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We have previously shown that conformational change in the β2-integrin is a very early

activation marker that can be detected with fluorescent multimers of its ligand intercellular

adhesionmolecule (ICAM)-1 for rapid assessment of antigen-specific CD8+ T cells. In this

study, we describe a modified protocol of this assay for sensitive detection of functional

antigen-specific CD4+ T cells using amonoclonal antibody (clonem24 Ab) specific for the

open, high-affinity conformation of the β2-integrin. The kinetics of β2-integrin activation

was different on CD4+ and CD8+ T cells (several hours vs. few minutes, respectively);

however, m24 Ab readily stained both cell types 4–6 h after antigen stimulation. With

this protocol, we were able to monitor ex vivo effector and memory CD4+ and CD8+

T cells specific for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),

cytomegalovirus (CMV), Epstein–Barr virus (EBV), and hepatitis B virus (HBV) in whole

blood or cryopreserved peripheral blood mononuclear cells (PBMCs) of infected or

vaccinated individuals. By costaining β2-integrin with m24 and CD154 Abs, we assessed

extremely low frequencies of polyfunctional CD4+ T cell responses. The novel assay used

in this study allows very sensitive and simultaneous screening of both CD4+ and CD8+

T cell reactivities, with versatile applicability in clinical and vaccination studies.
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INTRODUCTION

One of the first events that can be detected upon T cell receptor (TCR)-mediated stimulation of T
cells is the activation of membrane-bound β2-integrins. This activation involves a conformational
change (from the bent, inactive form to the open, high-affinity conformation) and a clustering
of integrin molecules on the cell membrane. Activated integrins are essential for ligand
binding [e.g., the binding of the β2-integrin leukocyte function-associated antigen 1 (LFA-1) to
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FIGURE 9 | The functional profile of CMV- and SARS-CoV-2-specific CD4+ WB T cells after peptide vaccination. (A–E) m24 Ab staining in combination with CD154,

TNF, IFN-γ, or IL-2 expression obtained from a donor vaccinated with one CMV and three SARS-CoV-2 major histocompatibility complex (MHC)-class II peptides

without stimulation (control, A), with CMV/YQE (B), CoV-2/IGY (C), CoV-2/ASA (D), or CoV-2/FYV peptides (E) for 6 h stimulation. Numbers indicate frequencies

among CD4+ T cells in %. Gating strategy is as shown in Figure 1A.
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FIGURE 10 | The application of the m24 Ab assay for simultaneous detection of antigen-specific CD4+ and CD8+ T cells within cryopreserved peripheral blood

mononuclear cells (PBMCs). PBMCs of a preselected healthy donor were thawed and rested overnight before a 4 h stimulation with a pool of HLA-class II and

HLA-A*02 peptides. (A) m24 Ab staining and CD154, TNF, IFN-γ, and IL-2 expressions for unstimulated (control) or major histocompatibility complex (MHC)-class II

peptide-stimulated CD4+ T cells (mix of n = 9 virus-derived peptides). (B) The same stainings for CD8+ T cells without stimulation (control) or after stimulation with a

HLA-A*02 epitope (YVLDHLIVV and EBV/YVL). Gating strategy is similar to that of Figures 1A, 2A, with Zombie Aqua included as a live/dead cell marker. See also

Supplementary Figure 5A.
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FIGURE 11 | The scheme of experimental procedure for flow

cytometry-based detection of activated CD4+ and CD8+ T cells using m24

Ab. The procedure can be performed on WB or PBMCs, either in

fluorescence-activated cell sorting (FACS) tubes (WB and PBMCs) or 96-well

plates (PBMCs) and is divided into five main steps: (1) antigen-specific

stimulation, (2) staining of activated β2-integrins with m24 Ab, followed by

EDTA treatment, (3) fixation/erythrocyte lysis of WB or fixation of PBMCs, (4)

cell surface marker staining, and (5) permeabilization and intracellular staining.

Additional modifications can be made for covering different specific questions

as indicated in the scheme.

of activated CD4+ and CD8+ T cells using m24 Ab is given in
Figure 11.

