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Abstract
CD137 (4-1BB) is a member of the TNFR-family with co-stimulatory function, triggering pro-
survival signals in activated T-cells. Upregulation of CD137 upon stimulation allows identifying
and isolating live, human antigen-specific CD8+ T-cells of all phenotypes and therefore provides a
comprehensive detection method. Furthermore responses against antigen mixtures can be easily
detected, enabling antigen discovery in a step-wise deconvoluting approach. In this article, we will
discuss various aspects of this methodology, including potential pitfalls as well as a variety of
applications, as illustrated by examples from our laboratory.

Introduction
CD137, a member or the TNFR-family,(1,2) functions as a costimulatory molecule,
promoting proliferation and survival of activated T-cells, as demonstrated in vivo and in
vitro.(3–6) Expression of CD137 is highly restricted to recent activation by a signal through
the T-cell-receptor (TCR) and can therefore be exploited to identify and select antigen-
specific CD8+ T-cells.(7) Such a live-cell assay has advantages over those immune-
monitoring assays that require fixation or permeabilization such as intracellular cytokine
staining in that antigen-specific T-cells can be isolated and expanded for further
characterization or use in adoptive immunotherapy.(8) Furthermore the method detects
specifically activated T-cells even if initially stimulated by a complex mixture of antigens
hence facilitating antigen-discovery by employing a step-wise reductionist approach. As
CD137 is expressed on the cell surface, analysis can be performed by straightforward direct
staining. Upregulation of CD137 occurs on CD8+ T-cells of all phenotypes (e.g. naïve T-
cells, early and late memory effector T-cells), and therefore provides a more comprehensive
detection method than analysis for the production of a single cytokine. Consequently,
selection of CD137+ cells after antigen stimulation results in enrichment of the specific T-
cells regardless of individual functional characteristics, making it possible to study the
complete reactive T-cell repertoire.
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Methodology
Similar to other functional assays measuring cytokine production(9,10) or degranulation,
(11) the assay consists of a first activation step, followed by a brief incubation period
(optimally 20–24h), and subsequent staining for CD137. If CD137+ cells are to be selected
for further expansion, cells can be sorted or more rapidly processed by using paramagnetic
beads (Fig.1). Note that additives like brefeldin A of monensin are not required for this
assay.

Choosing an efficient method for presentation of a particular antigen is crucial for this assay
similar to all assays that detect responding T cells, as this influences the extent of antigen-
specific upregulation of CD137 as well as the possible non-specific activation of T-cells.
Different antigen-presenting cells can be used in order to achieve activation: for example,
freshly isolated PBMC can be stimulated directly ex vivo by addition of a defined peptide of
interest or a pool of peptides (Fig. 2a). When testing purified T-cells (either directly ex vivo
or as cultured T-cell lines or clones), peptide pulsed antigen-presenting cells should be used
(Fig. 2b). In our hands, autologous T-cell-depleted PBMC, dendritic cells, B-cells and
monocytes are all suitable, although differences in the level of activation may exist,
requiring adjustments of the experimental system to the scientific question; e.g. expansion of
antigen-specific T-cells, if present at a low precursor frequency, requires repeated
stimulation; therefore PBMC rather than dendritic cells should be used as the latter may
induce activation induced cell death.(12,13)

Following activation, the cells are incubated for 24h, and then analyzed using antibodies to
CD137. As for all questions related to the detection of rare events, fluorochrome
formulations with a low signal-to-noise ratio are required. In our hands APC-labelled,
directly conjugated CD137 antibody (clone 4B4-1, Pharmingen) was superior to PE-labelled
antibody, but other dyes or use of quantum dots may also be suitable.(14) Controls should
include the unstimulated sample without the addition of antigen-presenting cells, as well as a
sample of cells incubated with antigen-presenting cells not expressing the antigen or pulsed
with an irrelevant antigen.

CD137+ T-cells can be selected either by flow-sorting or by the use of paramagnetic beads,
with the latter allowing a higher throughput if larger cell numbers need to be processed
resulting in better survival of the cells. T-cells labelled with CD137-APC are incubated with
anti-APC beads (Miltenyi) and then selected using the appropriate columns (MS or LS
depending on the processed cell number). Note that if the very few antigen-specific cells are
being isolated (<1%), culture medium can be added to the column for the last rinse and
positive cells can then be flushed out using medium rather than buffer avoiding the need for
further washing steps that would require an additional centrifugation step. Also, if the
experimental goal is to expand the CD137+ T-cells, a culture system that must contain
feeder cells is required. The most straightforward approach is to collect the flow-through of
CD137 negative cells, irradiate these cells and mix them again with the CD137+ T-cells.

