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Analysis of T Cells Using Flow Cytometry
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T cells are an essential cellular component of the immune
system. When T cells encounter antigen and receive
co-stimulatory signals, they become activated, proliferate
and produce cytokines. Flow cytometry is a valuable re-
search tool in analyzing T cell functions including pro-

Introduction

T cells are an essential cellular component of adaptive
immunity. The progenitors for T cells are developed in the
bone marrow and migrate to the thymus where they become
immature T cells or thymocytes (1,2). In the thymus, im-
mature T cells undergo positive and negative selection
processes. A small number of immature T cells which have
survived these processes are exported into the circulation as
mature but naive T cells (2,3). When naive T cells recognize
antigen in the context of the major histocompatibility complex
(MHC) and receive co-stimulation from antigen-presenting
cells (APCs) in the secondary lymphoid tissues (e.g. lymph
nodes), naive T cells become activated, proliferate and differ-
entiate into effector cells (2). When the source of antigen (e.g.
microbial infection) is cleared, most effector T cells undergo
activation-induced cell death while a few cells survive and be-
come memory T cells, providing immune memory.

T cells can be divided into CD4+ and CD8+ T cells based
on the expression of CD4 and CD8 which bind MHC class
IT and I molecules, respectively. Using T cell receptors (TCR),
CD4+ T cells recognize antigen presented in the context of
MHC class II molecules while CD8+ T cells recognize anti-
gen presented in the restriction of MHC class I molecules.
CD4+ and CD8+ T cells have distinct roles although both cell
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liferation, survival and cytotoxicity as well as cytokine pro-
duction and cell signaling. This article has reviewed the
utility of flow cytometry in evaluating T cell functions.
Key Words. T cells, Flow cytometry

populations can produce cytokines. CD4+ T cells are called
T helper (Th) cells in that the primary function of CD4+ T
cells is to help other immune cells like B cells and innate im-
mune cells by producing cytokines and expressing co-stim-
ulatory molecules (1,4). Th cells can be further divided into
Thl, Th2 and Thl7 cells that dominantly produce IFN-7,
IL-4 and IL-17, respectively (2,5). CD8+ T cells with the ex-
pression of cytotoxic molecules such as perforin can kill host
cells infected with microorganisms or tumor cells (6). In fact,
CD8+ T cells are called cytotoxic T cells.

Flow cytometry is a research method applied to study the phe-
notype and function of cells using lasers (reviewed (7)). The
technology involved in flow cytometry has significantly
evolved over the past decade. Now flow cytometry is consid-
ered an essential tool in analyzing T cells. This paper will re-
view flow cytometric methods used to analyze T cell functions

including cytokine production, cell proliferation, and survival.

Analyzing cytokine production by T cells

The frequency and characteristics of CD4+ and CD8+ T cells
that produce cytokines in peripheral blood can be measured
in vitro using flow cytometry. Whole blood, peripheral blood
mononuclear cells (PBMCs), or purified T cells can be stimu-

