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Abstract

Background: Immunogenic radiotherapy (RT) can act synergistically with immune checkpoint blockers (ICBs).
However, alternatives are needed for non-responding patients and those with pre-existing or ICB-induced
autoimmune symptoms. Combination of RT with IL-2 could be an alternative. But IL-2 has a short half-life, and, by
binding to its high-affinity receptor, it strongly stimulates immunosuppressive CD4+ Tregs and seems to promote
potentially life-threatening vascular leakage. IL-2/anti-IL-2 complexes (IL-2c), which bind to the low-affinity receptor,
have been reported to circumvent these disadvantages but they have not yet been thoroughly tested in
conjunction with radiotherapy.

Methods: We evaluated, in three mouse models, the antitumoral effects induced by hypofractionated RT (hRT) plus
IL-2c. We also used non-invasive imaging with a newly developed PET tracer based on therapeutically active IL-2¢
and a PD-L1 PET tracer for the theranostic evaluation of the treatment and its side effects.

Results: Treatment of mice bearing established B16 melanomas with hRT + IL-2c was superior to hRT + uncomplexed
IL-2 or hRT alone; IL-2c alone was not effective. hRT + IL-2c was also synergistic in mice bearing C51 colon carcinomas
or 4T1 mammary carcinomas. The better antitumor response correlated with increased tumor-specific CD8+ T cells and
NK cells, but not CD4+ Tregs, in the irradiated tumor and in lymphoid organs. With the new PET tracer, we visualized
the whole-body distribution of IL-2c and the bound receptors in naive mice and tumor-bearing mice. Surprisingly, the
tumor uptake was non-specific and only moderate. This prompted experiments demonstrating that specific IL-2¢
binding in the tumor is limited by IL-2 secreted by tumor-resident effector cells and that extratumorally expanded T
and NK cells can infiltrate the irradiated tumor, which suggests that systemic immune activation considerably
contributed to the reduction of tumor growth. Lastly, we show that a side effect of IL-2¢ treatment — a quite dramatic
non-specific expansion of CD8+ T and NK cells — is only transient, and we visualized the associated splenomegaly as
well as side effects on liver and lung by contrast-enhanced CT and PD-L1 PET.

Conclusions: Our results show that the combination of immunogenic RT with IL-2c that are directed towards the low-
affinity IL-2 receptor can be synergistic and more effective than the combination with uncomplexed IL-2. In addition,
our theranostic evaluation provided insights into the mechanism of action and the side effects of IL-2c treatment.
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Background

The cytokine IL-2 is mainly secreted by effector T cells
and is crucial for the proliferation, differentiation, and sur-
vival of T cells, including immunosuppressive CD4+
FoxP3+ regulatory T cells (Tregs). It is also important for
natural killer (NK) cells [1-3]. IL-2 has a low molecular
mass (15.5 kDa), resulting in a short half-life in the circu-
lation [4]. The high-affinity IL-2 receptor, which is com-
posed of the alpha (CD25) and beta (CD122) chains and
the common gamma chain (y,, CD132), is transiently
expressed on recently activated T cells and constitutively
on CD4+ Tregs. IL-2 binds with lower affinity to the
dimeric receptor consisting of CD122 and vy, which is
expressed at high levels on memory CD8+ T cells and NK
cells [3, 5].

IL-2 exhibits antitumor effects in a small subpopulation
of patients with antigenic tumor types such as malignant
melanoma or renal cell cancer [4]. Besides the limited
therapeutic efficacy, one major disadvantage, particularly
of high-dose IL-2, is the induction of the capillary leak
syndrome [6], a potentially life-threatening adverse effect.
Although the pathophysiology of the IL-2-induced capil-
lary leak syndrome seems multifactorial, binding of IL-2
to CD25 expressed on vascular endothelial cells has been
reported to promote it [7, 8].

Various strategies have been employed to enhance the
therapeutic efficacy and reduce the adverse effects of
IL-2. These include tumor-targeted variants; another
strategy is to avoid the binding of IL-2 to CD25 either
by mutation or by complex formation with anti-IL-2
antibodies such as the S4B6 monoclonal antibody [1, 5,
9, 10] (Fig. 1a). CD122/y.-directed IL-2/anti-IL-2 com-
plexes (IL-2c) do not bind CD25 [11-13] and increase
the circulation time of IL-2 [11, 13, 14]. They therefore
strongly expand cytotoxic T (CD8+) and NK cells but
cause only little expansion of immunosuppressive Tregs
[13, 15, 16]. In addition, treatment with IL-2c has been
reported to reduce the capillary leak syndrome [7, 8].

The therapeutic efficacy of IL-2 can also be enhanced by
combination treatments, e.g., with local radiotherapy (RT).
Suggested by early studies in mice [17], this could not be
reproduced in a subsequent clinical trial published in
1992 [18]. However, a recent trial suggested strong local
and systemic antitumor activity of combinations of high-
dose radiation and IL-2 in metastatic melanoma and renal
cell carcinoma patients [19]. Both trials utilized hypofrac-
tionated RT (hRT), which is delivered in fewer fractions
than conventional RT, but in the early trial, the dose per
fraction and the biologically effective RT dose were com-
paratively low. In recent years, it has repeatedly been
shown that hRT with moderate or higher-dosed fractions
can induce tumor-specific CD8+ cytotoxic T cells [20—22].
A major contributing factor is the induction of immuno-
genic cell death [23]. In addition, tumor irradiation
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enhances the influx of T cells into tumors. Accordingly,
combinations of tumor immunotherapeutics such as im-
mune checkpoint blockers (ICBs), IL-2, IL-2 variants, or
others, with immunogenic RT can be synergistic [17, 19,
20, 22, 24-27].

The combination of RT and CD122/y-directed IL-2c
has recently been studied in a two-tumor sarcoma
mouse model where only one of the two tumors was
irradiated. In this highly radiosensitive model, control
of the irradiated tumor and CD8+ tumor-infiltrating
lymphocytes (TILs) did not differ between the RT/IL-2¢
combination and RT monotherapy groups, and the con-
trol of unirradiated tumors did not differ between the
RT/IL-2¢ combination and IL-2c¢ monotherapy groups
[28]. Here, we investigated the antitumor efficacy of im-
munogenic hRT + CD122/y.-directed IL-2¢ in models
of aggressively growing B16 melanoma as well as C51
colon and 4T1 mammary carcinomas and found syner-
gistic effects of immunogenic RT and IL-2c. In addition,
we developed a PET tracer that allows the non-invasive
visualization of the biodistribution of CD122/y.-directed
IL-2¢ and their binding to the low-affinity IL-2 receptor
(CD122/y.). The PET imaging and biodistribution experi-
ments helped to reveal that CD122/y-directed IL-2c pref-
erentially bind CD122+ cells outside of the tumor and
that target binding in the tumor can be limited by IL-2
secreted by tumor-resident effector cells. We also used
non-invasive imaging with PET and contrast-enhanced
CT to visualize the transient splenomegaly and other side
effects caused by IL-2c-mediated unspecific bystander T
and NK cell activation.

