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ABSTRACT
NHS-IL12 is an immunocytokine, a fusion protein of IL12’s functional domains and a necrosis-targeting
antibody, which has shown significant effects against human rhabdomyosarcoma xenografts in a
humanized tumor model, including terminal growth arrest and differentiation of the tumor cells. Here, we
locally irradiated the tumors, increasing necrosis and consequently intratumoral immune cytokine
availability, and asked whether this effect may surmount efficacy of single treatment modality.

Humanized mice bearing bilateral rhabdomyosarcoma xenografts were evaluated for tumor burden and
survival after irradiation, systemic NHS-IL12 therapy or a combination of both. Intratumoral immune
compartments were characterized by immunohistochemistry and molecular methods. TH1-cytokine
dependency of underlying effector mechanisms were investigated in vitro in several human tumor cell
lines.

NHS-IL12 when combined with irradiation terminally arrested tumor growth and significantly improved
survival. Combination treatment induced dense intratumoral T-cell infiltrates, clonal epitope-specific T-cell
expansions, expression of cytotoxins, decreased pro-tumorigenic cytokines and induced senescence and
differentiation in the cancer cells. Senescence and differentiation were reproduced in vitro and confirmed
to be dependent on TH1 cytokines IFNg and TNF-a.

NHS-IL12 and irradiation together induced broad intratumoral TH1 biased NK and T-cell compartments,
established antitumoral cytokine profiles and irreversibly growth arrested tumor cells, leading to systemic
cancer control and improved survival. For the first time, we describe immune-induced senescence as a
novel mechanism resulting from a treatment regimen combining irradiation with immunotherapy.
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Introduction

Immunotherapy for cancer is on the rise with astounding
results. In malignant melanoma and other entities, immune
checkpoint inhibition leads to long-term remission in sub-
groups of metastasized patients.1-3 Also, in other tumor entities
like prostate cancer, non-small-cell lung cancer, brain tumors
and gynecological malignancies, immunotherapy is an emerg-
ing treatment option (reviewed in Refs. [4-7]). For childhood
sarcomas, the tested immunotherapy regimens, such as cyto-
kines, antibodies, checkpoint blockade or T-cell-based thera-
pies, have not shown striking efficacy, yet the available data are
limited (reviewed in Ref. [8]).

Whereas single modality immunotherapy is effective in only
few tumor types, such as melanoma,9 non-small-cell lung can-
cer10 or renal cell carcinoma,11 its combination with radiother-
apy or immunogeneic cell death inducing chemotherapies
shows promising results and thus strongly suggests combined
therapies for treatment in tumor types in which immunother-
apy alone showed limited success.12 The rationale for the syn-
ergy is bidirectional with immunotherapy enabling abscopal

effects of radiotherapy outside the radiation field and with
radiotherapy altering the tumor microenvironment in a pro-
immunogeneic way as well as a release of tumor antigens and
danger signals.13-15 Dose and fractionation of irradiation in
combination with immunotherapy are still a major area of
debate.16 We chose 8.0 Gy single dose as this regimen had
shown significant necrosis induction and accumulation of
immunotherapeutics in our previous study.17

Interleukin 2 (IL-2) and interleukin 12 (IL-12) are cytokines
that polarize the immune system toward TH1 antitumor
response18 while simultaneously blocking the pro-tumorigenic
TH2 response.19 Yet, their systemic administration in humans
was associated with severe toxicity.20-22 To circumvent the limi-
tations of systemic cytokine treatment, tumor-targeted immu-
nocytokines were developed consisting of functional domains
of the cytokine fused to an antibody directing it to the tumor.
Due to their accumulation in the tumor, these constructs
require lower systemic concentrations and show reduced toxic-
ity.23 In consequence, promising results were obtained in pre-
clinical and clinical therapeutic approaches with anti-GD2-
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IL2,24,25 F8-IL226,27 and L19-IL2.28,29 The latter has already
been studied in combination with irradiation showing signifi-
cant efficacy even in MHC class I deficient cancers.30,31

