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ABSTRACT
Interleukin 12 (IL12) is a key inflammatory cytokine critically influencing Th1/Tc1-T-cell responses at the
time of initial antigen encounter. Therefore, it may be exploited for cancer immunotherapy. Here, we
investigated how IL12, and other inflammatory cytokines, shape effector functions of human T-cells. Using
a defined culture system, we followed the gradual differentiation and function of antigen-specific CD8C

T cells from their initial activation as na€ıve T cells through their expansion phase as early memory cells to
full differentiation as clonally expanded effector T cells. The addition of IL12 8 days after the initial priming
event initiated two mechanistically separate events: First, IL12 sensitized the T-cell receptor (TCR) for
antigen-specific activation, leading to an approximately 10-fold increase in peptide sensitivity and, in
consequence, enhanced tumor cell killing. Secondly, IL12 enabled TCR/HLA-independent activation and
cytotoxicity: this “non-specific” effect was mediated by the NK cell receptor DNAM1 (CD226) and
dependent on ligand expression of the target cells. This IL12 regulated, DNAM1-mediated killing is
dependent on src-kinases as well as on PTPRC (CD45) activity. Thus, besides enhancing TCR-mediated
activation, we here identified for the first time a second IL12 mediated mechanism leading to activation of
a receptor-dependent killing pathway via DNAM1.
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Introduction

Harnessing the cytotoxic armamentarium of T-cells to improve
on cancer therapy has become a major focus in translational
medicine.1 Several strategies are aimed to remove the brakes of
T-cell activation, while maintaining high specificity and func-
tion, in order to provide a selective attack on tumor cells with-
out the risk of negative side-effects. However, clinical data on
cytokine-release-syndrome using genetically engineered T cells
or T-cell engaging antibody constructs,2,3 or simply GvHD fol-
lowing donor lymphocyte infusions, illustrate that non-specific,
off-target effects of T cells are a major clinical hurdle and risk
factor for effective T-cell therapies.

Inflammatory cytokines such as IL6, TNF-a, IL1ß, IL18 and
IL12 not only serve as effector cytokines—as seen in cytokine-
release-syndrome—but may feed back onto T-cell effector func-
tion during this process. In addition, (co-)administration of a
pro-inflammatory cytokines to improve efficacy has been a long-
standing strategy in cancer immunology. To this end, murine
studies specifically explored the role of IL12, and revealed that
IL12, in concert with IL18, was responsible for enhanced mem-
ory T-cell activation and heightened TCR-sensitivity toward cog-
nate antigen, leading to faster viral clearance.4,5 How IL12 affects
human memory T cells; however, is less well understood. These
effects are clearly distinguished from effects during the priming

phase of na€ıve T cells, where IL12 has been identified as the
cytokine classically delivering the so-called “signal 3” to primed
T cells rendering them fully functional.6,7

Cytotoxic T cells not only get activated through their TCR-
signal, but also receive signals through additional (death-)
receptors, e.g. the Fas/FasL system. Besides the Fas/FasL sys-
tem, CD8C-T-cells express so-called “NK-cell receptors” as
NKG2D (CD314) and DNAM-1 (DNAX accessory molecule-1;
CD226). The latter belongs to the family of nectin-binding
receptors and is expressed on T- and NK-cells and known to be
an adhesion molecule.8,9 However, for NK-cells DNAM1 is a
major contributor of NK-cell mediated cytotoxicity against var-
ious human tumors including melanoma and Ewing’s sar-
coma.10,11 In addition, the efficacy of DNAM1-based chimeric
antigen receptor engineered T-cells has been demonstrated in a
murine melanoma system.12 Still, little is known on the regula-
tion and origin function of DNAM-1 in T cells, but it has been
attributed to stabilization of the immunological synapse in con-
cert with LFA1.13

In this paper, we evaluate how an inflammatory cytokine milieu
contributes to TCR-dependent and TCR-independent effector
functions in a well-defined antigen-specific system of human
CD8C-T-cells. We show that IL12 has the unique capacity to
increase TCR-avidity in human effector T-cells leading to
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heightened antigen-specific cytotoxicity. At the same time and
depending on the tumor target, TCR-independent cytotoxicity can
be massively increased in IL12 treated T cells. We here identified
DNAM-1 as the main effector pathway for such heightened lytic
capacity and explore the signaling pathways involved in this pro-
cess. These results are relevant for translational approaches aiming
to boost T-cell effector function with the help of IL12 as an immu-
notherapeutic strategy against cancer and to elucidate “unex-
pected” off-target effects of T-cells mediated by IL12.

Results

The magnitude and the quality of a T-cell response are critically
influenced by the cytokine milieu during the first antigen
encounter, called the priming phase. It is less clear, how the

cytokine microenvironment after the initial priming event
influences the resulting T-cell response. Especially in the
human setting, this question is difficult to assess for responses
to defined antigens, as these responses are either of very low
frequency, requiring repetitive stimulation or may only be
described as part of complex processes such as an ongoing
infection. Using an in vitro priming system, we are able to reca-
pitulate antigen-specific priming and expansion of na€ıve CD8C

T cells.14,15 This system allows reliable quantitative and qualita-
tive analysis of peptide-specific T cells after a single stimulation
of na€ıve T cells, thus excluding confounding variables related to
re-stimulation procedures. The 10 d period of the protocol can
be divided into an initial priming phase using peptide-loaded,
IL12 producing, autologous DCs (day 0–3) as antigen present-
ing cells. This is followed by an expansion phase (day 3–10) in

Figure 1. IL12 increases TCR sensitivity toward cognate antigen. (A) Experimental setting. After priming of Melan-A(26–35(27L)) specific T cells various cytokines were added
after pooling of wells on day C8. IL7 and IL15 was present throughout the assay to ensure survival. 48 h later cells were evaluated for overall count, the percentage of
Melan-A-multimerC CD8C T-cells and cytokine production upon restimulation. (B) Upper row: Representative dot plots of MHC-multimer-staining with no addition of
inflammatory cytokines (standard, left), the addition of 10 ng/mL IL12 (middle) and interferon-a 450 IU/mL (right). Middle row: Staining of intracellular cytokines of CD8C