While the activation of β2-integrins on CD8+ T cells occurs
within several minutes of peptide stimulation (5), we show that
several hours are needed for CD4+ T cells. This difference
might reflect specificities in the integrin activation pathways
of the two main T lymphocyte subsets (e.g., differences in
the expression of adaptor molecules downstream of the TCR
signaling pathway). It might also explain their distinct patterns

of immunological synapse formation (transient vs. stable),
which may be adapted due to their ultimate main functions
(serial killing of numerous target cells vs. sustained cytokine
production) (10). We know that rapid integrin activation
can be found on various differentiation stages of memory
and effector CD8+ T cells (5). Preliminary experiments for
CD4+ T cells using CD27, CD28, and CCR7 markers indicate
that activated β2-integrins after 4–6 h of stimulation mark
all CD4+ T cells irrespective of their differentiation stages
(data not shown). However, it cannot be excluded that certain
subsets require an even longer time for the activation of β2-
integrins.

Although several hours of stimulation are needed for
the β2-integrin activation on CD4+ T cells, this event is
still detectable earlier than the conventional flow cytometry
markers on CD4+ T cells, such as CD154 and cytokines.
We observed that functional (i.e., cytokine producing) CD4+

T cells were contained exclusively within the m24+ fraction,
demonstrating that robust activation of β2-integrins reveals
highly effective, functional antigen-specific CD4+ T cells.
The intensity of m24 Ab staining on CD4+ T cells is
relatively dim and has some background staining. However,
the combination with other markers, for example, CD154,
increases the signal-to-noise ratio, allowing detection of very low
frequencies of CD4+ antigen-specific T cells. m24 Ab stained
surface activated integrins, whereas CD154 was determined
intracellularly together with a range of cytokines after stimulation
in the presence of brefeldin A and monensin as previously
described in Frentsch et al. (8). To simplify the assay, an
option might be the cell surface staining of both activated
β2-integrins and CD154, provided that a CD40-specific Ab
is added to the culture to stabilize extracellular CD154 neo-
expression (8).

EDTA treatment was required to visualize singlet responding
CD4+ T cells, suggesting intense cell clustering between
T helper and HLA-class II+ antigen-presenting cells. Since
EDTA reversed the binding of ICAM-1 multimers to the
activated β2-integrins, we used the m24 Ab whose binding
was not affected by subsequent EDTA treatment. Similar to
the detection with ICAM-1 multimers (5), staining of the
β2-integrin activation with m24 Ab on CD8+ T cells was
maximal after 4–16min of stimulation with peptides. However,
in contrast to the ICAM-1 multimers, m24 Ab binding on
antigen-specific CD8+ T cells diminished only slightly following
prolonged activation (4–6 h). Therefore, m24 Ab staining can
be used for simultaneous screening of both CD4+ and CD8+

T cell reactivities. Since the fluorescence intensity of m24
Ab is generally dimmer than that of ICAM-1 multimers, we
however recommend to perform staining after a short-term
stimulation with ICAM-1 multimers (without EDTA treatment)
when only antigen-specific CD8+ T cells are assessed [see
Figure 2 and Supplementary Figure 10 from Schöllhorn et al.
[(20) Preprint]].

To use the assay for clinical samples, it was important to
optimize the protocol for the detection of T cells not only
in WB but also in cryopreserved PBMCs. We used 2 ×

106 PBMCs in 1ml medium per test in FACS tubes, which
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FIGURE 12 | The polyfunctional profile of CD154+ m24+ CD4+ WB T cells for various viruses and vaccination conditions. The pie charts represent the distribution of

the cytokine production patterns from the donors and antigens tested in the study after CMV peptide vaccination (n = 1), CMV infection (n = 1), CoV-2 infection (n =

3, mean is represented), CoV-2 peptide vaccination (n = 1), or HBV vaccination (n = 2, mean is represented) after 4 h (A) or 6 h (B) of stimulation with the respective

peptides. Samples of the CMV infection and HBV vaccination were stimulated for 4 and 6 h for comparative purposes.