The major TH1 polarizing cytokine IL-12 acts species spe-
cific. Therefore, NHS-IL12 was tested in an in vivo model con-
sisting of CD34C stem cell humanized mice bearing aggressive
human rhabdomyosarcoma. As shown before, NHS-IL12 alone
or combined with engineered IL2 induced massive intratu-
moral immune compartments, including M1 macrophages,
NK, gd T cells and clonally expanded ab T cells, that were asso-
ciated with tumor eradication or halted tumor growth and sig-
nificantly prolonged survival. The underlying immunologic
mechanisms were found to be TH1 cytokine induced terminal
growth arrest (senescence) and differentiation of growth
arrested tumor cells into cross-striated muscle fibers.32 Radiola-
belled NHS-IL12 strongly accumulated in irradiated rhabdo-
myosarcoma xenografts in comparison to unirradiated control
tumors, which was associated with necrosis induction in the
tumors. In contrast, the control tumor model, which did not
exhibit necrotic areas, did not show enhanced NHS-IL12 bind-
ing after irradiation.17

In this study, we sought to evaluate whether local irradiation
may enhance the efficacy of NHS-IL12 in the model of fully
humanized NSG mice bearing aggressive human rhabdomyo-
sarcoma xenografts. To this end, we examined the emanated
impact from local irradiation, systemic NHS-IL12 and a combi-
nation of both on the infiltration of the tumor by immune
effector cells, tumor size, abscopal effect and survival. Induced
immune responses were comprehensively characterized on
molecular and histologic level to elucidate the underlying
mechanism of action. Different cell lines in vitro were used to
establish the cellular mechanisms of the combination of TH1
cytokines and irradiation.

Results

Humanization and treatment

The treatment consisted of either NHS-IL12 weekly (I) or a sin-
gle radiation dose of 8.0 Gy at the tumor site (II) or a combina-
tion of both (III) (Fig. 1A). The treatment schedule led to five
groups of tumors with different treatments: Unirradiated con-
trol tumors (I1), irradiation only (I2), NHS-IL12 (II3), unirra-
diated tumors in animals receiving the combination treatment
with irradiation of the contralateral tumor (III4) and irradiated
tumors in animals receiving the combination treatment (III5).
All treatment regimens were well tolerated.

To ensure sufficient human engraftment peripheral blood of
the animals was tested 12–16 weeks after receiving CD34C

stem cell grafts. Mice with at least 5% human cells within
peripheral lymphocyte pool were included in the experiment.
As engraftment differed between 5.3% and 60.0% human lym-
phoid cells per peripheral blood lymphocytes in humanized
mice the mean value of engraftment of human leukocytes
(CD45C) and T cells (CD3C) in the different treatment groups
was analyzed (example of flow cytometry in Fig. 1B). Cohorts
were balanced for the engraftment (Fig. 1C). The level of
engraftment did not significantly influence tumor growth
before treatment as indicated by the time span between tumor

inoculation and tumors reaching requested size not being cor-
related with the percentage of human cells (Fig. 1D). An effect
of different levels of engraftment on tumor growth during
treatment was excluded as tumor size after 15 d of treatment
did not correlate with engraftment (data not shown).

Tumor growth and survival

Tumor growth differed significantly in the treatment cohorts.
In unirradiated controls (I1) and NHS-IL12 only treated cohort
(II3) all tumors continued to grow. Also, 5 of 6 irradiated
tumors (I2) were continuously growing, whereas one of the
tumors regressed. Of the irradiated tumors (III5) in the combi-
nation treatment group, 2 of 6 tumors regressed, the other 4
tumors had stable size for at least 7 d before the animals were
sacrificed. The respective contralateral tumors (III4) were het-
erogenous in growth. The two animals with regressing tumors
on the irradiated side also had regressing contralateral tumors.
That regression started with a time delay compared with the
irradiated tumors. One additional contralateral tumor was sta-
bilized in size. Three contralateral tumors showed continued
growth, yet with slower kinetics than in the control group
(Fig. 2A). The comparison of relative tumor size at day 15 after
start of treatment showed no significant effects for irradiation
and NHS-IL12 alone in comparison to unirradiated controls.
However, NHS-IL12 and irradiation combination treatment
highly significantly inhibited tumor growth in irradiated
tumors and significantly reduced tumor size in contralateral
tumors (abscopal effect). A significant difference was also
observed between NHS-IL12 only treated tumors and the irra-
diated tumors of the combination group (Fig. 2B). The tumor-
size-specific survival showed a significant difference between
irradiation only (I) and the combination therapy (III). The sur-
vival of NHS-IL12 only treated animals (II) was similar to the
irradiation only group (Fig. 2C).