T cells stimulated with Melan-A(26–35(27L)) peptide (10 ng/mL; 2nd row) or bottom row: irrelevant peptide CYP1B1(239–247) (10
3 ng/mL; 3rd row), gated on CD8C. (C) Abso-

lute cell counts (left) and percentages of multimerC T-cells (right) on d C 10 of un- or IL12 treated cells in indicated dosages (Mean and SD, results from more than five
experiments). (D) MFI values on d C 11 of interferon-g and TNF-a in untreated or IL12 treated T cells stimulated with Melan-A(26–35(27L)) peptide loaded on autologous
monocytes (103 ng/mL). Results are from five independent experiments. MFI of irrelevant peptide-pulsed monocytes is subtracted. (E) Log EC50 of interferon-g and TNF-
a was calculated from the response curves for each indicated cytokine. Indicated is the difference to “standard” (D no additional inflammatory cytokine, only IL7/IL15)
treatment. Results are from five independent experiments, each cytokine was tested at least three times. �p < 0.05; ��p < 0.01.(F) Upper panel: representative response
curves of interferon-g and TNF-a, gated on CD8C T cells. The percentage of cytokineC T cells is put in relation to the respective percentage of MHC-multimerCCD8C

T cells in each sample. Lower panel: Changes in logEC50 from five independent experiments of interferon-g and TNF-a no IL12 vs. IL12 (10 ng/mL) normalized for
CD8CmultimerC T cells. Log EC50 of interferon-g and TNF-a was calculated from the response curves for each indicated cytokine. Indicated is the difference to “standard”
(D no additional cytokine) treatment.
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response to low dose IL7 and IL15 (Fig. 1A). When using the
melanosomal, HLA-A02:01-restricted heteroclitic peptide anti-
gen Melan-A26–35(A27L) as a model antigen, a surprisingly strong
T-cell response can be elicited with cells from almost any HLA-
A02:01C healthy donor (Fig. 1A and B first row, left panel). In
previous work, standard conditions have been established that
now allow us to compare against this positive control of anti-
gen-specific T-cell expansion.15

IL12 increases TCR sensitivity toward cognate antigen

To assess the impact of inflammatory cytokines on memory/
effector T cells, we focused on the expansion phase of the
resulting T-cell response which peaks on day C8 of culture. At
this time point, any one of selected inflammatory cytokines was
added to the culture. T-cell responses were analyzed 48 h resp.
72 h later (experimental setup Fig. 1A). For quantitation, cells
were counted and the percentage of MHC-multimerC CD8C

T cells was determined (representative dot plot Fig. 1B). Func-
tionally, cells were analyzed for their capacity to produce Tc1
cytokines (interferon-g and TNF-a) upon stimulation against
titrated amounts of peptide. None of the added cytokines sig-
nificantly altered the total and antigen-specific cell count (for
IL12: Fig. 1C, for other cytokines: data not shown). However,
when IL12 was added on day C8 of culture, and T cells were
functionally evaluated 48 h later, IL12 was the only cytokine
that increased Tc1-effector cytokine production at amounts as
low as 1 ng/mL (Fig. 1B, D and E). T cells remained highly spe-
cific and responded only to cognate antigen presented by autol-
ogous monocytes: incubation with autologous monocytes
loaded with irrelevant control peptides elicited no relevant
reactivity (Fig. 1B and Fig. S1A).

It is well known that IL12 critically influences TCR-sensitiv-
ity during the priming phase.16,17 Our results suggested that
IL12 also enhances TCR-sensitivity during the proliferative
phase following the initial TCR-trigger. To better document
this process, we determined the EC50 of responses to titrated
amounts of peptide. IL12 was the only cytokine that induced a
log10 shift in the peptide dose required to achieve half-maximal
responses (log EC50 mean: interferon-g: 1.56 § 1.03 vs. 0.64
§ 0.99, p < 0.01; TNF-a: 1.79 § 0.87 vs. 1.26 § 0.77,
p D 0.011; Fig. 1E and F). On a semi-quantitative, per-cell level,
the MFI for interferon-g and TNF-a was higher in IL12-pre-
incubated T-cells (MFI no IL12 vs. IL12 (10 ng/mL): inter-
feron-g 47 § 14 vs. 87 § 51; TNF-a 175 § 73 vs. 305 § 52;
Fig. 1D). The maximum effect of IL12 pre-incubation was evi-
dent after 48 h of incubation and was subsequently lost over
prolonged incubation periods (Fig. S1B).

Next, we asked whether a combination of selected inflam-
matory cytokines (interferon-a, interferon-g, TNF-a, IL18,
IL23 and IL33) with IL12 would further enhance the observed
TCR sensitization. No synergistic, additive effects were
observed (Fig. S1C). However, combining IL12 with IL18 or
IL33 induced TCR-independent activation and high production
of interferon-g with only little amounts of TNF-a (Fig. S1D),
which is in line with recent findings in mice.18,19

From this data, we conclude that IL12 not only plays a cru-
cial role at the time of priming, but also enhances effector func-
tion by modulating TCR sensitivity in human CD8C T cells.

IL12 enhances antigen-specific cytotoxicity and retains
CD62L expression

We next focused on T-cell mediated cytotoxicity of cancer cells,
endogenously expressing the antigen, and wanted to know, if
IL12 pre-incubation enhances the cytolytic capacity of the
T-cells. To exclude bias based on differing cell numbers or few
contaminating NK-cells, we first purified MHC-multimerC

cells (representative dot plot Fig. 2A), before incubating them
with or without IL12 for 48 h (IL7 and IL15 were present in all
groups to ensure survival). Using a low effector-to-target ratio
(2:1) we assessed induction of apoptosis, by probing for acti-
vated caspase-3, in a Melan-AC, HLA-A02:01C melanoma cell
line after 4 h incubation with the T-cells. IL12 pre-incubated
Melan-A-sp. T cells clearly and significantly killed tumor cells
better than the untreated T cell population (% Casp-3C cells:
16.8 § 7.6% vs. 57.2 § 6.4%; 5 experiments, p < 0.01). MHC-
Class I blockade using the W6/32 antibody demonstrated that
the process was MHC-dependent (Fig. 2B).