Methods

Cell lines

The B16F10 melanoma cell line was obtained from H.P.
Pircher (Freiburg) and was authenticated by shape/
morphology, intracellular TRP-I staining, and recogni-
tion by pmel-1 transgenic T cells. Cells were transduced
with lentiviral particles encoding the human stem cell
marker CD133, as described before [29], and sorted for
CD133 expression. The Lewis lung carcinoma cell line
LLC-1 (CRL-1642) and the 4T1 mammary carcinoma
cell line were purchased from ATCC. The C51 colon
carcinoma cell line was obtained from Mario Paolo
Colombo (Milan) [30].

Mice

All animal experiments were performed in accordance
with the German Animal License Regulations and
were approved by the animal care committee of the
Regierungsprisidium Freiburg (registration number:
G-13/082). C57BL/6 N and BALB/c mice were pur-
chased from Janvier Labs and kept under standard
pathogen-free conditions.
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Fig. 1 Better tumor control and overall survival of tumor-bearing mice after combination treatment with hRT and IL-2c. a Scheme of IL-2c. b
Treatment scheme. In the combination treatment groups, the daily i.p. injections of equimolar doses of IL-2 or IL-2c started 4 days after hRT.
Tumor growth (c) and survival (d) of CD133-B16 melanoma-bearing mice which were either untreated or treated with IL-2¢, 2x 12 Gy, 2 x 12 Gy +IL-2,
or 2x 12 Gy +IL-2c. The effects of the depletion of either CD8+ T cells or NK cells are also shown. e Long-term survival of mice after combined
treatment with hRT and IL-2c is associated with the development of vitiligo. f Mice cured from established B16 tumors are immune to re-challenge
with CD133-B16 cells but not LLC cells. g, h Tumor growth (g) and survival (h) of mice bearing C51 colon carcinomas which were either untreated or
treated with IL-2¢, 2 X8 Gy, 2 x 8 Gy + IL-2, or 2 x 8 Gy + IL-2¢. i, j Tumor growth (i) and survival (j) of mice bearing 4T1 mammary carcinomas which
were either untreated or treated with IL-2¢, 2x 12 Gy, 2 X 12 Gy +1L-2, or 2 x 12 Gy + IL-2c

Tumor models

Tumor cells (2 x 10°) dissolved in 50% matrigel were im-
planted into the right flank of 8—12-week-old C57BL/6 N
mice (CD133-expressing B16F10 cells) or BALB/c mice
(C51 or 4T1 cells). The growth of the xenografts was

monitored by caliper measurements. The tumor volume
was calculated using the formula: length x width x height.
When the tumors reached 250 mm?® (radioresistant B16
and 4T1 models) or 500 mm?® (radiosensitive C51 model),
the mice were randomized before treatment. Tumors were
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irradiated locally with two fractions of 12 Gy (2 x 12 Gy;
B16 and 4T1 models) or 8 Gy (2 x 8 Gy; C51 model) on
consecutive days as described previously [31], followed by
daily intraperitoneal (i.p.) injections of equimolar amounts
of IL-2 (1.5 pg, corresponding to 7500 IU, PeproTech) or
IL-2¢ (9 pg, corresponding to 7500 IU IL-2) on days 5-11
(B16 and C51 models) or on days 5-7 and 12-14 (4T1
model) (Fig. 1b). Different tumor sizes and RT fraction
doses were chosen because of differences in radiosen-
sitivity between the tumor models (see above). In the
poorly immunogenic 4T1 model, we thought that ex-
tending the time period of IL-2c dose administration
might increase treatment efficacy. Mice were sacri-
ficed when their tumors reached a size of 2000 mm?,
In the highly metastatic 4T1 model, some mice had
to be sacrificed because of lung metastases (as evi-
denced by loss of body weight and low activity and
as confirmed by necropsy) before the subcutaneous
(s.c.) tumor reached 2000 mm? Re-challenge experi-
ments in cured mice were performed by injecting 2 x
10* tumor cells dissolved in 50% matrigel.

In vivo depletion of CD8+ T cells and NK cells

CD8+ cell-depleting antibodies (clone 2.43, BioXcell,
200 pg) or NK cell-depleting antibodies (clone PK136,
BioXCell, 100 pg) were injected i.p. 5 days and 1 day before
treatment and thereafter once a week. CD8+ T cell and
NK cell depletion was confirmed by flow-cytometrical
analysis of peripheral blood.

Adoptive transfer of extratumoral T and NK cells

To obtain CD8+ T cells and NK cells for adoptive
transfer experiments, B16-CD133 tumor-bearing mice
were locally irradiated with 2 x 12 Gy and treated there-
after with IL-2c as described above. One day after the
fifth IL-2¢ injection, CD8+ T cells and NK cells were
isolated from spleen, lymph nodes, and blood using kits
from Miltenyi Biotech. Thereafter, the isolated cells
were labeled with 5pM Cell Trace Violet (Invitrogen)
according to the manufacturer’s instructions. Recipient
mice were also treated as described above, and, without
prior lymphodepletion, 6 x 10° CD8+ or 9 x 10° NK1.1+
cells labeled with Cell Trace Violet were injected intra-
venously (i.v.) into recipient mice 3 days after the sec-
ond irradiation; at the same day, daily IL-2c treatment
was started. At day 3 after the transfer, the proportions
of Cell Trace Violet+/CD8+ cells, Cell Trace Violet
+/NK1.1+ cells and of M8-Tetramer+/CD8+/Cell Trace
Violet+ cells in spleen and tumor were determined by
flow cytometry. In addition, cell divisions of the trans-
ferred T and NK cells were analyzed by flow-cytometric
determination of Cell Trace Violet dilution.
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Preparation of IL-2c

S4B6 anti-mlIL-2 mAb [32] was purified from culture su-
pernatants of the S4B6—1 hybridoma (ATCC® HB-10968™)
according to standard methods. IL-2c were generated by
incubating recombinant murine IL-2 with S4B6 anti-
mlIL-2 mAD at a 2:1 M ratio at 37 °C for 30 min, before i.p.
injection into animals. The formation of IL-2¢ was exam-
ined by performing size exclusion chromatography on an
Enrich™ SEC 650 column (Bio-Rad).