lated with the antigen of interest or mitogens like phorbol
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myristate acetate (PMA) and ionomycin (8-12). Commonly
used antigens include the ones derived from pathogens such
as cytomegalovirus (CMV), Epstein Barr virus (EBV) and in-
fluenza virus as well as toxins (e.g. tetanus toxoid)
(8,9,12,13). Both antigenic lysate and overlapping peptides
of specific antigens can be used. The duration of stimulation
can be as short as 4 hours. A chemical blocking the release
of proteins from the Golgi complex (e.g. Brefeldin A) is add-
ed to enhance intracytoplasmic accumulation of cytokines dur-
ing cell stimulation. In measuring antigen-specific cytokine
production, cells can be treated with ligands for co-stimulatory
molecules such as CD28 in addition to antigens (8,9,14).
Stimulated cells are fixed and permeabilized for intracellular
cytokine staining. Although fixed cells can be also stained
with antibodies to cell surface molecules, the epitopes of some
cell surface molecules are altered with fixation, resulting in
suboptimal staining with antibodies. Thus, in performing ex-
periments, researchers should test individual molecules to de-
termine whether fixation affects cell surface molecule staining
with antibodies. Different types of fixation and permeabiliza-
tion agents are available. Paraformaldehyde (1~4%) and sap-
onin (0.5% v/v in PBS) based buffers are commonly used as
fixation and permeabilizing reagents, respectively (15,16).
Also, different brands of reagents for cell fixation and per-
meabilization are available. In conjunction with cytokine anal-
ysis, cellular characteristics of cytokine producing and
non-producing T cells can be simultaneously analyzed using
antibodies to cell surface and intracellular molecules. For in-
stance, the early activation marker CD69 can be identified by
staining cells with antibodies to CD69. Also, transcription fac-
tors that regulate the expression of cytokines (e.g. T-bet) and
cytotoxic molecules (e.g. perforin) can be co-stained. Overall,
flow cytometric analysis of activated T cells can be a power-
ful tool in analyzing T cells producing cytokines in health and
disease. Indeed, our group found an alteration in the frequency
of IL-17-producing Th17 cells in patients with systemic lupus
erythematosus and older adults using flow cytometry (10,17).

Identification of antigen—specific T cells using flow cy—
tometry

T cells have diversity in T cell receptor (TCR) repertoire that
allows recognition of different antigenic peptides. APCs pres-
ent the antigenic peptides loaded in the MHC class molecules
to TCR. Based on this principle, T cells with the capacity to
recognize specific antigenic peptides can be identified by flow
cytometry. An MHC class I or II molecule-restricted antigenic
peptide can be loaded into the MHC class I or II multimers,
typically tetramers (18-21). The peptide-loaded MHC mole-

Insoo Kang

cules can be added to blood cells along with antibodies to oth-
er molecules such as CD4 and CDS8. TCR specific for the
loaded peptide will bind to the complex of the peptide and
MHC molecules, conjugated with a fluorescent dye.
Subsequently, T cells with TCR specific for the loaded pep-
tide can be identified by flow cytometry. The limitation of this
assay is that only specific peptide sequences can be loaded
into particular types of MHC class I or II multimers. Thus,
this assay cannot be used in analyzing T cells from individuals
who do not have the particular type of MHC molecules. For
instance, HLA-A2 tetramers loaded with a particular type of
CMV-specific peptides can be used only for studying CD8+
T cells from individuals with HLA-A2.

Antigen-specific T cells can be also identified using intra-
cellular cytokine staining. As discussed above, PBMCs or
whole blood cells can be stimulated with antigenic protein or
peptides (8,9,12,14). Stimulated cells are fixed, permeabilized
and stained with antibodies to T cell markers and cytokines.
Flow cytometric analysis can identify CD4+ and CD8+ T cells
secreting cytokines such as IFN- 7 . Although this assay can
be used independently of MHC molecule types, it is likely that
only a portion of antigen-specific T cells would secrete
cytokines. Nevertheless, this assay can be a useful tool in as-
sessing the frequency of CD4+ and CD8+ T cells specific for

different antigens.

Measuring T cell proliferation, survival and cytotoxicity
using flow cytometry

T cell proliferation was traditionally measured using tridium
thymidine with a risk of radiation exposure. Now T cell pro-
liferation can be assessed using fluorescent dyes, most com-
monly carboxyfluorescein succinimidyl ester (CFSE) which
incorporates into the cytoplasm by covalent binding to intra-
cellular molecules (22,23). T cells are stained with CFSE and
then stimulated with mitogens like anti-CD3/CD28 antibodies
or antigenic peptide in the presence of APCs. After cell cul-
ture, cells are stained with antibodies to T cells. Proliferating
T cells can be then identified by flow cytometry (23). With
each cell division, the intensity of CFSE reduces by half. The
results of this assay include the percent of proliferating cells
and the number of cell divisions that have occurred in stimu-
lated samples.