Effector function is generally linked to the differentiation
level of the cell: as we observed stronger effector functions in
IL12-preincubated T-cells, we expected increased differentia-
tion toward an effector phenotype. When using standard
expansion conditions, Melan-A sp. T-cells acquire central-
memory-like phenotype (CCR7C/¡, CD62LC, CD27C/¡ and
CD28C/¡) (Fig. 2C). Interestingly, CD62L and CCR7 remained
expressed after IL12 incubation; even more, CD62L MFI was
higher in cells incubated with IL12 (Fig. 2C), which is in line
with previous findings in murine CD4C T-cells.20 Other
markers such as CD27 and CD183 (CXCR3) were gradually
lost following IL12 incubation (Fig. S1E with detailed pheno-
typic analysis). Differences in CD62L were statistically signifi-
cant (MFI x-fold over Isotype: 109 § 71 vs. 172 § 103 p <

0.05). For other surface markers, the level of significance could
not be reached when corrected for multiple comparisons. More
Granzyme B protein was expressed in IL12 pre-incubated cells
(p < 0.05, Fig. 2D). Increased T-bet protein expression (p <

0.05, Fig. 2D) indicated stronger skewing toward a Tc1
phenotype.

Interleukin 12 enables T-cells for HLA-independent
cytolytic activity

The Melan-A-sp. T-cells analyzed so far had been studied as a
polyclonal, central-memory like T-cell population. We sus-
pected that IL12 mediates its effect on a cellular level and
wanted to exclude that IL12 leads to selection of T-cell-subpo-
pulations with a high-affinity receptor. In addition, we wanted
to exclude the possibility that the Melan-A antigen represents a
biologic exception, reflected by the higher precursor frequency
seen in healthy donors.21 In consequence, we generated T-cell
clones using limiting dilution technique against Melan-A, but
also against known tumor-antigens STEAP-1(292¡300(293L))

22

and PRAME(435–443).
23 Due to the prolonged culture time and

repetitive stimulation, the resulting T-cell clones were now fully
differentiated effector cells (CD27¡, CD28¡, CD62L¡, CCR7¡,
CD45RAC; data not shown).

When T-cell clones were pre-incubated with IL12 for 48 h,
the same increase in responsiveness was observed on the level
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of cytokine production against peptide-loaded targets resulting
in an EC50 shift comparable to what had been seen in central
memory like T-cells (Fig. 3A), showing that the TCR sensitiza-
tion mediated by IL12 is indeed on a single cell level and not
due to changes in the clonal repertoire of polyclonal Ag-sp.
T-cells and the selection of TCRs with a high affinity. Irrelevant
peptide-pulsed autologous monocytes elicited again no
response (data not shown). For immunotherapy purposes,

however, recognition of endogenously processed and presented
antigen on HLA-matched tumor cells is the key requirement to
show biological meaningful activity. Many melanoma, rhabdo-
myosarcoma and Ewing’s sarcoma cell lines express the
PRAME and STEAP1 antigens, and, therefore, served as target
cell lines. However, despite clear recognition of exogenous pep-
tide, HLA-A02:01C tumor cells previously testing positive for
PRAME or STEAP1 mRNA were not recognized by the T-cell

Figure 2. IL12 enhances antigen-specific cytotoxicity and retains CD62L expression. (A) Representative dot plots with gating strategy for Melan-A-MHC-multimer purified
T cells. (B) MHC-multimer-purified Melan-A sp T-cells were cultivated with or without IL12 (10 ng/mL) for 48 h and then used in a caspase-3 apoptosis assay against the
HLA-A02:01C melanoma cell line FM55 (without exogenous peptides). HLA-ABC blocking antibody W6/32 (10 mg/mL) was added to the tumor cells 15 min before the
T cells were added and was present during the assay. After 4 h tumor cells were stained for activated caspase-3 (for the gating strategy see Fig. 3B). E/T-ratio 2:1. Mean
and SD from three independent experiments. (C) Melan-A sp. T cells in the proliferative phase were incubated for additional 48 h with or without IL12 and analyzed for
various surface markers (gated on CD8C MHC-multimerC T cells as shown in Fig. 2A). Right panels: Summary of ten experiments, depicted as change in MFI (x-fold over
isotype, mean and quartiles). For additional results see Fig. S1E. (D) Representative histograms of T-bet- and Granzyme B-expression. Filled: isotype, dashed line indicates
no IL12, continuous line with IL12 treatment. Right: Summary of more than five experiments as MFI results (x-fold over isotype) are from more five experiments, including
clonal cell populations (STEAP1, PRAME and clonal Melan-A cells). For all experiments in C and D: box, line and whiskers indicate: 25th to 75th percentile, median and min.
to max. Significance was corrected for multiple comparisons.
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clones (representative dot plot Fig. 3B). This phenomenon has
indeed been described for both tumor-antigens before.24 Apart
from the possibility of insufficient processing or presentation,
this missing lytic capacity can be explained either by selection
of T-cell clones with low TCR affinity or a reduced fitness of
the T cells to form a functional synapse—called functional avid-
ity. We hypothesized, that IL12 pre-incubation may particu-
larly benefit these T-cells to restore their lytic function. Indeed,
IL12 pre-incubation of T-cell clones with IL12 enhanced lysis
in HLA-matched, antigenC tumor cells, corroborating our ini-
tial hypothesis at first glance. However, HLA-A02:01 negative
and/or respective antigen negative tumor cell lines included as
negative controls were also lysed, sometimes even to a higher
degree. This suggested that IL12 also enhanced HLA/antigen-
independent lysis of tumor cells (Fig. 3C). Blocking MHC-class
I with an antibody (W6/32) did not prevent or diminish the
IL12 pre-incubated T-cell clones from killing any of the tumor
cell lines.