Preparation of radiolabeled antibodies

S4B6 anti-IL-2 mAb or anti-PD-L1 (10F.9G2) mAb
were conjugated with the metal chelator S-2-(4-iso-
thiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triace-
tic acid (p-SCN-Bn-NOTA) as described before [29].
IL-2c were generated after the labeling of NOTA-
S4B6 mAb with radioactive **Cu as described above.
In vivo IL-2c¢ binding specificity was tested with the
same mADb labeled with CF680 (CF680 VivoBrite
Rapid Antibody Labeling Kits for Small Animal In
Vivo Imaging, Biotium) according to the manufac-
turer’s instructions.

ImmunoPET and CT imaging

ImmunoPET was performed 24 h after i.v. injection of ei-
ther 5 pg **Cu-NOTA-IL-2c or 20 pg **Cu-NOTA-PD-L1
mAb using a microPET Focus 120 (Concorde), immedi-
ately followed by CT imaging in two bed positions with a
tube voltage of 40keV and a tube current of 1mA
(microCT scanner; CT Imaging). For contrast-enhanced
CT imaging of spleens, 30 mg of ExiTron nano 12,000
(Miltenyi Biotec) was injected iv. into mice, immediately
followed by CT imaging. Mice were anesthetized using 2%
isoflurane/O, during PET/CT imaging. The scanning dur-
ation for immunoPET was dependent on the injected ac-
tivity and the elapsed time after tracer injection.
ImmunoPET scans were acquired for 15-20 min. For all
scans, a total count of at least 4.5 million was recorded.
To deplete CD122+ cells, 250 pug anti-CD122 antibody
(eBioscience) was injected i.p. 24 h prior to the injection
of the ®*Cu-NOTA-IL-2c tracer.

PET/CT image analysis

A routine 2D ordered subset expectation maximization
(OSEM2D) algorithm provided by the scanner software
was used to reconstruct PET images with a resolution of
1.5 mm. CT scans were reconstructed with a resolution
of 120 um and a T30 kernel, using the software provided
by the manufacturer. Fusion of the PET and CT images
was performed with AMIDE software 1.0.5 [33].

Ex vivo biodistribution
After PET/CT imaging, mice were euthanized, organs
and blood were collected, flushed and weighed, and the
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activity was measured with a Wizard [2] gamma counter
(PerkinElmer). All values were decay and background
corrected and expressed as percentage of the injected
activity per gram tissue (% IA/g) using a standard of
100% of the injected dose. Left- and right-side lymph
nodes were pooled for biodistribution analysis.

Flow cytometry

Flow-cytometric analysis of single-cell suspensions from
spleen, lymph nodes (inguinal, axillary, cervical and mes-
enteric lymph nodes), thymus, whole blood, bone mar-
row, and TILs was performed using o-CD45, a-CDS,
a-CD4, a-CD19, a-CD44, a-CD25, a-CD122, a-FoxP3,
a-IFN-y (all eBioscience), a-TNF-a, a-Ki67, «a-CD3 (Bio-
Legend), a-NK1.1 (BD Pharmingen). Stainings for intra-
cellular FoxP3, Ki67, TNF-q, and IFN-y were performed
following the manufacturer’s instructions (eBioscience).

Determination of tumor-specific T cells

Before intracellular IFN-y and TNF-« staining, the cells
were incubated either with IFN-y-stimulated (50 IU/ml;
48 h), 40-Gy-irradiated CD133-positive B16 cells or with
gp-70 peptide (C51 tumor model) for 6 h at 37 °C in the
presence of brefeldin A (eBioscience). PE-labeled H-
2KP-restricted MuLV P15E60s_611 tetramer was pur-
chased from Baylor College of Medicine. Stained cells
were analyzed using a BD FACSVerse flow cytometer
with FACSuite software (Becton Dickinson).

IL-2/IL-2c competition experiment

Isolated CD8+ T cells were preincubated with different
concentrations of IL-2 or interferon-f3 (R + D Systems) for
30 min at 4°C. Then, 1 pg IL-2c was added and the cells
were further incubated for 30 min at 4 °C. For detection of
the bound IL-2c, the washed cells were incubated with a
PE-labeled anti-rat I[gG2a secondary antibody (recognizing
the S4B6 antibody) at a concentration of 0.25 pg per sam-
ple for 30 min at 4 °C. Thereafter, the cells were incubated
with CD8-PE-Cy7 and CD122-APC antibodies and ana-
lyzed by FACS.

Statistical analysis

Results are presented as mean + SEM. Statistical ana-
lyses were carried out using GraphPad Prism 6.0 stat-
istical software (GraphPad Software Inc.). Survival
curves were compared using the log-rank test. A
p-value <0.05 was considered significant (*p <0.05,
*p <0.01, **p <0.001, and ****p < 0.0001).

Results

Synergistic antitumor effects of hRT and IL-2c in mouse
models with established tumors

Initially, we tested the antitumor efficacy of hRT + IL-2c in
mice bearing radioresistant but antigenic B16 melanoma
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tumors expressing human CD133 as a foreign antigen.
When the tumors had reached approximately 250 mm?,
mice were treated with IL-2c alone, hRT alone, hRT + IL-2,
or hRT + IL-2¢ (Fig. 1b). While IL-2¢ alone did not inhibit
the tumor growth and hRT alone delayed it only for a short
period of time, the hRT/IL-2c combination was much more
effective. Moreover, tumor growth suppression by hRT
+IL-2c was significantly better than that by hRT +
IL-2 (Fig. 1c). This was also reflected by the overall
survival, which was best for the hRT +IL-2c group.
Moreover, complete cures were only observed in this
group (Fig. 1d). The cured mice showed pronounced
vitiligo at and around the site of irradiation, indicating
the induction of cross-reactive T cells with shared
specificity against melanoma and melanocyte antigens
(Fig. 1le). The induction of tumor antigen-specific
memory T cells was suggested by the observed protec-
tion of cured mice against re-challenge with B16 mel-
anoma cells but not with Lewis lung carcinoma cells
(LLC-1) (Fig. 1f). A crucial role of CD8+ T cells for
tumor reduction and survival upon hRT + IL-2¢ was
proven by antibody-mediated CD8+ T cell depletion.
The depletion of NK cells did also negatively affect
tumor growth control and survival, albeit to a lesser
extent (Fig. 1c,d).