T cell survival can be also assessed using flow cytometry
(24-26). Cultured T cells or PBMCs can be stained with ap-
propriate cell surface markers as well as with annexin V and
7-aminoactinomycin D (7-AAD) (24,25). Annexin V is a cel-
lular protein that binds phospholipids like phosphatidylserine

(PS) expressed on the outer surface of the cell membrane
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upon cell death in a calcium dependent manner (26). In live
cells, PS is found within the cell membrane but not on the
outer surface. During early apoptosis (activation-induced cell
death) PS is exposed on the outer surface of the cell mem-
brane, which allows annexin V to bind PS (26). 7-AAD is
a fluorescent chemical with the strong capacity to bind DNA
(25). 7-AAD can penetrate dead or dying cells with the com-
promised cell membrane and bind DNA while such pene-
tration and binding can not occur in live cells with the intact
cell membrane. Annexin V conjugated with a fluorescent dye
and 7-AAD are added to cultured T cells or PBMCs. Cells
are then analyzed on a flow cytometer. Live (annexin V- and
7-AAD-) and dead cells (annexin V+ and 7-AAD+/-) can be
identified. In place of 7-AAD, propidium iodide (PI), which
also binds DNA, can be used.

CD8+ T cells kill virus-infected cells or tumor cells using cy-
totoxic molecules. The radioisotope Chromium-51 C'Cr) has
been used in measuring the cytotoxicity of CD8+ T cells.
However, recent studies have utilized CFSE in analyzing the
cytotoxicity of CD8+ T cells (27,28). Target cells are stained
with CFSE and co-cultured with effector cells (27). 7-AAD or
PI is added to cell culture. Stained cells are then analyzed on
a flow cytometer to identify dead target cells based on CFSE
and 7-AAD or PI staining. In analyzing human immunode-
ficiency virus (HIV)-specific CD8+ T cell cytotoxicity, the
sensitivity and specificity of the CFSE-based assay were com-

patible to those of the traditional Cr51 release assay (27).

Analyzing cell signaling molecules by flow cytometry
Cell signaling molecules, such as the signal transducer and
activator of transcription (STAT) and nuclear factor kap-
pa-light-chain-enhancer of activated B cells (NF- £ B), are tra-
ditionally analyzed by Western blot. However, recent studies
have utilized flow cytometry in analyzing the cell signaling
molecules (reviewed in (29,30)). For instance, the activation
(phosphorylation) of STATS can be analyzed in T cells treated
with the cytokine IL-7 which is known to activate STATS
(24). The advantage of this assay is to quantify the activation
levels of signaling molecules while the results of the Western
blot are shown semi-quantitatively (30). Also, cell signaling
molecules can be measured in a certain cell subset in PBMCs
or whole blood without the cell purification (30,31). An in-
creasing number of antibodies to phosphorylated forms of sig-
naling molecules are available for flow cytometric cell signal-
ing analysis. Whole blood cells, PBMCs or purified T cells
are stimulated. Stimulated cells are fixed, permeablized and
stained with antibodies to phosphorylated (activated) cell sig-

naling molecules. Different permeabilization reagents have ad-
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vantages and disadvantages. In general, alcohol-based per-
mebailization reagents (e.g. 90% ice-cold methanol) provide
the most optimal result for intracellular phosphor protein
analysis. However, this treatment can compromise cell surface
staining by affecting antigenic epitopes recognized by anti-
bodies (30). This point should be carefully considered when
designing flow cytometric analysis of cell signaling molecules.
Cells stained with appropriate antibodies are analyzed on a
flow cytometer. The mean fluorescent intensity of a cell sig-
naling molecule or the percent of cells positive for the cell
signaling molecule can be compared among cells treated in

different conditions (e.g. cytokine vs. vehicle control) (30).

Conclusion

With the advancement of technology, the functional analysis
of human T cells with a limited blood volume becomes more
feasible. In particular, functions of a small subset of T cells
can be analyzed in total PBMCs or whole blood cells using
flow cytometry without cell purification. Such analyses in-
clude the ones for cell proliferation, survival and cytokine pro-
duction as well as for cell signaling molecules. These techni-
ques are valuable tools in studying biologic and pathologic

roles of T cells in health and disease.
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