HLA-independent tumor-cell lysis is mediated by DNAM1
(CD226)

HLA-independent/antigen-independent lytic activity by T cells
is generally termed “non-specific” and, apart from the Fas/FasL
system, is rarely studied. In general, it is a phenomenon
regarded to be multi-factorial, depending on the cell line used
as a target, as well as non-specified conditions inherent in the
T-cell culture. Our data suggested that this “non-specific” lytic
activity was reproducibly induced by IL12, arguing for a more
defined mechanism. We, therefore, chose to evaluate mecha-
nisms for T-cell activation more closely. Experiments with
MHC class I blocking antibodies had ruled out that binding of
the TCR to an HLA-molecule, even if an allo-response was sus-
pected, is the key mechanism in this response (Fig. 4A). Never-
theless, we wanted to block potential TCR-triggering
downstream of the TCR. For this purpose, we added the src-
kinase inhibitor dasatinib to the killing assay. Dasatinib is

Figure 3. Interleukin 12 enables T-cell-clones for HLA-dependent and independent cytolytic activity. (A) PRAME sp. clonal T cells were stimulated with PRAME(435–443)
loaded HLA-A02:01C monocytes in increasing peptide concentration (101 to 104 ng/mL PRAME(435–443) peptide in the presence of Brefeldin A for 5 h. E/T ratio was 2:1.
Cells were then stained for intracellular cytokines and response curve for interferon-g and TNF-a were calculated. Representative of three independent experiments. (B)
Gating strategy and representative dot plots of a caspase-3 assay with STEAP-1 sp. clonal T-cells against Ewing’s sarcoma cell line TC71 (HLA-A02:01C). A CD8C-CD45-
tumor cell gate was set and activated caspase-3 was evaluated. Where indicated, T cells were added at E/T ratio of 20:1. As positive control, tumor cells were peptide-
loaded overnight (103 ng/mL) and washed thoroughly before addition of T cells. (C) Caspase-3 assay of STEAP1 or PRAME sp. clonal T cells against various tumor cell lines.
T cells were or were not pre-incubated with IL12 (10 ng/mL) for 48 h. Spontaneous activation of caspase-3 for each tumor cell line is subtracted. Mean of five independent
experiments.
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known to block TCR-triggering by blockade of LCK, a key src-
kinase in the TCR-signaling pathway.25 Surprisingly, the HLA-
independent lytic activity induced by IL12, was completely
abolished by dasatinib co-incubation, as well as incubation
with another src-inhibitor, src-inhibitor 1, which is a more spe-
cific src-family inhibitor (Fig. 4A). Thus, IL12 induces an

HLA-independent lytic activity whose signaling is dependent
on src-kinases. This result seemingly contradicted our hypothe-
sis, as LCK-signaling is downstream of TCR-triggering,
whereas the observed lytic activity was TCR-independent. In
search for an alternative lytic pathway regulated by another src
kinase, we hypothesized that DNAM1 (CD226) may play a role

Figure 4. HLA-independent tumor-cell lysis is mediated by DNAM-1. (A) Caspase-3 assay against HLA-A02:01C, STEAP1C Ewing’s sarcoma cell line TC71. T-cell clones were
pre-incubated with IL12 for 48 h. IL12 (10 ng/mL), Dasatinib (50 nM) or HLA-class I blocking antibody W6/32 (10 mg/mL) were present during the assay when indicated.
Mean of three different experiments. (B) Caspase-3 assay in HLA-A02:01-melanoma cell line Mel2a (right), HLA-A02:01C, antigen positive Ewing’s sarcoma cell line TC71
(left) with STEAP1 specific clonal T cells. E/T ratio 20:1. T cells were or were not pre-incubated for 48 h with 10 ng/mL IL12. Src-inhibitor-1 (100 nM), DNAM-1 blocking anti-
body DX11 (10 mg/mL) and NKG2D blocking antibody 1D11 (10 mg/mL) was added were indicated. Results from five independent experiments. (C) Purified Melan-A sp.
T cells were pre-incubated for 48 h with or without 10 ng/mL IL12. Mel2a melanoma cells were used as targets. As indicated, dasatinib (50 nM), or various blocking anti-
bodies (10 mg/mL) were added throughout the caspase-3 assay(E/T ratio was 2:1). (D) Summary of similar experiments as in (C) with different tumor cell lines Results are
from eight different experiments, 2/8 with clonal Melan-A population (two different clones).
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in the observed MHC-independent lysis. DNAM1 is a receptor
for nectin and nectin-like proteins and has been mostly studied
in NK-cells. In these cells, DNAM1 in concert with LFA-1 acts
as an activating NK-cell receptor, mediating HLA-independent
lysis in targets expressing CD155 (the main ligand) or CD112.
Signaling through DNAM1 is dependent on the src-kinase
FYN and, therefore, would be blocked by src-kinase inhibitors
as well. We then asked, whether IL12-mediated, HLA-indepen-
dent lysis could be blocked by targeting DNAM1 with a
DNAM1-specific inhibitory antibody (clone DX11).8 Indeed,
inhibiting DNAM1 specifically with the antibody, abolished
HLA-independent lysis almost at the same level as was
observed with src-kinase inhibitors. Additionally, blocking of
NKG2D (CD314), which is another NK-cell receptor known to
be present on CD8C T cells playing a relevant role in so-called
“cytokine-induced killer cells (CIKs)”26 had no effect on cyto-
toxicity induced by IL12 (Fig. 4B). This data suggests that IL12
mediated sensitization of CD8C T-cell clones specifically
increases DNAM1-mediated activity against tumor cells.

Next, we re-focused on our initial model using early,
central memory like polyclonal Melan-A-sp. T cells as cen-
tral memory and effector memory T-cells differ in their
effector functions. In addition, we wanted to exclude that
the observed DNAM1 mediated killing pathway is an arti-
fact due to long-term in vitro culture. We had clearly seen
a sensitizing effect of IL12 on the TCR-mediated antigen-
specific lysis of these T cells, but no unspecific activation
when autologous monocytes were loaded with irrelevant
antigen. Nevertheless, we observed HLA-independent lysis
even at E/T ratios as low as 2:1 against selected tumor cell
lines (Fig. 4C and D). Blocking of src-kinases through dasa-
tinib abolished the antigen-independent lysis while blocking
MHC-I molecules through W6/32 had again no effect
(Fig. 4C and D).