We confirmed the enhanced treatment efficacy of
hRT + IL-2c in mice bearing s.c. C51 colon carcinomas
(Fig. 1b, g, and h). C51 colon carcinomas are quite sensi-
tive to radiation treatment per se, resulting in a cure rate
of 53% even when only two fractions of 8 Gy were
administered on two consecutive days. However, the
cure rate rose to 73% when the mice were treated with
hRT + IL-2c. In contrast, the cure rate after treatment
with hRT + free IL-2 was similar to that after hRT alone.
Except for one mouse, all cured mice re-challenged with
C51 tumor cells 2 months after complete tumor regres-
sion were protected against the re-challenge, independ-
ent of whether they initially received IL-2c in addition to
hRT or only curative hRT (data not shown).

In mice bearing radioresistant and poorly immuno-
genic s.c. 4T1 tumors, we also observed a synergistic
effect of hRT and IL-2c¢ (Fig. 1i and j).

Increases in intra- and extratumoral CD8+ T cells and NK
cells, including tumor-specific T cells

The superior antitumor response to hRT +IL-2¢ com-
pared to hRT monotherapy correlated with a strong
increase in the numbers of CD8+ T cells and NK cells in
the tumor as well as in secondary lymphoid organs
(Fig. 2a-c). In the melanoma model, CD8+ T cell numbers
per gram tumor increased from (6.7 £ 1.8) x 10° (hRT) to
(1.8 +0.3) x 10" (hRT +IL-2c) (Fig. 2a). In contrast, CD4+
T cells and the subpopulation of immunosuppressive CD4+
Tregs increased only slightly in secondary lymphoid organs
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and the irradiated tumor. The preferential expansion of
CD8+ T cells compared to CD4+ T cells is also demon-
strated in the flow cytometry plots shown in Fig. 2d. Im-
portantly, the numbers of effector cytokine-producing,
tumor-specific CD8+ T cells also increased both in the
tumor and in secondary lymphoid organs (Fig. 2e-g). Con-
sistent with the tumor growth and survival data, T and NK
cell numbers in mice treated with hRT + free IL-2 were
generally more similar to those after hRT monotherapy
(Fig. 2a-g).

In the C51 colon carcinoma model, changes in total
numbers of CD8+ T cells, NK cells, and immunosup-
pressive CD4+ Tregs in spleen and lymph nodes were
similar to those in the B16 melanoma model (data
not shown). In this highly radiosensitive model, only
slight differences were found for tumor-specific CD8+
TILs per gram tumor tissue between the hRT mono-
therapy, hRT/IL-2 and hRT/IL-2¢ combination groups
(Fig. 3a). However, in hRT/IL-2c-treated mice, we ob-
served a strong increase in the absolute numbers of
tumor-specific CD8+ T cells in secondary lymphoid
organs (Fig. 3b and c). Note that the number of
IFN-y-producing tumor-specific CD8+ T cells in the
spleen increased from (1.2 +0.2) x 10° (hRT) to (2.4 +
0.7) x 10° (hRT + IL-2c). There was also a trend to-
wards a greater proportion of tumor-specific T cells
within the CD8+ population in the compartments an-
alyzed (Fig. 3d). Differences in the CD4/CD8 ratio or
in the proportion of tumor-specific T cells between
tumor-draining and non-draining lymph nodes were
not observed (data not shown).

Non-invasive visualization of IL-2c and of bound

receptors in naive mice

To visualize the biodistribution of IL-2c¢ and the bound
low-affinity (CD122/y,) receptors, we developed a novel
PET tracer. For this purpose, S4B6 (anti-IL-2) antibodies
were conjugated with the chelator NOTA and, shortly
before the PET experiment, the conjugates were loaded
with **Cu and then complexed with IL-2. The successful
complex formation with IL-2 was proven by a character-
istic shift in the retention time in size exclusion chroma-
tography (Fig. 4a).

Under physiological conditions, CD122 is mainly
expressed on subpopulations of T cells and on NK cells
[1]. Accordingly, in naive, healthy mice, we detected
CD122 only on 11.7+0.8% and 10.7 £2.5% of cells in
spleen and lymph nodes, respectively (Fig. 4b and c).
The frequency of CD122+ cells in the thymus, a primary
lymphoid organ, was considerably lower (less than 2%;
Fig. 4d).

Despite the low expression of CD122, we successfully
imaged the whole-body distribution of the IL-2¢ and the
bound CD122/y,. receptors in naive mice. As shown in
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Fig. 4e, microPET imaging with ®**Cu-NOTA-IL-2¢ en-
abled visualization of the spleen and at least some lymph
nodes 24 h post injection (p.i.). To confirm the immuno-
PET specificity, we depleted CD122-positive cells with a
depleting antibody (Additional file 1), which was injected
24 h before tracer injection. As shown in Fig. 4e and
Additional file 2, the spleen and the lymph node signals
were strongly reduced in mice in which CD122+ cells
were depleted. These observations were confirmed by ex
vivo biodistribution analysis 24h p.i, where specific
tracer uptake was found in the spleen, lymph nodes, and
bones, and to a minor extent in the lung, but not in the
thymus (Fig. 4f).

IL-2c immunoPET in tumor-bearing mice

hRT increases the numbers of TILs [31], and up to 30%
of the total TIL population of the irradiated tumor was
CD122+ (Fig. 5a). We therefore wanted to find out
whether the IL-2c tracer could specifically detect TILs in
irradiated mice.

Five days after local tumor irradiation with two frac-
tions of 12 Gy, tumor-bearing mice were injected with
®*Cu-NOTA-IL-2¢c and imaged 24h thereafter. As
shown in Fig. 5b and Additional file 3, the tracer sig-
nal was detectable at the tumor site; however, the
tumor uptake was usually only moderate, and in none
of the experiments could we detect statistically signifi-
cant differences between non-depleted mice and
CD122-depleted mice (Fig. 5¢), although CD122+ TILs
were usually successfully depleted in mice injected
with the CD122-depleting antibody (see Fig. 5a).

To confirm the paucity of binding to CD122+ cells
in the tumor, we determined in different compart-
ments (blood, spleen, tumor) the proportion of CD122
+ CD8+ T cells and NK cells that bind to fluorescently
labeled IL-2c. As shown in Fig. 5d, 24 h after i.v. injec-
tion, substantial binding of fluorescently labeled IL-2c
to CD122+ NK cells and CD8+ T cells could be
detected in blood and spleen. However, binding in the
tumor was much lower (fluorescently labeled IL-2c
could only be detected on one-third of the intratu-
moral CD122+ NK cells and only 3% of the CD122+
CD8+ TILs). These data are in accordance with the
PET and ex vivo biodistribution data obtained with
radioactively labeled IL-2c (see the high, specific
tracer uptake in blood and secondary lymphoid organs
in Fig. 4e and f and the moderate, unspecific uptake in
the irradiated tumor in Fig. 5b and c).