Histology and immunohistochemistry

Degree of lymphocytic tumor infiltration and the phenotype
of immune cells were analyzed by immunohistochemistry.
CD64-expressing cells dominated in all irradiated tumors
(data not shown). T-cell infiltration (CD3) was marginal in
both single treatment groups except for one irradiated
tumor. Yet, the number of infiltrating T cells was massively
enhanced in all tumors by combination therapy both at
contralateral and ipsilateral sites. There, CD4C as well as
CD8C T cells were present. Granzyme B and perforin
expression indicated cytolytic killer phenotype. Combination
treatment lead to expression of desmin, a marker indicating
myogenic differentiation and the formation of multinucle-
ated myogenic syncytia and cross-striated muscle tissue
indicating differentiation toward the cross-striated muscle
origin of rhabdomyosarcoma (Figs. 3A and B).

Fifteen days after start of treatment degree of T cell infil-
tration – demonstrated by intratumoral CD3C, CD4C and
CD8C cells – and the expression of T cell markers character-
izing cytolytic effector function (Granzyme BC) was signifi-
cantly associated with smaller tumor volume. Interestingly,
myogenic differentiation (DesminC) did not correlate with
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tumor size (Fig. 3C). For survival analysis, animals were
grouped according to the higher IHC scoring of the two
tumors. Pronounced CD4C T cell infiltration was signifi-
cantly associated with better survival. CD3C and CD8C cor-
related with survival with a trend to statistical significance
(Fig. 3D).

Cytokine profile

Tumor supportive cytokines, in particular IL13, IL16, macro-
phage migration inhibitory factor (MIF), plasminogen-activa-
tor-inhibitor (PAI, serpin E1) and RANTES (regulated upon
activation normal T-cell expressed and presumably secreted),

Figure 1. Preparation of the animals with human CD34C stem cell transplantation and engraftment and animal and tumor treatment groups are shown in (A). Engraft-
ment was tested by FACS analysis of peripheral blood mononuclear cells (B) and did not differ between treatment groups (C). Engraftment did not influence tumor
growth before start of treatment (D).
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dominated in the control group (Fig. 4A).While irradiation as a
single modality therapy lead to an increase of antitumoral cyto-
kines, such as CD40 ligand, IFNg and TNFa (I2, Fig. 4B), the
major change induced by combination treatment was the
reduced abundance of pro-tumorigenic cytokines, exemplarily
shown for IL17-E, CCL-1 and IL13 (Fig. 4C).

T and NK cell compartment

Tumor-infiltrating NK cells, ab and gd T-lymphocytes were
examined for inherent marker molecules. NK-activating and
-inhibitory receptors indicated activated NK cells and lytic
potential of immune cells in all tumors as KIR and NKG2
receptors with intracytoplasmic tails that confer activation
rather than inhibitory signals and DNAM-1, the receptor
for PVR (CD155) and Nectin-2 (CD112), was present in
every sample tested. Except for Nkp44, all tested innate
receptors were expressed in all samples. In all cohorts, the
expression of CD161 indicating IL-17-producing T cells of
memory phenotype was detected, a phenotype that is polar-
ized into TH1 cells when exposed to IL-12 (Fig. 5A). In