Problems
As described above, the use of CD137 as a surface marker is a straightforward approach. In
PBMC from healthy donors, background expression of CD137 in the unstimulated sample is
generally very low. An overnight resting period after thawing the PBMC prior to stimulation
with the antigen further improves upregulation of CD137 on reactive cells versus non-
reactive cells. If in vitro cultured T-cells or clones are to be tested, antigen-presenting cells
need to be added as stimulators. Background due to these antigen-presenting cells is
variable: in our hands mature dendritic cells commonly induced a stronger non-specific
activation than monocytes, B-cells or even immature DC. For analysis, it is crucial to clearly
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identify single T-cells, as CD137 expression may be detected on a number of other cells
such as dendritic cells, monocytes and B-cells.(15) Conjugates of T-cells with such antigen-
presenting cells can therefore also stain positive for CD137 and T-cell-markers.
Furthermore, especially when PBMC are tested, further improvements may be achieved by
using a ‘dump’ channel that allows exclusion of monocytes, B-cells and dead cells to further
increases signal-to-background discrimination. One difficulty, especially in terms of
quantification of rare events, is establishing a stringent gating system: the highest variation
is usually found in setting the FSC/SSC-gate, as activated T-cells increase in size and
granularity and may shift out of the gate if the lymphocyte gate is set too narrow. As
discussed at the MASIR 2008 meeting, a standardized gating strategy is a challenge yet to
be resolved for all assays measuring specifically activated T-cells (16,17).

Some of the questions arising during selection of CD137+ cells from cultures with a very
low frequency prior to selection have already been addressed above. The purity of antigen-
specific T-cells after selection with paramagnetic beads and after an additional expansion
phase (usually one week), is correlated with the frequency of antigen-specific T-cells prior
to enrichment. For example, good enrichment (10–20 fold) of antigen-specific T-cells is
reproducibly achieved, when starting with a frequency in the range of 1–5% of antigen-
specific T-cells prior to enrichment. Although processing of polyclonal responding T-cell
populations with an even lower precursor frequency (< 1%) also results in good relative
enrichment (up to 100 fold in terms of increase), the absolute purity tends to be lower due to
a higher percentage of contaminating CD137− cells. A simila r correlation of purity and
precursor frequency has also been reported for other enrichment methods such as the
cytokine secretion assay (M. Assenmacher, oral presentation, MASIR 2008). Purity of the
selection, however at the cost of reduced total recovery, can be improved by including a
repeated purification step with a new column. Use of a biotinylated antibody and
streptavidin microbeads has also been reported to be superior to anti-fluorochrome beads for
depletion of alloreactive CD137+ T-cells.(18)

Potential applications
We have shown previously that CD137 expression is a favourable marker for identifying
specifically activated CD8+ T-cells as it is not expressed on resting, cultured T-cells or
peripheral blood T-cells and is strongly upregulated 24h after antigen stimulation.(7) Figure
2a gives an example of monitoring a response against the HLA-B7-restricted CMVpp65-
derived epitope(417–426). The number of pMHC-multimer+ T-cells prior to stimulation
(2.57%) and the number of CD137+ T-cells after stimulation (2.79%) correlated well. In this
example, downregulation of the TCR was not complete (which may depend on stimulating
conditions, peptides, etc), thus allowing simultanous staining of CD137 with pMHC-
multimer. However it has to be noted, that pMHC-staining 16–24h after activation is usually
not a reliable method to identify antigen-specific T-cells A small percentage of pMHC
multimer+ T-cells did not upregulate CD137 upon stimulation (Fig.2a and b). We interpret
the lack of CD137 expression as a sign of insufficiently stimulated T-cells, however the
existence of rare T-cell populations which become fully activated but do not upregulate
CD137 cannot be formally excluded. In comparison to the well-characterized activation
markers CD69 and CD25, CD137 permits better discrimination of positive cells than CD69,
due to a higher and more robust expression level, and is more specific than CD25 which is
often already detectable at an intermediate expression level on cultured T-cells without
recent stimulation through the TCR. Multi-color-analysis has also demonstrated that the
number of CD137+ cells correlates closely, and better than CD69+ or CD25+ cells, with the
pMHC multimer+ cells in the un-stimulated control- largely due to the absence of false
positives with CD137 analysis. This is in part evidenced by the fact that most CD137+ cells
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also express CD69 and CD25 (triple positive), whereas a significant number of CD69+ and
CD25+ cells are not triple positive (Fig. 2c).