The main known ligand for DNAM1 is the poliovirus recep-
tor (CD155) and, with a possible restriction to humans,
CD112, the poliovirus-receptor related two protein (PVRL2),
albeit with a lower binding affinity.27,28 Blockade of these
ligands on tumor targets using monoclonal antibodies blocked
the increase in lysis, whereas blockade of another nectin-bind-
ing receptor (CD96) had no effect (Fig. 4C). The maximal
blocking effect was achieved by using the blocking antibody
against CD155, whereas blocking CD112 alone achieved incon-
sistent results (Fig. S2). Biologically, this is fitting, as CD155 is
known as the main receptor for DNAM1 in human cells.27

However, cautious interpretation of the results is required, as
differences may also arise from the limited efficacy of the avail-
able blocking antibodies as has been described previously.29

We next evaluated several tumor cell lines for expression of
the ligands for nectin-like proteins CD155 and CD112. Consid-
erable variation in the expression of these molecules exists
(Table 1). Most importantly, we found that the HLA-A02:01
negative melanoma cell line Mel624 lacked CD155 and CD112
expression. When using this tumor cell line as a target, we
observed no antigen-independent activity of IL12 pre-incu-
bated T-cells (early central memory like Melan-A sp. T cells or
Melan-A sp. T-cell clones)(Fig. 4D), further corroborating the
hypothesis, that IL12 sensitizes T-cells to increased DNAM1
activity.

IL12 enabled DNAM1 mediated cytotoxicity is dependent
on CD45 phosphatase activity

DNAM1 is constitutively expressed on the majority of T cells8

while relatively little is known about its regulation. Evaluation
of DNAM1 expression on IL12 pre-incubated T cells showed a
significant, albeit moderate upregulation (»1.25 fold) of
DNAM1 (Fig. 5A) while other receptors known to be part of
HLA-independent cytotoxicity as NKG2D and Fas/FasL were
unaltered (Fig. S1E).

To better understand the underlying mechanism we gen-
erated global gene expression profiles of clonal tumor-anti-
gen specific effector T cells (STEAP1 and PRAME)
incubated or not incubated with 10 ng/mL IL12 for 48 h.
IL12 incubation caused significant changes in various gene
sets. For example IL12 incubated cells showed significant
changes in gene expression relevant metabolic activation.
Genes necessary for inflammatory-, IL2-, TNF-a- and inter-
feron-g-responses showed (expectable) significant changes,
too. A more detailed overview of pathways influenced by
IL12 signaling is given in Fig. S3. However, we searched for
changes in gene expression influencing src-kinase family
activity. Src-family kinases possess several phosphorylation
sites, some inhibiting and some promoting their kinase
activity.30 When analyzing possible kinases or phosphatases
relevant for changes in src-family activity, only mRNA of
protein tyrosine phosphatase, receptor type C (PTPRC;
CD45) was upregulated after a period of 48 h (Table 2.).
CD45 regulates TCR- and BCR-signaling mainly through
dephosphorylating LCK (TCR) and Lyn (BCR) and is
expressed in high density on all lymphocytes.30 Its role in
modulation of immune cell function has been extensively
described.31,32 Interestingly, CD45 is expressed in several
isoforms depending on the splicing of the transcripts and
the different expression of the isoforms is also used to clas-
sify T-cell subsets. Here, CD45RA is a marker for na€ıve,
antigen inexperienced T-cells as well as for terminally dif-
ferentiated, antigen-experienced effector T-cells.31,33 We
analyzed total CD45 and isoform expression on protein
level via surface staining of IL12 incubated T-cells. No sig-
nificant change in overall protein expression of CD45 or
CD45RO occurred; while CD45RA was slightly (»1.4-fold),
but significantly upregulated (Fig. 5B). This might be indic-
ative of further cellular differentiation as CD45RA is re-
expressed in terminally differentiated effector cells.

Table 1. CD112 and CD115 expression of various tumor cell lines.

CD112 CD155

Cell line Origin MFI X-fold over isotype MFI X-fold over isotype

SK-ES-1 Ewing’s sarcoma 81 19.5 66 17.8
SK-N-MC Ewing’s sarcoma 82 17.4 76 16.1
RD-ES Ewing’s sarcoma 209 54.6 163 42.6
TC71 Ewing’s sarcoma 110 25.5 200 46
Mel624 Melanoma 14 1.4 12,3 1.1
FM55 Melanoma 32 5.6 248 43.5
Mel397 Melanoma 85 12.4 522 76.3
T6217 Melanoma 370 27 822 60
Mel2a Melanoma 314 31.4 1175 118
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However, we also wanted to test, whether CD45 affected
DNAM1 mediated cytotoxicity functionally. Indeed, when
using a specific CD45-phosphatase inhibitor, it completely
abolished DNAM1 mediated cytotoxicity observed in IL12
pre-incubated T-cells (Fig 5C). Thus, IL12 incubation leads
to increased DNAM1 mediated cytotoxicity, which is
dependent on src-kinase activity, most likely FYN, and also
depends on CD45 phosphatase activity.

Discussion

Exploiting T cells to target cancerous cells has become infinitely
more tangible due to recent advances in cellular and antibody
engineering.34 While more and more patients benefit from

these new therapies, the search to broaden the spectrum of
potential targets and the concern for possible detrimental side
effects due to non-specific activity are key topics in the field.