The lack of strong and specific tracer accumulation
in the tumors led us to hypothesize that IL-2 secreted
by RT-induced effector cells may compete with thera-
peutic IL-2¢ (and the ®*Cu-NOTA-IL-2c tracer) for
binding to CD122/y. receptors in the tumor micro-
environment. Indeed, while only very few leukocytes
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in secondary lymphoid organs secreted IL-2, many
more leukocytes from irradiated tumors secreted it
(Fig. 5e). Moreover, an in vitro experiment with CD122+
splenocytes and fluorescently labeled IL-2c showed that
pretreatment with IL-2 (but not with an unrelated cyto-
kine) indeed strongly reduces the binding of IL-2c¢ to
CD122+ T cells (Fig. 5f). Taken together, our data
suggest the possibility that competitive binding of
effector T cell-secreted IL-2 to CD122/y. receptors
contributed to the relatively low and unspecific IL-2c
tracer uptake in tumors.

Preferential expansion of extratumoral T and NK cells
after treatment with hRT + IL-2c

The findings thus far had shown that i.p. injected IL-2c
preferentially bind CD122+ cells in blood and lymphoid
tissue and to a much lower extent in the tumor, suggest-
ing that tumor-specific T and NK cells expanded by
IL-2¢ in extratumoral compartments markedly contrib-
ute to local tumor control. To substantiate this idea, we
analyzed the proliferation of T and NK cells in tumor,
spleen, lymph nodes, blood, and bone marrow in hRT-
and in hRT/IL-2c-treated mice 11days after RT. As
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untreated and CD122-depleted mice 24 h after injection of ®*Cu-NOTA-IL-2c (5 ug, 7.5 MBg). CD122-depleted mice were pre-treated with 0.25 mg
depletion mADb (i.p.) 24 h before tracer injection. White ticks in the C-sections indicate the positions of the T-sections. The scanning duration was
approximately 15-20 min. (f) Ex vivo biodistribution of radiotracer uptake 24 h after injection; n =4 mice per group. Abbreviations: cLN - cervical
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shown in Fig. 6a, enhanced T and NK cell proliferation —
as evidenced by increased expression of the proliferation
marker Ki67 — was clearly found in blood, spleen, and
lymph nodes but not in irradiated tumor and bone mar-
row, again suggesting that i.p. injected IL-2c preferentially
expand CD122+ cells in blood and secondary lymphoid
organs. However, a certain increase in proliferation of

tumoral T and NK cells may be difficult to detect because
of the already high proportion of proliferating TILs after
hRT monotherapy.

To demonstrate that extratumorally expanded T and
NK cells can infiltrate the irradiated tumor, we adop-
tively transferred CD8 T cells and NK cells (6 x 10® and
9 x 10°, respectively) pooled from lymph nodes, blood,
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(See figure on previous page.)

Fig. 5 IL-2c immunoPET/CT in tumor-bearing mice and analyses of IL-2¢ target binding in blood, spleen, and tumor. a Flow cytometry analysis of
CD122+ tumor-resident leukocytes 5 days after hRT in mice with or without depletion of CD122+ cells. b, ¢ Mice bearing an s.c. B16 tumor were
locally irradiated with 2 x 12 Gy when their volume reached 400 mm?. Five days later, they received 5 ug **Cu-NOTA-IL-2¢ (~ 7.5 MBq) and PET
images were acquired 24 h later. b Representative coronal and transverse IL-2c immunoPET/CT sections are shown. White ticks in the C-sections
indicate the positions of the T-sections. ¢ Ex vivo biodistribution of radiotracer uptake 24 h p.i. in irradiated tumors of CD122-depleted and non-
depleted mice. d Binding of IL-2c-CF680 with CD122+ NK and CD8+ T cells in vivo. IL-2c-CF680 was injected iv. 24 h before. In the upper right
quadrant of the NK1.1/CD122 plots, the proportions of CD122+ cells within NK1.1+ CD3- cells (i.e., NK cells) and CD8+ CD3+ cells (i.e, CD8+ T
cells), respectively, are given. The proportion of CD122+ cells bound by the iv. injected CF680-labeled IL-2c is given in the CF680/CD122 plots.
e Proportion of IL-2-secreting CD45+ cells in spleen, lymph nodes, and tumor. f Demonstration that pretreatment with IL-2 strongly reduces the
binding of IL-2c to CD122+ cells. Splenocytes were collected from naive mice. In the blocking setting, CD8+ splenocytes were incubated with IL-2 or
(for control) with interferon-@ at 37 °C for 30 min. Thereafter, the binding of IL-2c to CD122-positive T cells was determined by flow cytometry

and spleen of hRT/IL-2c-treated tumor-bearing mice
into recipient mice, which were also treated with hRT +
IL-2c. As shown in Fig. 6b (upper left), the proportion of
adoptively transferred cells in the CD8+ and the NK1.1+
splenocyte populations of the recipient animals was
quite low, presumably because the transfer was done
without prior lymphodepletion. However, some of the
transferred cells infiltrated the irradiated tumor, and, by
analyzing the dilution of a cell tracker dye, we found that
the infiltrating T and NK cells proliferated in the tumor
(Fig. 6b, right). Moreover, tumor antigen-specific T cells
were enriched among the transferred TILs (Fig. 6b,
lower left), presumably because of stimulation by tumor
antigen-presenting cells within the tumor. Taken to-
gether, these results suggested that extratumorally ex-
panded T and NK cells can contribute to local control of
the irradiated tumor.

Massive IL-2c-induced expansion of CD122+ lymphocytes

is only transient

IL-2 and CD122/y-directed IL-2c not only promote the ac-
tivation and proliferation of antigen-specific T cells but also
cause the unspecific expansion of CD8+ T cells and NK
cells [13, 15, 16, 34]. Accordingly, five daily injections of
IL-2c led to a marked enlargement of the spleen, as shown
on photographs of excised spleens and by non-invasive
whole-body imaging using contrast-enhanced micro-CT
and immunoPET with our previously described **Cu-NO-
TA-anti-programmed death-ligand 1 (PD-L1) tracer [35]
(Fig. 7a-c). Interestingly, this effect turned out to be rela-
tively short-lived. Seven days after cessation of the IL-2c
treatment, the spleen sizes had already returned to almost
normal ranges (Fig. 7a). The transient nature of this side ef-
fect was confirmed by determination of total cell numbers
and by flow-cytometric analyses of the CD8+ and CD4+
populations and of CD122"8" CD44"¢" CD8+ T cells in
secondary lymphoid organs (Fig. 7d and e). The PD-L1
immunoPET revealed also an increased PD-L1 tracer up-
take in the lungs and the liver after five daily injections of
IL-2¢, indicating an IL-2c-induced infiltration/expansion of
PD-L1-positive leukocytes and/or an upregulation of
PD-L1 induced by inflammation in these organs.