As a method useful for the enrichment of live T-cells, selection on the basis of CD137
expression upon stimulation is suitable for selecting T-cells responding to antigen mixtures,
without the need to know the exact epitope, which subsequently – by deconvoluting the
antigen mixture – may lead to epitope discovery. In our recent work (7), a T-cell line was
generated against a peptide library spanning the Wilms Tumor antigen 1 protein, a
transcription factor important for leukaemic progress.(19) As the precursor frequency in
healthy individuals against this self antigen is below the detection limit of conventional
methods, we used the CD137-enrichment method to expand antigen-specific T-cells in order
to obtain numbers above the threshold level for identification by cytokine flow cytometry.
Using this approach, a number of immunogenic peptides were identified, including
WT1(286–293), which was described in more detail in our recent work. The peptide library
consisted of 110 15mers, overlapping by 11, and the complete peptide-pool was pulsed onto
dendritic cells for generating the responding T-cell line, making it possible to analyze the
reponse to the entire protein without having to resort to pre-selection of candidate petides by
in silico analysis of potential HLA binding based on motifs. Implementing the CD137-
enrichment step is not imperative when strong immune responses, e.g. a memory responses
against viral proteins, are to be resolved and mapped.(20,21) However, with antigens that
are over-expressed normal proteins such as most candidate tumor antigens, immune
responses are often weak, and most high affinity T-cells have been deleted from the
repertoire due to thymic or peripheral based on self-reactivity. The method can also be used
for the generation of T-cells reactive against CMV-derived epitopes from CMV seronegative
individuals (Jedema et al., American Society of Hematology, 2007, Meeting abstract no.
1053), opening therapeutic options to reduce the risk of acute CMV infection for CMV
seropositive patients receiving an allogeneic transplant from CMV seronegative donors.

Depletion of antigen-reactive T-cells is relevant in the clinical setting of allogeneic stem cell
transplantation. Graft-versus-Host-Disease (GVHD) is often mediated by donor-derived
CD4+ and CD8+ T-cells and several methods to purge the graft from alloreactive T-cells
have been evaluated.(22) One approach is to sensitize donor T-cells with patient-derived
antigen-presenting cells and deplete reactive T-cells. Markers previously used for detection
of these pre-sensitized, alloreactive T-cells have been CD25, CD95 and CD69. (23–26)
Wehler et al. demonstrated that depletion of cells expressing CD137 following stimulation
with allogeneic antigen-presenting cells can significantly reduce alloreactivity.(18) This was
demonstrated for both, CD4 and CD8+ T-cells suggesting analogous upregulation of this
protein on CD4+ T-cells. In our own series of experiments, we confirmed the utility of this
approach, with T-cells reactive with fully mismatched antigen-presenting cells reduced by
about one log. Most importantly, the depletion was specific, with virus-specific memory
responses retained as demonstrated by the detection of CMV-specific T-cells (Fig. 3).
Although promising, in a clinical setting the use of any method that includes in vitro
activation prior to depletion bears the risk of enhancing GVHD due to the few remaining,
sensitized alloreactive T-cells. Thus more work must be done to improve the completeness
of the depletion and assess the safety of this approach.

Sensitivity, background and comparison to other technologies
Comparison of immune-monitoring based on CD137 expression with results based on IFNγ
production and TNFα production showed an excellent correlation for quantitating memory
CD8+ T cell responses, as reflected by analysis of CMV-specific immune responses directly
ex vivo or following generation of T-cell lines in vitro (p<0.002, r2>0.9).(7) Comparison
with induced expression of CD107, which reflects degranulation, also revealed a strong
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correlation (p=0.007), but with a slightly lower coefficient of correlation r2 (0.87), which
may reflect the different functional requirements for degranulation versus full activation. As
for many assays involving T-cell stimulation, background staining is variable and depends
on multiple factors (donor dependency, experimental stimulation conditions, etc.). The
published data on quantitation of antigen-specific T-cells against a single epitope will have
to be extended using peptide pools or proteins. Besides assay optimization, further work is
necessary using samples from larger cohorts, to accurately determine the sensitivity and the
quanification limit and address the issue of assay-validation as has been shown for
intracellular cytokine staining (16,17)