contrast, the T cell compartment differed significantly
between cohorts. Unobtrusive intratumoural T-cell receptor
repertoires were evoked by NHS-IL12-only treatment in the
relatively short treatment period compared with the reper-
toires induced by local irradiation. There, complex T cell
compartments were induced in ipsi- as well as contralateral
tumors, interestingly with considerably more complex rep-
ertoires in contralateral unirradiated tumors than in the
respective irradiated counterparts. Tumors receiving combi-
nation therapy showed the broadest ab TCR repertoire.
Here, complex diversity was accompanied with highest peak
amplitudes and prominent distinct single peaks in TCR Va
spectratype analysis indicating prominent expression of sev-
eral variable segments and clonal expansion. Moreover,
prominent single peaks of corresponding length in ipsi- and
contralateral tumors indicative for systemic distribution of
clonal T cell expansions were found only after combination
treatment. In addition, lymphocytic infiltration rate, com-
plexity of the TCR repertoires and signs indicating clonal
expansions were the same in ipsi- and contralateral tumor
sites in the combination therapy cohort (Fig. 5B). Vg and

Figure 2. Size of individual tumors in the five treatment groups are depicted in (A). While control tumors showed rapid tumor growth and NHS-IL12 only slowed tumor
growth, irradiation controlled one of six tumors. The combination group showed tumor control for all irradiated tumors and deceleration or halt in tumor growth of the
contralateral tumors (A). Tumor size at day 15 of treatment differed significantly between controls and combination therapy, as well as NHS-IL12 treated tumors and the
irradiated tumors in the combination group (B). Tumor-size-specific survival was significantly longer with combination treatment than with irradiation alone. Single
modality NHS-IL12 and single modality irradiation treated animals had similar survival (C).
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Vd spectratypes were similar between treatment groups
(Fig. 5C).

Tumor control mechanism in vitro

As the combination of NHS-IL12 and IL2 also led to differ-
entiation32 and we and others have shown that TH1 effector
cytokines (IFNg combined with TNFa) can induce senes-
cence in tumor cell lines in vitro,32,34 we evaluated the com-
bination effect of TH1 effector cytokines and irradiation in
vitro. Senescence induction was not observed after IFNg
application. The combination effect of IFNg and irradiation

was highly significantly greater than the effect of irradiation
alone and even superseded the senescence induction of
IFNg combined with TNFa. This effect could be abrogated
by incubation with TNFa-blocking antibody before irradia-
tion (Figs. 6A and B). A204 cells secreted significantly more
TNFa after being irradiated with 4.0 Gy than under control
conditions (Fig. 6C). A204 cells as well as glioma cell lines
T98G and Ln229 express the IFNg receptor and thus are
suitable models to evaluate combination effects (Figs. 6D
and E). Senescence induction led to significantly reduced
clonogenicity in colony formation assay after irradiation
combined with IFNg in comparison to irradiation alone,

Figure 3. Immunohistochemistry showed marked differences in T-cell infiltration (CD4C, CD8C) and activation (Granzyme BC) leading to differentiation to DesminC cross
striated muscle cells as shown exemplarily in (A). T cell infiltration and activation were pronounced in the tumors treated with a combination of NHS-IL12 and irradiation.
Whereas hardly any infiltration was observed in the contralateral tumors of the irradiation only group, the animals of the NHS-IL12 and irradiation group with extensive
infiltrates in the ipsilateral tumors showed also infiltrates contralaterally. DesminC, differentiated areas were predominantly present in tumors treated with the combina-
tion regime (B). Tumor size at day 15 differed significantly for tumors with T-cell infiltrates (CD4high and CD8high) as well as for Granzyme Bhigh tumors (C). For survival anal-
ysis, animals were scored with the higher IHC scoring of both tumors and stratified as “high” or “low.” T-cell infiltration (CD4high, CD8high) correlated with tumor-size-
specific survival, whereas T cell activation (Granzyme Bhigh) showed no significant correlation with survival (D).
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not only in A204 rhabdomyosarcoma cells, but also in
T98G and Ln229 glioma cell lines (Fig. 6F).

