measurement for the value assignment was

performed across different laboratories involving different
operators and facilities. T cell RM1 was measured in six
different laboratories for the assignment of average proportions
of subtypes (Figure 3E). Excellent consistency was achieved
among all 6 results, demonstrated by the small RSD of less
than 5% (Table S6). Similarly, four different laboratories
participated in the value assignment of T cell RM2, which
achieved an accurate average proportion of CD4+ subtypes
(Figure S5) with an RSD of 0.97%.
The final uncertainty of the quantification results was

evaluated, considering 3 main uncertainty components during
the preparation and quantification of the cell RMs:
inhomogeneity (uhom), instability (ults), and characterization
(uchar) (Table S7). Finally, the results of value assignment for
our RMs were: 88.88 ± 8.00% CD3+, 55.11 ± 4.96% CD4+,
and 30.35 ± 2.80% for CD8+ in RM1, and 73.37 ± 6.62%
CD4+ in RM2.

The Practicability of the Cell RM. The measurement of
CD4+ proportion is widely applied in life science and biological
medicine, making it the most representative parameter for
studying metrology traceability of cell quantification. In this
study, we performed the calibration of flow cytometry
instruments utilizing RM2, which provides an accurate value
of CD4+ proportion. The T cell RM2 was rehydrated and
stained with a fluorochrome-conjugated CD4 antibody,
followed by flow cytometry analysis in 54 different laboratories,
and each participating laboratory performed six measurements
of CD4+ cell proportions. All 54 quantification results were
collected and analyzed, and the En values were calculated to
indicate the deviation of each single measurement.
As the results showed (Figure 4), all of the results fell within

the range of uncertainty (gray area in Figure 4) of the cell
RM2, with 53.7% of the participating laboratories achieving
“satisfactory” results (En < 1). Furthermore, 29.6% of all of the
collected En values were between 1 and 2, 3.7% between 2 and
3, and the remainder were bigger than 3. Possible interferences
for the unsatisfactory results may arise from the human
operation, platform differences, and parameter settings. The
application of our cell RMs demonstrated their broad prospect
in the calibration and validation of cell analysis.
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■ CONCLUSIONS
Flow cytometry is the most important and widely used method
for quantitatively analyzing T lymphocyte subtypes in clinical
treatment and biomedical research. However, many interfer-
ence factors present significant challenges to the consistency,
accuracy, and comparability of cell measurements. To establish
a reliable metrological standard for cell quantification, we
developed two T cell RMs with high homogeneity and
accurate proportions of the subtypes. Long-term preservation
was achieved using a lyophilization treatment, and the integrity
of the cell membrane and the accessibility for antibody staining
was demonstrated to be as good as fresh cells.
We developed a quantitative flow cytometry with excellent

stability, repeatability, and precision. Most importantly, the
metrological traceability for each cell counting was established
through the calibration of a reference material of microbeads.
The value assignment for the T cell RMs was performed in
several different laboratories. The stability of T cell RM was
well proved by continuous monitoring over one year of storage
at 4 °C, which is critical for their practicability. Finally, we
applied one of our RM for a wide range of calibration of flow
cytometry instruments. The comparison of results revealed the
challenges of consistency among different platforms because
only 53.7% of the participating laboratories reached
satisfactory results (En < 1); however, on the other side, all
of the deviations of PT results are smaller than the uncertainty,
demonstrating the reasonability of our uncertainty evaluation.
In summary, our T cell RMs provided an accurate

benchmark for T cell flow cytometry measurements, serving
as a quality control of flow cytometry methods and instrument
performance evaluation.
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laboratory performed six measurements. Error bars represent SD. The
En values were calculated based on the results of the proficiency
testing. The red line represents 73.37%, which corresponds to the
reference value of the T cell RM2. The gray area represents the
expanded uncertainty (k = 2) of our cell RM2.
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