For enrichment of antigen-specific T-cells, we compared CD137-selection to the IFNγ -
capture method (Miltenyi), which is a commercially available assay for the selection of
IFNγ secreting cells (27). Each assay was set up in parallel and performed for multiple T-
cell lines containing low numbers of antigen-specific T-cells (0.07–0.61%). For IFNγ –
capture a 5h stimulation period was followed by a 45min secretion period, which reflects the
peak of the IFNγ reponse, when peptide antigens are being used. As CD137 only peaks after
prolonged incubation with antigen for 18–24h, this assay was performed after an overnight
culture. Under these conditions, performance of both tests was similar as demonstrated in
Fig. 4. Wehler et al. have reported that in their system CD137 selection outperformed the
IFNγ capture method (American Society of Hematology, 2007, Meeting abstract no. 1972).
Due to TCR downregulation after antigen stimulation, the enriched T-cell fraction cannot be
tested for specificity directly after enrichment (e.g. with pMHC multimers) and a further
culture period is required to allow re-expression of the TCR. Therefore CD137 negative
cells carried over from the original T-cell population might also expand as cytokine-driven
bystander cells. Further technical advances like the use of the biotinylated antibodies are
currently being evaluated to address these issues.

The practical advantages of the CD137-enrichment method in comparison to the IFNγ
capture method are evident: the ability to use a more prolonged incubation time (24h) as
opposed to the usual 5–6h for the IFNγ secretion assay leads to a less time-sensitive, more
robust activation, especially when weak antigens are to be tested or the kinetics of antigen-
presentation is unclear (e.g. when using whole protein antigens such as a cell lysate).
Furthermore cross-staining of bystander cells by secreted IFNγ is a well-known caveat for
the secretion assay (27), but it is irrelevant in the CD137-assay. Moreover no additives (like
the cytokine catch reagent) or shakers are necessary.

Future directions
It is presently unclear if, in patients with acute or chronic diseases, activated CD137+ T-
cells circulate through the blood and may be detected ex vivo without additional in vitro
restimulation. We have recently begun examining patients suffering from GVHD after
allogeneic stem cell transplantation to determine if CD137+ T-cells could be detected
directly ex vivo, as the interaction of CD137 and its ligand has been shown to be important
for mediating GVHD in mouse models. (28,29) Preliminary results from a cohort of patients
with acute or chronic GVHD do not indicate a correlation with disease activity, although the
study is still ongoing (Wölfl, Eyrich, Schlegel, unpublished results). This may be explained
by activated T-cells being more likely to be found in lymph nodes and affected organs, such
as skin and liver. Thus, it might prove more informative to study CD137 expression in
inflamed tissue, such as during chronic GVHD and chronic viral infections like HCV, as
well the lymphocytes infiltrating tumors. Isolation and characterization of CD137+ cells at
these sites may provide a means to identify the specific antigens being recognized by the
responding T cells.
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Besides conventional CD8+ αβT-cells, γδT-cells also upregulate CD137. γδT-cells can
recognize a broad variety of malignant cells through less limited mechanisms than αβT-
cells, and without recognition of allo-antigens that could result in GVHD.(30) As CD137 is
also upregulated on γδT-cells upon stimulation with tumor cells (J.Kuball, personnel
observation), isolation of tumor-reactive γδT-cells based on CD137 expression upon
stimulation might provide a means to more efficiently isolate tumor-reactive γδT-cells.

Adoptive immunotherapy has proven to be effective under certain conditions targeting
cancer cells or preventing viral diseases in severely immunocompromised hosts.(8,31,32)
However the generation and expansion of these antigen-specific T-cells has been very time-
and labour-intensive, especially when T-cells from the naïve repertoire are to be recruited.
(12) An enrichment method would greatly accelerate the procedure and may therefore be
key to facilitate clinical trials exploring adoptive immunotherapy. Implementation of such a
method, however, will require further efforts from both, academia and industry, to meet the
criteria of good manufacturing practice.