Discussion

This study evaluates the combination of the immunocytokine
NHS-IL12 with tumor irradiation to investigate the antitumor
effect of the combination therapy as well as the mechanisms of
action in vivo and in vitro. The humanized NSG mouse model
allows for in vivo evaluation of species-specific immune thera-
peutic interventions in human malignancies. Yet, the limita-
tions of the study lie in the short follow-up time for animals
and the limited possibility of rechallenge experiments as well as
CD8C and CD4C cell depletion. In addition, the immune
responses might differ from patients as tumors and engrafted
immune cells do not share the same HLA types as discussed in
our previous study.32

In contrast to our last study,32 we commenced therapy later,
i.e., when tumors had reached a diameter of at least 7 mm, a
tumor size that could not be controlled by NHS-IL12 as single
agent treatment or in combination with other cytokines. How-
ever, when combined with local tumor irradiation, not only
irradiated tumors showed halted tumor growth, but also their
contralateral counterparts. This led to a significant survival
benefit for combination treatment compared with single treat-
ment. The abscopal response was combination treatment spe-
cific, yet was not observed in every animal. Abscopal effects
were observed when ipsilateral irradiated tumors showed a
response (in terms of immune cell infiltration and tumor
shrinkage) and occurred subsequently to induction of immune
response in the irradiated tumor lesion. Abscopal effects are
rare in patients receiving radiation as monotherapy,35-37 yet are
one of the main rationales for combining radiotherapy and
immunotherapy with the aim of achieving this effect in larger

Figure 4. Cytokine arrays were performed on representative tumors of the different treatment groups and stratified according to the pro- and antitumor properties of the
cytokines described in the literature. Untreated tumors showed a strong protumorigenic cytokine profile (A). Results are displayed normalized to the intensity of the posi-
tive controls included in the array. Changes in tumor inhibiting cytokines (shown exemplarily for IFNg , CD40L and TNFa) show an increase after irradiation (I2), but no sig-
nificant changes after NHS-IL12 (II3) or combination treatment compared with control (III4, III5, B). In contrast, tumor supportive cytokines were significantly reduced after
combination treatment (C). Bars indicate significant differences between treatment groups.
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numbers of cancer patients.15 Hypofractionated or large single-
dose irradiation as applied in our study has been described as
particularly efficient in inducing immune effects such as immu-
nogeneic cell death,38,39 and abscopal tumor responses,16,40,41

and are common for stereotactic radiotherapy of metastases or
small primary tumors in the clinical setting.42-44

Histology showed dense immune cell infiltrates predomi-
nantly in tumors of those animals that had received combina-
tion therapy. Furthermore, their tumors were of smaller size
and their infiltrating T cells in general characterized by markers
indicating cytolytic activity, while the CD4C T cells were
assumingly of T helper type as they were negative for Foxp3
(data not shown) and associated with better survival. Yet, dense
immune infiltrates correlated not only with a significant better
survival but also large intratumoral areas of multinucleated
desminC, cross-striated muscle cells arranged in steric order

resembling myofbrilles and fibres, indicating induction of myo-
geneic differentiation. As described in our previous work, the
mechanism leading to tumor differentiation from rhabdomyo-
sarcoma to cross-striated muscle fibers was senescence in the
xenograft tumors indicated by pHP1g and p16INK4a positivity.32

In contrast, irradiation-only treated tumors showed only some
immune cell infiltration and smaller immune compartments in
the corresponding contralateral tumors. NHS-IL12 cohort had
even less infiltrates. Both single modality treatment cohorts
were not associated with signs of myogenic differentiation nei-
ther in ipsi- nor contralateral tumors.

With regard to the cytokine milieu control tumors exhibited
a tumor-promoting cytokine profile with hardly any antitu-
moral cytokines present. NHS-IL12 treatment seemed to
reduce pro-tumorigenic cytokines. While irradiation as a single
modality therapy led to a slight increase of antitumoral CD40

Figure 5. Spectratypes were performed following established protocols. NK cell receptor repertoires showed a homogenous distribution among the treatment groups (A).
Va repertoires showed a broader spectrum for irradiated tumors and after combination treatment (B). Vg and Vd spectratypes confirmed these findings (C).
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ligand and TH1 cytokines IFNg and TNFa, the major change
induced by combination treatment was the reduced abundance
of pro-tumorigenic cytokines.