In this context, we examined the impact of inflammatory
cytokines on human, tumor-antigen-specific memory T-cells
during the expansion phase following the initial priming. We
found that IL12 distinctively influences the antigen-specific
lytic capacity of memory/effector cells by enhancing the TCR-
sensitivity about one log fold. Previous work from murine
models has shown that “inflammation” improves functional
TCR avidity, pointing to a feed-back loop between an inflam-
matory environment/innate immunity and T-cell function.4,5

Our data thus confirm these findings; but despite testing a
broad range of pro-inflammatory cytokines and their

Figure 5. IL12 enabled DNAM-1 mediated cytotoxicity is dependent on CD45 phosphatase activity. (A) Left: Change in DNAM-1 MFI mediated by IL12. Summary from dif-
ferent T-cell populations (early central memory T cells (Melan A), effector memory T cells (clonal STEAP1-sp. and PRAME-sp. Populations)). Results are from more than 10
experiments. Right: representative histogram of DNAM-1 on Melan-A sp. T cells (dC 10) with (empty) and without (tinted) IL12 pre-incubation. Dark-gray: isotype control.
(B) Left: change of MFI over isotype in CD45 and subtype expression in STEAP1-sp. clonal populations incubated or not with 10 ng/mL IL12. Right: representative histo-
grams, dark gray is isotype control, light gray no IL12 and black line IL12 incubation. (C) STEAP1 sp. clonal T cells were or were not pre-incubated with IL12 and tested
against TC71 Ewing’s sarcoma cell line. Reagents were present during assay as indicated (dosages as in 4(B), CD45-inhibitor 3.5 mM) after a pre-incubation time of 90 min
on the T cells. Results are from three different experiments, spontaneous apoptosis is subtracted. E/T-ratio 20:1.

Table 2. Change in gene expression relevant for src-family kinases through IL12 incubation.

Phosphorylation site Action Log change Adj. p value

416 Phosphorylation Autophosphorylation
(phosp. is activating) Dephosphorylation PTPN13/PTP-BL ¡0.054192788 0.9663
527 Phosphorylation CSK ¡0.086842897 0.9558
(phosp. is inhibiting) Dephosphorylation PTPN1/PTP1B 0.137750724 0.9147

PTPN6/SHP 0.066356238 0.9648
PTPN11/SHP2 0.223719155 0.4589
PTPRC/CD45 0.682619753 �0.0333
PTPRA/PTPa ¡0.073029481 0.9529
PTPRE/PTPe 0.393253561 0.1416
PTPRD/PTPd 0.101853691 0.8981
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combinations, IL12 was the only one leading to increased TCR-
sensitivity in human T cells. Of note, this heightened TCR-
mediated sensitivity was observed despite the retained CD62L
expression, at least in T-cells cultured for a limited period only.
This contrasts results reported by Yang et al., suggesting a link
between CD62L shedding and the acquisition of (lytic) effector
functions.35 Additional functional studies will be necessary to
mechanistically link CD62L-shedding to TCR-mediated lytic
activity.

IL12 has long been recognized as an “endogenous adjuvant”
to boost T-cell responses and promising pre-clinical data sug-
gested to use this cytokine for cancer therapy.36-38 However,
clinical trials showed only modest efficacy, but severe side
effects,37,39 which led to abandoning the systemic administra-
tion of IL12 in patients.

Still, at least two strategies for using IL12 are pursued fur-
ther38,39: pre-incubation of T-cells with IL12 prior to adoptive
transfer might enhance efficacy, especially when effects are
mediated via the TCR. However, in our study, the effects of
pre-incubation were fading after few days. Genetic engineering
of those T-cells with prolonged or durable IL12 signaling
would, therefore, be more effective.40,41 Secondly, providing
IL12 locally at the tumor site would reduce systemic toxicity to
some extent.42-44 In addition to the effects mediated by immune
cells, a direct differentiating, senescence-inducing effect on cer-
tain cancer types has been described recently.45 However, our
results also show that enhanced TCR-reactivity is not the only
mechanism by which IL12 exerts its tumor-cytotoxic effects.
We identified a second, receptor-mediated killing pathway via
DNAM1. In this context, it is noteworthy that one of the domi-
nant mechanisms by which NK-cells exert their killing of the
tumors used in this study is DNAM1-mediated; indicating that
theses tumor entities are very sensitive toward DNAM1-medi-
ated cytotoxicity.10,11 However, with regard to the safety of cel-
lular therapeutics additional activated pathways of cytotoxicity
are no minor issues: DNAM1 ligands are expressed in healthy
cells as well, and whether unwanted cell damage in healthy tis-
sue may occur through exacerbated IL12 signaling of those
T-cells requires cautious evaluation.

TCR-independent/MHC-independent activity of T-cells is
usually regarded as “non-specific” and inherent to ill-defined
variables of in vitro cultures and the use of tumor cell lines. We
here discovered a second IL12-mediated mechanism, which
greatly increased such “non-specific” cytotoxicity. However,
this activity is based specifically on heightened DNAM1 medi-
ated cytotoxicity, moving a defined “innate mechanism of
defense” into the focus of our research on antigen-specific
T-cells. It is known that DNAM1 signals through the src-kinase
FYN, which led us to identify this pathway in the first place.
mRNA and protein expression; however, pointed toward a
functional gain, as DNAM1 surface protein expression was
only slightly enhanced. Data from microarray analyzes showed
selective upregulation of PTPRC(CD45). Given the key role of
phosphatases in regulating src-kinases, we suspected a link
between CD45 and DNAM1 activity. Thus, we functionally
describe—for the first time—a DNAM1-mediated, IL12-
induced mechanism of HLA-independent cytotoxicity which is
dependent on CD45 activity. CD45 has been shown to be regu-
lated on the cell surface with regard to its proximity to the

TCR-synapse; after synapse initiation it is first transferred out
of the central region into the periphery, and later on transferred
back into the central part of the synapse to sustain TCR signal-
ing.32 In addition, IL12 may play a role in regulating the mem-
brane compartmentation including CD45 accessibility.46

Therefore, it seems plausible for IL12 to increase CD45 density
near the TCR synapse, leading to a higher TCR signal and
increased TCR sensitivity. Higher CD45 accessibility might
also influence FYN and, therefore, DNAM1 signaling, leading
to an additional receptor-mediated killing pathway. Further
studies are needed to test our hypothesis that higher CD45
accessibility through IL12 boosts DNAM1 signaling via FYN,
even if no TCR signal is present.

Our findings show similarities but also clear differences to
what is known about CIKs, which are induced by very high
doses of IL2, IL15 and interferon-g in combination with OKT3
stimulation. Tumor cell killing by such cells is mediated pre-
dominantly via NKG2D,47 which was not the case in our set-
ting. However, a role for DNAM1 has also been reported in
CIK cells.26 Interestingly IL12 administration in vivo had syner-
gistic effects with CIK cell therapy in murine models.48 Thus,
the evaluation of IL12 for current CIK protocols, especially if
expanded with IL15, may be worthwhile.