Discussion

We evaluated the antitumor activity of the combination
of CD122/y.-directed IL-2c with immunogenic RT. We
also describe a PET tracer that allows the non-invasive
imaging of IL-2c and of the corresponding bound
CD122/y. receptors. PET imaging and biodistribution
studies with this novel tracer prompted experiments that
demonstrated that IL-2c do preferentially bind CD122+
NK and CD8+ T cells in blood and secondary lymphoid
organs and less efficiently CD122+ cells in the tumor
microenvironment. However, the preferential binding to
extratumoral CD122+ cells did not preclude effective
combination of IL-2c¢ with hypofractionated tumor
irradiation.

In fact, the hRT/IL-2c combination had a better anti-
tumor effect on aggressively growing B16 melanoma
tumors than hRT alone or hRT + free IL-2. The antitu-
mor effect of the combination depended on CD8+ T
cells and to a lesser extent on NK cells and correlated
with an increase in tumor-specific T cells both in the
tumor and in lymphoid organs. Moreover, cured mice
were protected against tumor cell re-challenge, indicat-
ing the formation of tumor-specific T cell memory. Syn-
ergistic effects of hRT and IL-2c were also observed in
the C51 and 4T1 models.

In all three tumor models, IL-2c monotherapy did not
affect the growth of the established tumors. This is dif-
ferent to the report by Takahashi et al. *® who, in a
highly radiosensitive sarcoma model (with one irradiated
and one non-irradiated tumor per mouse), did find
growth reduction of the non-irradiated tumor by IL-2c
alone, which appears to explain the better overall sur-
vival of the mice in their study despite a similar response
of the irradiated tumor to RT versus RT + IL-2c. Reduc-
tion of tumor growth by CD122-directed IL-2c alone
has also been reported by others, but in these studies,
treatment usually began early after tumor cell inocu-
lation [7, 13, 14, 36]. Our data from mice with rela-
tively large tumors demonstrate that hRT can greatly
enhance the antitumor efficacy of IL-2c. It would be
of interest to study this also in orthotopic tumor
models in the future.
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PET tracers based on uncomplexed IL-2 [37, 38] and a
tumor-targeted IL-2 variant [10, 39] have already been de-
veloped. The novel PET tracer reported here based on
CD122/y.-directed IL-2c allows the non-invasive assess-
ment of the biodistribution of therapeutically active IL-2¢c
and also of their corresponding bound CD122/y, recep-
tors with high resolution. In naive mice, the non-invasive
imaging of CD122/y, receptors is particularly difficult as,
under normal conditions, only few lymphocytes express
this receptor and because these non-activated lympho-
cytes are small. Nonetheless, we were able to demonstrate
specific tracer uptake in secondary lymphoid organs, i.e.,
in the spleen and to some extent in the lymph nodes,
which harbor most CD122+ NK and T cells, and to a
lesser extent in the bone marrow.

Although the IL-2c tracer could be detected in B16 mel-
anoma tumors of irradiated mice, the tumor signal turned
out to be largely non-specific since it was similar in
CD122-depleted mice. Low specific tumor uptake and
preferential binding of IL-2c to extratumoral CD122+ cells
was confirmed by using fluorescently labeled IL-2c. Pref-
erential binding to extratumoral IL-2 receptor-expressing
cells has previously even been demonstrated for an iv.
injected tumor-targeted IL-2 antibody fusion protein and
has been explained by the fact that the bispecific fusion
protein encountered IL-2 receptor-positive cells earlier
(e.g., in the blood) than tumor antigen-positive cells in the
tumor [40]. Our data suggest an additional potential
mechanism that could contribute to the lack of efficient,
specific target binding of IL-2-based therapeutics in tu-
mors. Non-exhausted effector cells in tumors secrete IL-2
[41], and we have shown here that pretreatment with IL-2
blocks the binding of IL-2c to their receptors. Thus, our
data suggest the possibility that competition with IL-2 se-
creted in the tumor microenvironment could also contrib-
ute to the low specific tumor targeting of IL-2-based
therapeutics. Unspecific tumor uptake of IL-2¢ may be
due to the enhanced pressure and retention effect that
causes non-specific tumor trapping of macromolecules
[42], as well as due to tumor blood vessels because large
amounts of the tracer are circulating in the blood.

By conducting an adoptive transfer experiment with
extratumoral T and NK cells from hRT/IL-2c-treated
mice, we show that extratumorally expanded T and NK
cells, including tumor-specific T cells, infiltrated the irra-
diated tumor, and therefore extratumorally expanded T
and NK cells very likely contributed to local control of
the irradiated tumor. This is in line with recent studies
suggesting a critical impact of extratumoral responses
on tumor rejection in various systems [43, 44]. However,
after one injection, we also found fluorescently labeled
IL-2c on a small number of tumor-resident NK and
CD8+ T cells. Specific binding to tumor-resident lym-
phocytes may be enhanced after repeated injections or
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when TILs are more exhausted. Therefore, additional work
is necessary to find out to which extent specific tumor up-
take of IL-2c is necessary for their antitumor activity. In this
respect, it will also be of interest to evaluate the antitumor
activity of intratumorally administered IL-2c.

A side effect of IL-2¢ treatment is the quite dramatic
non-specific expansion of CD8+ T and NK cells. This
expansion of CD122+ cells was already evident 24 h after
the first injection of IL-2c. However, T and NK cell num-
bers relatively rapidly decreased after treatment cessation.
Furthermore, this transient dramatic lymphocyte
expansion was not only detected by FACS but also
non-invasively. For this purpose, we used contrast-en-
hanced CT (with a spleen-specific contrast agent) and
PD-L1 immunoPET with a theranostic PD-L1 tracer
recently developed by us [35]. The PD-L1 tracer is useful
for this purpose because most murine leukocytes exhibit
some basal PD-L1 expression [35]. The PD-L1 PET not
only visualized the splenomegaly but also revealed an
enhanced PD-L1 tracer uptake in the liver and the lungs,
consistent with IL-2c-mediated expansion of CD122+ cells
in these organs. Transient IL-2-mediated inflammation in
these organs has previously already been shown by immu-
nohistochemistry for other IL-2-based immunotherapeu-
tics [45]. Liver and lung are typically affected by the
IL-2-induced capillary leak syndrome [7, 46]. Thus, the
enhanced PD-L1 signal in liver and lung may in part re-
flect capillary leakage, which, although reduced compared
to equally effective doses of free IL-2, can occur following
treatment with CD122-directed IL-2c [7, 13]. In any case,
imaging approaches that allow the non-invasive detection
of T and NK cells and the associated inflammation may be
of great value for the further development of IL-2-based
drugs [47].