The molecular analysis of the intratumoral immune com-
partments indicated cytolytic activity of T cells and cytokine
secretion. NKG2D, a major activating receptor of innate and
adaptive immune cells, potentially triggering NK cells, gd T
cells, iNKT, CD8C ab T cells and under certain conditions
CD4C T cells’ cytolytic activity was expressed in all tumors.45

The marker profile in our study suggests that NK cells might be
able to produce TH1 cytokines and cross-talk with dendritic
cells paving the way for adaptive T cell responses.46,49 Yet, the
respective NK cell compartments seemed functionally

homogenous among treatment groups. The complexity of T
cell compartments, however, differed significantly between the
treatment cohorts indicating a T cell mediated effect through
combination treatment supported by initial NK cell response.
In concordance with our previous data32 short-term NHS-IL12
treatment induced only a moderate TCR diversity. Irradiation
provoked a broad TCR diversity and systemic spreading of the
immune response indicated by immune infiltration preferen-
tially in unirradiated contralateral tumors and patterns charac-
terizing identical clones at respective contralateral tumor site.
Combining NHS-IL12 with irradiation induced the numerically
strongest clonal expansions and the most diverse T cell receptor
repertoires with bilaterally equal rates of immune infiltration,

Figure 6. IFNg combined with irradiation induced senescence in A204 cells. The induction was significantly more pronounced than with single modality treatment or
even treatment with IFNg and TNFa (published previously for senescence induction). The effect could be abrogated by the addition of TNFa-blocking antibody (A, B).
TNFa secretion of A204 cells was significantly increased after irradiation (C). Rhabdomyosarcoma A204 as well as glioma cell lines T98G and Ln229 showed IFNg receptor
expression and were used for further investigations (D, E). Senescence induction led to a significant decrease of clonogenicity after treatment with IFNg and irradiation
compared with irradiation alone in all three cancer cell lines (F). The proposed mechanism of interaction of irradiation and NHS-IL12 to promote anticancer immune
response superseding the effect of irradiation alone and to increase survival even in the presence of non-irradiated tumors is depicted in (G). �p < 0.05. ��p < 0.0001.
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corresponding to differentiation and shrinkage of the tumor
lesions.

Senescence was induced by IFNg and as we show in this
study also irradiation-induced tumor-derived TNFa in vitro.
Irradiation and IFNg induced senescence even more efficiently
than combined IFNg and TNFa. The blocking of TNFa in cul-
tures of A204 tumor cells that had been supplemented with
IFNg before irradiation abolished senescence induction in these
cultures. These findings confirm that the growth arrest is
dependent on IFNg and TNFa. A204 rhabdomyosarcoma cells
as well as several IFNg-receptor expressing glioma cell lines
showed significantly reduced clonogenicity when treated with
irradiation and IFNg in comparison to irradiation alone. In
vivo, the observed differentiation to muscle tissue is associated
with senescence as described previously. NHS-IL12 in combi-
nation with IL-2 or IL-7 also led to differentiation via senes-
cence induction as demonstrated by pHP1g and p16INK4a

induction.32

Established concepts of the combination of immunotherapy
with irradiation include the antitumor immune response via
well-known pathways such as an increase of danger signals,50,51

luring of immune cells into the tumor lesion,52,53 augmenting
the release of tumor-associated antigens,54,55 and supporting
the priming of T cells.56 For the first time, we show that an
effectively TH1 polarized tumor stroma (by IL-12) together
with irradiation terminally growth arrested the tumor cells.
Reduced clonogenicity has so far mostly been ascribed to radio-
sensitizing agents like certain chemotherapeutics.57,58 In con-
trast to these agents that impair DNA repair,59,60 enhance cell
death61 or affect the cell cycle,62 IFNg and TNFa induce senes-
cence. Importantly, IFNg and TNFa are generated in the tumor
lesion with TNFa originating from tumor cells in response to
irradiation and M1 macrophages63 polarized by IL-12 while
IFNg is released from IL-12 stimulated NK- and gd-T cells and
ab-T cells induced in context with this TH1 biased tumor
microenvironment.64