Different hypotheses regarding the biological relevance can
be derived from this data: in inflamed tissue, that is, in the pres-
ence of IL12, low avidity CD8C T cells may contribute to the
clearance of the pathogen, be it a viral infection or a malignant
transformed cell, in a dual way: if cognate antigen is present,
TCR-sensitization will be useful for HLA-dependent activation,
if CD155/CD112 are expressed as ligands for DNAM1, IL12
will enhance the HLA-independent, DNAM1 mediated defense
mechanism. Fitting, it is known, that these ligands for DNAM1
are upregulated in infected and/or malignant cells as stress sig-
nals, i.e. DNA damage.9,27,49 In addition, it has been previously
shown that tissue-specific infection results in nonspecific
recruitment of memory T cells to inflamed sites.5,50 Our results
substantiate that such “useless” T cells in terms of their TCRs
can play a relevant role in pathogen clearance not only as
bystander cytokine producers: interferon-g production of those
T cells is therefore not only induced by the combination of
inflammatory cytokines (such as IL12 and IL18/IL33 together)
but may also be signaled through DNAM1 mediated activation.

In summary, this work describes a dual effect of IL12 on
human CD8C T-cells influencing both, antigen-dependent
and -independent T-cell activation. We show that IL12 enhan-
ces TCR sensitivity on the one hand, and also enables a recep-
tor-mediated killing pathway executed by DNAM1 which is
dependent on src-kinase-family- and CD45-activity.

Material and methods

Cells

Peripheral blood mononuclear cells (PBMC) were obtained
from leukapheresis products from healthy donors and stored in
liquid nitrogen (consent and collection guidelines were in
accordance with institutional regulations). The melanoma cell
lines FM55, Mel397, T6217, Mel624 and Mel2a were kind gifts
of Dr J. Becker, University of W€urzburg. TC71 (Ewing’s
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Sarcoma) was purchased from the German Collection of Cell
Cultures (DSMZ, Braunschweig, Germany). Ewing’s sarcoma
cell lines RD-ES and rhabdomyosarcoma cell line RH30 were
kind gifts of Dr K. Schilbach, University of T€ubingen. Ewing’s
sarcoma cell lines SK-N-MC and SK-ES-1 were kind gifts of Dr
C. R€ossig, University of M€unster.

Reagents, media, cytokines and antibodies

T cells and DCs were cultured in Cellgenix DC medium, sup-
plemented with human AB serum (5%, PAA or Biochrome), 25
IU/mL Penicillin, 25 IU/mL Streptomycin (PAA). Tumor cells
were maintained in culture with RPMI 1640 medium (Bio-
chrome) containing 10% FCS (Gibco) and 25 IU/mL Penicillin
C 25 IU/mL Streptomycin. The cytokines IL1b, IL2, IL4, IL7,
IL12, IL18, IL23, IL15, IL21, IL23, IL27, IL33, TNF-a, inter-
feron-a and interferon-g were purchased from Peprotech.
Granulocyte-macrophage colony-stimulating factor (GM-CSF)
was purchased from Gentaur. LPS (E. coli O:15) was purchased
from Sigma-Aldrich. Peptides were supplied by JPT Peptide
Technologies. Src-Inhibitor-1 was purchased from Sigma (cat.
no. S2075), dasatinib was purchased from Sellekchem (cat. no.
S1021). CD45-inhibitor was purchased from Merck Chemicals
(cat. no. 540215). Antibodies used for flow cytometry: CD28-
PerCPCy5.5 (clone CD28.2), CD62L-FITC (Dreg56), CD95-
FITC (DX2), CD95L-PE (NOK-1), CD184-PE (12G5), CD195-
PE (T218), Perforin-FITC (dG9), T-bet-PerCPCy5.5 (4B10),
PD1-FITC (MIH4) from eBioscience, CD8C-PB (HIT8a),
CD8C-FITC (RPA-T8), CD8C-PerCPCy5.5 (HIT8a), CD27-
FITC (0323), CD45-APC (2D1), CD45RO-PE (UCHL1),
CD45RA-PE (HI100), CD96-PE (NK92.36), CD112-PE
(TX31), CD155-PE (SKIL4), CD183-PerCPCy5.5 (G025H7),
CD194-PerCPCy5.5 (TG6), CD195-FITC (HEK/1/85a),
CD226-FITC (TX25), CCR7-BV421 (G043H7), Granzyme B-
PE (GB11), TIGIT-PE (MBSA43) from BioLegend, CD14-PE
(MP9) and CD 274-FITC (MH1) from BD. CD314-PE
(BAT221) antibodies were from Miltenyi. HLA-A02:01-
restricted APC-MHC-multimers for Melan-A(26–35(27L)),
STEAP1(292–300(293L)) and PRAME(435–443) were obtained from
Immudex. MHC-multimer staining was performed at room
temperature (20 min) with 100 nM dasatinib added for stabi-
lized staining.

Cell isolation

Isolation of monocytes, CD8C and CD8C na€ıve T cells was per-
formed using isolation kits from Miltenyi according to the
manufacturer’s instructions. Anti-APC-beads were also pur-
chased from Miltenyi and used according to the manufacturer’s
instructions, detailed description appears elsewhere.15

Priming protocol

The detailed priming protocol appears elsewhere.15 Briefly,
DCs were generated from plastic-adherent monocytes. After
72 h of culture in GM-CSF/IL4-containing Cellgenix DC
medium, DCs were matured in medium containing 100 ng/
mL IL4, 800 IU/mL GM-CSF, 10 ng/mL LPS, and 100 U/mL
interferon-g plus peptide (Melan-A(26–35(27L)): ELAGIGILTV;

STEAP1(292–300(293L)): MLAVFLPIV; PRAME(435–443):
NLTHVLYPV) respectively at 2.5 mg/mL. After 16 h, DCs
were irradiated (30 Gy), washed and co-incubated with
CD45RO-, CD57- na€ıve CD8C T cells at a 1:4 ratio in
medium containing 5% AB serum and 30 ng/mL IL21. Fresh
medium, IL7 and IL15 were added on days C3, C5 and C7 of
culture. In some experiments, feeding of d C7 was performed
on d C8 and additional cytokine were added.