Taken together, we show here that the combination of
immunogenic RT with CD122/y.-directed IL-2c can be
synergistic and therapeutically more effective than the
combination with uncomplexed IL-2 or IL-2c monother-
apy. The RT/IL-2c¢ combination could be evaluated in
clinical trials with IL-2c directed against human CD122
(such as the recently described NARA1/human IL-2 com-
plexes [13]) and could be an alternative to ICB or RT/ICB
combinations, particularly in patients with ICB-induced
(auto)immune adverse effects or patients resistant to ICB
monotherapy or to combinations with cytotoxic regimens
[48]. PET and biodistribution studies with a novel tracer
based on IL-2c helped to reveal that IL-2¢ seem to prefer-
entially bind to and expand CD122+ leukocytes outside of
tumor tissue. Similar PET tracers based on IL-2c¢ directed
against human CD122/y, receptors [13] may be of value
for the pharmaceutical development of human-specific
IL-2c. Further insights into biodistribution kinetics of
mouse- or human-specific IL-2c may be obtained with
PET tracers labeled with longer-lived radionuclides.



Jing et al. Journal for ImmunoTherapy of Cancer (2019) 7:55

Additional files

Additional file 1: Description of data: Flow cytometry results showing the
successful depletion of CD122-positive cells in spleen and lymph nodes 24
h after i.p. injection of CD122-depleting antibodies. (DOCX 312 kb)

Additional file 2: Title of data: IL-2c immunoPET/CT of naive mice.
(MOV 4201 kb)

Additional file 3: IL-2c immunoPET/CT of a tumor-bearing mouse.
(MQOV 4823 kb)

Acknowledgements
Not applicable.

Funding
Not applicable.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article (and its supplementary information files).

Authors’ contributions

Most experiments were performed by HJ,; HJ, MH, MB, and SG. contributed
to PET imaging and tracer development; EF. planned, performed and analyzed
some of the flow cytometric analyses and animal experiments. G.N. supervised
the project; HJ. and GN. wrote the paper and all other authors critically
reviewed it; all authors read and approved the final manuscript.

Ethics approval and consent to participate

All animal experiments were performed in accordance with the German Animal
License Regulations and were approved by the animal care committee of the
Regierungsprasidium Freiburg (registration number: G-13/082).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Radiation Oncology, Medical Center, Faculty of Medicine,
University of Freiburg, Freiburg, Germany. “Department of Nuclear Medicine,
Medical Center, Faculty of Medicine, University of Freiburg, Freiburg,
Germany. *German Cancer Consortium (DKTK) Partner Site Freiburg, Freiburg,
Germany. “German Cancer Research Center (DKFZ) , Heidelberg, Germany.
®Innovent Biologics (Suzhou) Co,, Ltd, Suzhou, China. ®Oncology
Translational Imaging Science, Roche pRED, Basel, Switzerland.

Received: 19 July 2018 Accepted: 13 February 2019
Published online: 26 February 2019

References

1. Boyman O, Sprent J. The role of interleukin-2 during homeostasis and
activation of the immune system. Nat Rev Immunol. 2012;12(3):180-90.
https://doi.org/10.1038/nri3156.

2. Arenas-Ramirez N, Woytschak J, Boyman O. Interleukin-2: biology. Design
and Application Trends in immunology. 2015;36(12):763-77. https://doi.org/
10.1016/}.it.2015.10.003.

3. Liao W, Lin JX, Leonard WJ. Interleukin-2 at the crossroads of effector
responses, tolerance, and immunotherapy. Immunity. 2013;38(1):13-25.
https://doi.org/10.1016/j.immuni.2013.01.004.

4. Rosenberg SA. IL-2: the first effective immunotherapy for human cancer.
JImmunol. 2014;192(12):5451-8. https://doi.org/10.4049/jimmunol.1490019.

5. Rosalia RA, Arenas-Ramirez N, Bouchaud G, Raeber ME, Boyman O. Use of
enhanced interleukin-2 formulations for improved immunotherapy against

20.

22.

23.

24.

Page 15 of 16

cancer. Curr Opin Chem Biol. 2014;23:39-46. https://doi.org/10.1016/j.cbpa.
2014.09.006.

Rosenstein M, Ettinghausen SE, Rosenberg SA. Extravasation of intravascular
fluid mediated by the systemic administration of recombinant interleukin 2.
J Immunol. 1986;137(5):1735-42.

Krieg C, Letourneau S, Pantaleo G, Boyman O. Improved IL-2
immunotherapy by selective stimulation of IL-2 receptors on lymphocytes
and endothelial cells. Proc Natl Acad Sci U S A. 2010;107(26):11906-11.
https://doi.org/10.1073/pnas.1002569107.

Milling L, Zhang Y, Irvine DJ. Delivering safer immunotherapies for cancer. Adv
Drug Deliv Rev. 2017;114:79-101. https//doi.org/10.1016/j.addr.2017.05011.
Neri D, Sondel PM. Immunocytokines for cancer treatment: past, present
and future. Curr Opin Immunol. 2016;40:96-102. https://doi.org/10.1016/j.coi.
2016.03.006.

Klein C, Waldhauer |, Nicolini VG, Freimoser-Grundschober A, Nayak T, Vugts
DJ, et al. Cergutuzumab amunaleukin (CEA-IL2v), a CEA-targeted IL-2
variant-based immunocytokine for combination cancer immunotherapy:
overcoming limitations of aldesleukin and conventional IL-2-based
immunocytokines. Oncoimmunology. 2017;6(3):e1277306. https://doi.org/10.
1080/2162402X.2016.1277306.

Letourneau S, van Leeuwen EM, Krieg C, Martin C, Pantaleo G, Sprent J,

et al. IL-2/anti-IL-2 antibody complexes show strong biological activity by
avoiding interaction with IL-2 receptor alpha subunit CD25. Proc Natl Acad
Sci U'S A. 2010;107(5):2171-6. https;//doi.org/10.1073/pnas.0909384107.
Spangler JB, Tomala J, Luca VC, Jude KM, Dong S, Ring AM, et al. Antibodies
to Interleukin-2 elicit selective T cell subset potentiation through distinct
conformational mechanisms. Immunity. 2015;42(5):815-25. https.//doi.org/
10.1016/j.immuni.2015.04.015.