was suitable for the detection of antigen-specific CD4+ and
CD8+ T cells after a 4–6 h stimulation. If needed, upscaling
of the cell concentration is possible without major problems.
This is in contrast to the short-term stimulation protocol
for the detection of antigen-specific CD8+ T cells alone.
In the short term stimulation, we observed that the PBMC
concentration (2 × 106 cells in 1ml or 0.2ml medium)
influenced detection due to heavy aggregation in the presence
of activating peptide when the higher PBMC concentration
was used [see Supplementary Figures 6–9 from Schöllhorn
et al. [(20) Preprint]]. Another observation we made was that
frequencies of antigen-specific CD4+ T cells were higher within
PBMCs than when using WB, possibly reflecting different cell–
cell interaction conditions in the two cell sources. We also
observed that the method is transferable to 96-well plates, which
allows easier handling of many tests simultaneously. By repeated
testing of the very same donor and specificity (∼0.2% of the
CD4+ subset), we also observed excellent intra- (triplicate tests)
and inter-experiment (repetition on 3 days) variability, with
percentage coefficients of variation ranging from ∼3 to 13%,
which is in the range of other functional T cell assays (data
not shown).

As a currently highly relevant research topic, we evaluated
CD4+ and CD8+ antigen-specific T cells in SARS-CoV-2
convalescents in comparison to unexposed healthy donors.
CD4+ T cells specific for S, N, and M proteins were detected in
all three convalescents, whereas CD8+ T cells were detected only
toward the N protein. In line with other recent reports, we also
observed in one unexposed donor very low frequencies of CD4+

and CD8+ T cells against S and N proteins, respectively, probably
due to cross-reactive cells primed against other SARS viruses (21–
23). We also used m24 Ab staining to confirm the induction
of anti-vaccine CD4+ T cells after experimental immunization
of one healthy volunteer with synthetic peptides from the S

and N proteins [(13) Preprint]. Importantly, the results matched
those of a previous IFN-γ ELISpot, and our method allowed
reliable detection of the weakest anti-peptide response (0.012%
m24+ CD154+ CD4+ T cells vs. 29 spots/300,000 PBMCs against
CoV-2/FYV peptide).

The m24 Ab identifies functional cells (i.e., those that produce
cytokines upon stimulation). Interestingly, different CD4+

antigen specificities showed unique cytokine profiles, which
were also distinct in post infection vs. vaccination conditions
(Figure 12). Chronically CMV-infected individuals showed a
prevalent TNF and IFN-γ production pattern, with some IL-2,
while CMV-peptide boost vaccination was predominated by a
triple cytokine production with higher IL-2 levels. The HBV
vaccination selected for a TNF-dominant memory cell pool
that was almost equally distributed in the TNF production
alone, together with IL-2, or with both IL-2 and IFN-γ. SARS-
CoV-2 convalescents had a more heterogeneous functional
profile of either single, double, or triple cytokine-producing
cells, possibly reflecting a peculiar immune response to the
virus and/or recent infection. Only the response to the M
protein was dominated by triple-positive cells. Finally, the
vaccination response to one of the three CoV-2 peptides (CoV-
2/IGY) was not only the strongest but also characterized by
the highest proportion of triple cytokine positive cells. Thus,
ex vivo costaining for activated integrins and CD154 on very
low frequencies of effector/memory CD4+ T cells allows gaining
precise information about the polyfunctionality of the immune
response. This is of importance since prior findings showed that
the magnitude of the vaccine-induced polyfunctionality highly
correlates with protection against pathogens (24–26). Although
we essentially analyzed Th1 cells, including Abs against further
cytokines could be useful to dissect the functional heterogeneity
and refine Th profiles of pathogen- or vaccine-specific CD4+

T cell responses (27).
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In conclusion, we present a cytometry-based assay for the
identification of antigen-specific CD4+ and CD8+ T cells.
For CD4+ T cells, in particular, costaining of β2-integrins
with the activation marker CD154 allows the detection of
extremely low frequencies of responding polyfunctional cells.
The assay can be used for highly sensitive screening of T cell
reactivities, for example, in epitope mapping studies, as they
are currently performed for the new SARS-CoV-2 virus or in
translational approaches.
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