Generation of T-cell clones

T-cell clones were generated using limiting dilution tech-
nique51: 0.3/well MHC-multimer-enriched T cells were seed on
96 well plates and cultured with CellGro Cellgenix DC medium,
5% human serum, 25 IU IL2 and 5 ng/mL IL15 and 30 ng/mL
soluble OKT3 (OrthocloneTM, Janssen-Cilag) together with
2 £ 105 feeder cells/well (PBMCs from three different, HLA-
miss matched donors, donor ratios 1:1:1) and cultivated for
14 d. After 14 d plates were screened for Ag-sp. T-cell clones by
MHC-multimer-staining and then re-stimulated using irradi-
ated feeder cells with OKT3. Cells were then used for experi-
ments or cryo-conserved. When thawed, cells were
re-stimulated on irradiated feeder cells with OKT3; experi-
ments were done at least 10 d after re-stimulation, T-cell clones
were cultured in CellGro Medium containing 5% human
serum, 25 IU/mL IL2 and 5 ng/mL IL15. For experiments, cells
were least >97% CD8C; otherwise, T cells were additionally
purified using CD8C Micro-Beads (Miltenyi) according to
manufacturer’s protocol.

Cell counting

Cell counting was performed with trypan blue using a
Neubauer chamber or alternatively with an automated cell
counter (Countess, Invitrogen).

Intracellular cytokine staining

Staining was performed after an incubation period under stimu-
lating conditions of 5 h in an effector/target ratio of 2:1 against
autologous CD14C monocytes. Brefeldin A (BioLegend) was
added at the beginning of the stimulation period. Surface staining
against CD8C was performed first, followed by fixation and per-
meabilization (FixCPerm, BD, Heidelberg). Staining was then
carried out using the following antibodies: TNF-a-PerCPCy5.5
(clone Mab11, BioLegend); and interferon-g-APC (4S.B3, BioLe-
gend). When indicated, several control peptides were used (all
purchased from JPT Peptide Technologies): gp100(25–33), Her2-
neu(369–377), IL13Ra(345–354(354L), MUC(950–958), pp65(485–493), Survi-
vin(96–104(97M)), CYP1B1(239–247), Aurora(207–215).

Activated caspase-3 assay

Detailed assay has been described elsewhere.15 Briefly, tumor
cells were plated at 5 £ 104/well in a 96-well plate, for positive
controls appropriate peptide was added at 5 mg/mL. Ewing’s
sarcoma and rhabdomyosarcoma tumor cell lines were pre-
treated with 100 IU/mL interferon-g for >24 h prior to the
assay to upregulate MHC-class I molecules in experiments
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where TCR-engagement was expected. After overnight incuba-
tion at 37�C, tumor cells were washed once with PBS/HS5%
and T cells at indicated E/T ratios were added and cultured for
4 h at 37�C. Adherent tumor cell lines were then incubated
with Accutase (PAA) for 5–10 min at 37�C. Surface staining
with CD45 (clone HI30, BioLegend) and CD8C (clone HIT8a,
BioLegend) was done and followed by fixation and permeabili-
zation (FixCPerm, BD). Intracellular caspase-3 was then
stained with PE-labeled rabbit anti-active caspase-3 (BD) for
30 min at room temperature. DNAM1 blocking antibody was
purchased from BD (clone DX11, 10 mg/mL). Blocking anti-
bodies against the following antigens were purchased from
Biolegend (standard concentration 10 mg/mL): HLA-ABC
(clone W6/32), CD112 (cloneTx31), CD155 (clone SKII4),
CD96 (clone 92.39), NKG2D (clone 1D11) was a gift from J.
Wischhusen, University of W€urzburg).

mRNA microarray

CD8C tumor-antigen-specific T-cell clones (PRAME and
STEAP1; DextramerC >97%) were or were not pre-incubated
with 10 ng/mL IL12 for 48 h. Total RNA from T-cell clones
was isolated using the mirVana miRNA isolation kit (Thermo
Fisher) according to the manufacturer’s protocol. RNA integ-
rity numbers (RIN, 1 D worst, 10 D best) for total RNA sam-
ples were determined by a Bioanalyzer using the RNA 6000
Nano kit (Agilent Technologies), these consistently ranged
between 9.4 and 9.7. Of each sample, 100 ng total RNA were
used for single-step in vitro transcription, chemical fragmenta-
tion and biotin labeling using the IVT PLUS kit (Affymetrix)
following the manufacturer’s recommendations. Samples were
hybridized to GeneChip Human PrimeView microarrays
(Affymetrix), cRNA binding to complementary probes was
quantified with streptavidin-phycoerythrin conjugate and a
GeneChip Scanner 3000 7G (Affymetrix). Raw microarray
readout was obtained with the GeneChip Command Console
(Affymetrix) and further processed in the statistical language
environment R version 3.2.1 along with Bioconductor packages
“affy” for data import, “vsn” for normalization, “made4” for
explorative data analysis and visualization and “limma” for the
detection of differentially expressed genes (requiring a false dis-
covery rate (FDR) < 0.05 and a log2 fold change (logFC) � 1
or logFC � ¡1). Global-scale functional categorization of
expression changes was performed with Gene Set Enrichment
Analysis. Pathway mapping and visualization of differentially
expressed genes was performed with the Bioconductor package
“pathview” . Microarray data generated for the present study
has been deposited at Gene Expression Omnibus (GEO; http://
www.ncbi.nlm.nih.gov/geo/) in entry GSE75720.

Software and statistics

FlowJo 7.6.5 software was used for flow cytometry data. Graph
Pad Prism 6 software was used for statistical analysis. Signifi-
cance was calculated using paired student’s t-test, error bars
indicate standard deviation. Correction for multiple compari-
sons was done using Bonferroni–Holm method.
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