Our results are in line with other reports about combina-
tions of immunocytokines and irradiation.30,31 L19-IL2, too,
led to synergistic effects with irradiation in vivo, even in MHCI
deficient tumors.30,31 The immunocytokine L19-IL2 alone has
shown antitumor activity in a phase I trial for mixed solid
tumours as well as in malignant melanoma.29,65 NHS-IL2 also
has been evaluated in vivo as well as clinically and has shown
antitumour activity.66 Immunocytokines with IL2 enable the in
vivo evaluation in immunocompetent murine models. How-
ever, IL12 might be advantageous in the clinical setting, as it
elicits TH1 responses without the risk of fostering Tregs as
described for IL2.67

In conclusion, neither local tumor irradiation nor NHS-IL12
alone but the combination demonstrated highly efficient antitu-
mor activity. Even large and fast growing tumors could be con-
trolled and systemic antitumor effects outside the irradiation
field were observed. These abscopal effects were based on the
induction of massive intratumoral NK and T cell compart-
ments, characterized by the expression of activation markers
and cytotoxins and a shift of the cytokine profile into antitu-
moral profiles, leading to growth arrest and differentiation of
the tumor with or without the subsequent elimination of
growth arrested cancers. Our data suggest senescence and

differentiation as new mechanisms for abscopal effects induced
by the combination of irradiation and immunotherapy and
build a strong rationale for combining NHS-IL12 with irradia-
tion as a highly attractive concept that aims for efficient and
systemic cancer control in clinical settings.

Material and methods

Humanized mouse model

As described previously,32 we used fully humanized NSG mice
(JAX mouse stock name NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ;
Jackson Laboratory) housed in single airflow cages under spe-
cific pathogen-free conditions in the Research Animal Facility
at the Children’s Hospital, University of T€ubingen, Germany.
Briefly, 6- to 8-week-old NSG mice received total body irradia-
tion with 2.5 Gy and were injected intravenously (i.v.) with 106

CD34C human hematopoetic stem cells obtained from surplus
of G-CSF mobilized donors with their informed consent.
Engraftment was fostered by weekly injections of 20 mg Fc-IL7
(Merck Serono). Twelve weeks after injection of stem cells and
at repeated time points thereafter engraftment was tested by
flow cytometry (multicolor staining for human CD45, CD3
and live/dead with antibodies PerCP-labeled CD45 (2D1) (BD
Biosciences), APC-labeled CD3 (MEM-57) (Exbio) and Alexa
Fluor 350). Animals with human engraftment of 5% or more
were included in the experiment.

Tumor model and treatment

After confirmation of engraftment, human rhabdomyosarcoma
cell line A204 (ATCC�, ATCC�-number: HTB-82) was inocu-
lated subcutaneously on both hind legs of the animals (106

cells) after being cultured in RPMI 1640 plus 10% FBS. Treat-
ment was started at tumor size of 7–10 mm (of the larger tumor
in case of asymmetric tumor growth). Tumors were irradiated
with a single dose of 8.0 Gy using a linear accelerator (Elekta
Oncology Systems�) with 6MV photons with complete lead
shielding of the body under anesthesia with 1.5% isoflurane
(Abbott) evaporated in air at a flow of 0.5 L/min. Dosimetry of
the irradiation field showed good coverage of the irradiated
tumor, while the contralateral tumor received a maximum scat-
tered irradiation dose of 0.3% of the applied dose (unpublished
data). NHS-IL12 (Merck Serono) was injected i.v. weekly at a
dose of 20 mg in 100 mL phosphate-buffered saline (PBS) start-
ing 2 to 3 d after irradiation in the combination group. Tumor
diameters were measured every 2 to 3 d by a digital calliper,
tumor volume was calculated using the following equation
VT D a£b£d£p/6, where a, b, and d describe length, width,
and depth of the tumor. Relative tumor size was evaluated
15 § 2 d after start of treatment. After sacrificing the animals,
tumors were excised and aliquoted for histology (formalin-
fixed, paraffin embedded) and molecular analysis (fresh frozen
in liquid nitrogen, stored at ¡80�C).