The strategy described here was developed mostly using synthetic peptides pulsed onto
antigen-presenting cells as stimulators. It is also possible to generate, select for and expand
antigen-specific T-cells using antigen-presenting cells which endogenously process the
antigen (M.Wölfl, unpublished observation). Although the TCR stimulus from such antigen-
presenting cells may be weaker and the resulting T-cell response smaller, it should still be
possible to use this strategy to identify novel antigens capable of inducing a T-cell response
from the available repertoire. Besides antigen identification such an approach holds promise
to increase the efficacy to generate T-cell responses against malignant cells or cell lysates,
which, e.g. in the setting of allogeneic stem cell transplantation, may be used to improve the
graft-versus-leukaemia-effect by patient-tailored, donor-derived T-cell preparations.
Especially when in vitro priming against a mixture of antigens such as peptide libraries,
whole tumor cells or tumor lysates is pursued, CD137 expression can be exploited in two
ways: first by enriching for antigen-specific T-cells and secondly by easily screening large
numbers of sub-cloned T-cells for antigen-reactivity. For example, T-cell clones are
expanded from single cells, which generally requires testing of hundreds of wells. In this
setting CD137 can be used as a surrogate marker for antigen-specificity after stimulation of
an aliquot of the T-cell clone with antigen-presenting cells. As the method is easily adapted
to a 96-well-plate format, detection by CD137 expression is suitable for a high-throughput
approach using a flow cytometer with a plate-reader function. In contrast, current procedures
for testing the reactivity of T-cell clones are generally done either by Chromium-release
assays or by staining with pMHC-multimers, both of which have disadvantages in terms of
cost, logistics (radioactivity) and availability (pMHC multimers).
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Figure 1.
Flow-chart for the detection and isolation of CD137+ T-cells.
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Figure 2.
Upregulation of CD137 upon peptide-specific activation. a. PBMC from an HLA-B7+,
CMV+ donor were thawed, rested overnight and then incubated either without (left) or with
pp65(417–426) peptide (5µg/ml) for 24h followed by staining with CD8-FITC, CD137-APC,
7-AAD (all from Pharmingen) and B7-pp65-Tetramer-PE (in-house-production). Plots were
obtained by excluding dead cells by 7-AAD, gating on CD8+ lymphocytes. b. A polyclonal
Melan-A(26–35L)-specific T-cell line was generated by 2 in vitro stimulations and assessed
for baseline expression and specific upregulation of the indicated markers in response to
peptide-pulsed T2-cells (numbers indicate the percentage of viable CD8+ T-cells in each
quadrant). C. Triple staining for the activation markers (CD25-FITC, CD69-PE and CD137-
APC, co-stained with CD8-PerCP (all antibodies from Pharmingen) of the same polyclonal,
Melan-A-specific T-cell line as in B. For analysis in Figure C all 4 available channels were
used for specific markers, therefore dead cells were excluded by light scatter properties only,
otherwise 7-AAD was used.
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Figure 3.
Depletion of CD137+ T-cells results in decreased alloreactivity and maintaine d T-cell
memory. PBMC were stimulated (sensitized) with mature allogeneic dendritic cells on day
0. To ensure survival of the T-cells in the unstimulated control, cells were kept in culture
with IL2, 50IU/ml throughout the whole culture period. For stimulated cultures, cytokines
were added only after depletion on day 2. To ensure best depletion results, CD137+ T-cells
were depleted twice, first at the peak of CD137-expression after 24h and then after 48h to
remove T-cells that were activated at a later time point by the remaining dendritic cells.
Removal was performed using anti-CD137-APC and binding to anti-APC-beads
(Pharmingen/Miltenyi). A control group (sensitized/not depleted) was stained with CD137-
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PE followed by the same depletion procedure using anti-APC-beads and LD-columns. All
groups were then resuspended in fresh medium containing IL2, IL7 and IL15. a. On day 8 of
culture, the cells were restimulated with mature, allogeneic DC from the original donor, and
intracellular IFNγ production was assessed after 6h of incubation. Responses to the HLA-
A0201 restricted CMV-derived peptides IE1(316–324) and pp65(495–504) were assessed using
peptide pulsed T2-cells.
b. The same groups as in a were assessed for their lytic capacity by incubation for 4h with of
1×104 51Chromium-labelled allogeneic, mature dendritic cells as targets. The assay was
performed in triplicate. SEM of any the data points was in the range of 0.17–2.98).
Statistical analysis using one-way ANOVA analysis showed a stastically significant
difference between all groups (p=0.0005).
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Figure 4.
Comparison of CD137-enrichment to IFNγ secretion assay for enrichment of antigen-
specific T-cells from a low precursor frequency. T-cells lines were induced by stimulating
T-cells enriched for naïve T-cells by depletion of RO+ memory cells, with autologous
dendritic cells, pulsed with the HCV NS3(1406–1415) peptide. After one week of culture in
medium containing IL7 and IL15, each well was split and cells were processed either using
the IFNγ secretion assay (Miltenyi) or the CD137-enrichment procedure. Analysis of each
well by MHC-multimer-staining (Proimmune) was performed 7 days post enrichment. The
irradiated negative flow-through was used as feeder cells. Each data point represents an
enrichment procedure from an individual well. Results are pooled from 2 independent
experiments.
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