Survival analysis

Mice were sacrificed when the tumors reached a size of 15 mm
in the largest diameter according to the humane end point
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criteria applied at our institution. For the sake of tissue analysis,
animals with regressing tumors were sacrificed when reaching a
tumor size of 3 mm in the largest diameter. For Kaplan–Meier
analysis animals that were sacrificed or died without reaching
tumor end point criteria were censored to create a “tumor-size-
specific survival.”

Histology and immunohistochemistry

Representative parts of the tumors were formalin fixed and par-
affin embedded. Tumor sections were HE stained for histological
analysis. Immunohistochemistry (IHC) was performed with anti-
bodies against human CD3 (SP7, 1:50; DCS Innovative Diagnos-
tic Systems GmBH), CD4C (SP35, 1:50, Zytomed Systems),
CD8C (C8/144B, 1:100), CD56 (123C3-D5, 1:20), CD68 (PG-
M1, 1:150), desmin (D33, 1:100) by DAKO and perforin (5810,
1:200) by Novocastra/Leica. Final staining was performed with a
Permanent AP Red Kit (Zytomed Systems). Sections were
scanned with NanoZoomer (Hamamatsu Photonics K.K., Hama-
matsu), evaluated with NDP.view (Hamamatsu Photonics K.K.,
Hamamatsu) and scored from 0 to 3. “Low” and “high” category
for IHC staining refers to a score of 0, 1 and 2, 3, respectively.
For survival analysis, animals were grouped according to the
higher IHC scoring of the two tumors.

Molecular analysis

TCR-a, -g and -d chain repertoires were analyzed with spectra-
type analysis as described previously.33 KIR typing included
Nkp46, CD226, Nkp44, Nkp30, NKG2D, NKG2E, CD161 (pri-
mers available on request). The human cytokine array A (R&D
systems) was executed according to the manufacturer’s instruc-
tions. Two samples of each treatment group were analyzed in
technical duplicates. Cytokines supporting tumor progression
including TH2 cytokines were classified as pro-tumorigenic.
TH1 and tumor inhibitory cytokines were classified as antitu-
mor effective.

In vitro analysis

Protein abundance of IFNg receptor 1 was detected by Western
blot with antibody ab25448 (Abcam). Clonogenicity of A204
cells as well as glioma cell lines Ln229 and T98G was evaluated
in vitro by clonogeneic assay with irradiation doses of 0 Gy,
2.0 Gy, 4.0 Gy and 6.0 Gy with and without combined rh-IFNg
(Immunotools) treatment. TNFa secretion was measured by
ELISA according to the manufacturer’s instructions (Thermo
Fischer Scientific). Senescence indicated by b-Galactosidase
positivity (Assay US Biological) of A204 cells was evaluated
after IFNg treatment alone and in combination with tumor
necrosis factor a (TNFa, Immunotools) and irradiation follow-
ing the manufacturer’s instructions. The combination treat-
ment was also tested in the presence of TNFa-neutralizing
antibodies (Cell Signaling).

Statistical analysis

In all figures, center values represent mean of data and error
bars represent SEM unless indicated otherwise. Statistical

significance was analyzed with one-tailed Student’s t-tests if the
data met the assumptions of this test. Multiple data sets were
compared with ANOVA. Dot plots were analyzed with the lin-
ear regression model. Survival was evaluated with the Kaplan–
Meier method and compared with log-rank test. Animals dying
or being killed with tumors < 15 mm were censored for the
survival analysis. p-values <0.05 were considered statistically
significant, p-values between 0.1 and 0.05 are described as trend
to statistical significance.
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