Arenas-Ramirez N, Zou C, Popp S, Zingg D, Brannetti B, Wirth E, et al.
Improved cancer immunotherapy by a CD25-mimobody conferring
selectivity to human interleukin-2. Science translational medicine. 2016;
8(367):367ra166. doi: https.//doi.org/10.1126/scitransimed.aag3187.

Tomala J, Chmelova H, Mrkvan T, Rihova B, Kovar M. In vivo expansion of
activated naive CD8+ T cells and NK cells driven by complexes of IL-2 and
anti-IL-2 monoclonal antibody as novel approach of cancer
immunotherapy. J Immunol. 2009;183(8):4904-12. https://doi.org/10.4049/
jimmunol.0900284.

Boyman O, Kovar M, Rubinstein MP, Surh CD, Sprent J. Selective stimulation
of T cell subsets with antibody-cytokine immune complexes. Science. 2006;
311(5769):1924-7. https://doi.org/10.1126/science.1122927.

Kamimura D, Sawa Y, Sato M, Agung E, Hirano T, Murakami M. IL-2 in vivo
activities and antitumor efficacy enhanced by an anti-IL-2 mAb. J Immunol.
2006;177(1):306-14.

Cameron RB, Spiess PJ, Rosenberg SA. Synergistic antitumor activity of
tumor-infiltrating lymphocytes, interleukin 2, and local tumor irradiation.
Studies on the mechanism of action. J Exp Med. 1990;171(1):249-63.

Lange JR, Raubitschek AA, Pockaj BA, Spencer WF, Lotze MT, Topalian SL, et
al. A pilot study of the combination of interleukin-2-based immunotherapy
and radiation therapy. Journal of immunotherapy : official journal of the
Society for Biological Therapy. 1992;12(4):265-71.

Seung SK, Curti BD, Crittenden M, Walker E, Coffey T, Siebert JC, et al. Phase
1 study of stereotactic body radiotherapy and interleukin-2--tumor and
immunological responses. Science translational medicine. 2012;4(137):
137ra74. doi: https://doi.org/10.1126/scitranslmed.3003649.

Demaria S, Golden EB, Formenti SC. Role of local radiation therapy in
Cancer immunotherapy. JAMA oncology. 2015;1(9):1325-32. https://doi.org/
10.1001/jamaoncol.2015.2756.

Lugade AA, Moran JP, Gerber SA, Rose RC, Frelinger JG, Lord EM. Local
radiation therapy of B16 melanoma tumors increases the generation of
tumor antigen-specific effector cells that traffic to the tumor. J Immunol.
2005;174(12):7516-23.

Spiotto M, Fu YX, Weichselbaum RR. The intersection of radiotherapy and
immunotherapy: mechanisms and clinical implications. Sci Immunol. 2016;
1(3). doi: https://doi.org/10.1126/sciimmunol.aag1266.

Galluzzi L, Bugue A, Kepp O, Zitvogel L, Kroemer G. Immunogenic cell death
in cancer and infectious disease. Nat Rev Immunol. 2017;17(2):97-111.
https://doi.org/10.1038/nri.2016.107.

Zegers CM, Rekers NH, Quaden DH, Lieuwes NG, Yaromina A, Germeraad
WT, et al. Radiotherapy combined with the immunocytokine L19-IL2
provides long-lasting antitumor effects. Clin Cancer Res. 2015;21(5):1151-60.
https:.//doi.org/10.1158/1078-0432.CCR-14-2676.


https://doi.org/10.1186/s40425-019-0537-9
https://doi.org/10.1186/s40425-019-0537-9
https://doi.org/10.1186/s40425-019-0537-9
https://doi.org/10.1038/nri3156
https://doi.org/10.1016/j.it.2015.10.003
https://doi.org/10.1016/j.it.2015.10.003
https://doi.org/10.1016/j.immuni.2013.01.004
https://doi.org/10.4049/jimmunol.1490019
https://doi.org/10.1016/j.cbpa.2014.09.006
https://doi.org/10.1016/j.cbpa.2014.09.006
https://doi.org/10.1073/pnas.1002569107
https://doi.org/10.1016/j.addr.2017.05.011
https://doi.org/10.1016/j.coi.2016.03.006
https://doi.org/10.1016/j.coi.2016.03.006
https://doi.org/10.1080/2162402X.2016.1277306
https://doi.org/10.1080/2162402X.2016.1277306
https://doi.org/10.1073/pnas.0909384107
https://doi.org/10.1016/j.immuni.2015.04.015
https://doi.org/10.1016/j.immuni.2015.04.015
https://doi.org/10.1126/scitranslmed.aag3187
https://doi.org/10.4049/jimmunol.0900284
https://doi.org/10.4049/jimmunol.0900284
https://doi.org/10.1126/science.1122927
https://doi.org/10.1126/scitranslmed.3003649
https://doi.org/10.1001/jamaoncol.2015.2756
https://doi.org/10.1001/jamaoncol.2015.2756
https://doi.org/10.1126/sciimmunol.aag1266
https://doi.org/10.1038/nri.2016.107
https://doi.org/10.1158/1078-0432.CCR-14-2676

Jing et al. Journal for ImmunoTherapy of Cancer

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

(2019) 7:55

Morris ZS, Guy El, Francis DM, Gressett MM, Werner LR, Carmichael LL, et al.
In situ tumor vaccination by combining local radiation and tumor-specific
antibody or Immunocytokine treatments. Cancer Res. 2016;76(13):3929-41.
https://doi.org/10.1158/0008-5472.CAN-15-2644.

Rekers NH, Olivo Pimentel V, Yaromina A, Lieuwes NG, Biemans R, Zegers
CML, et al. The immunocytokine L19-IL2: an interplay between radiotherapy
and long-lasting systemic anti-tumour immune responses.
Oncoimmunology. 2018;7(4):e1414119. https://doi.org/10.1080/2162402X.
2017.1414119.

van den Heuvel MM, Verheij M, Boshuizen R, Belderbos J, Dingemans AM,
De Ruysscher D, et al. NHS-IL2 combined with radiotherapy: preclinical
rationale and phase Ib trial results in metastatic non-small cell lung cancer
following first-line chemotherapy. J Transl Med. 2015;13:32. https://doi.org/
10.1186/512967-015-0397-0.

Takahashi Y, Yasui T, Minami K, Tamari K, Otani K, Seo Y, et al. Radiation
Enhances the Efficacy of Antitumor Immunotherapy with an Immunocomplex
of Interleukin-2 and Its Monoclonal Antibody. Anticancer research. 2017;37(12):
6799-6806. doi: https//doi.org/10.21873/anticanres.12140.

Gaedicke S, Braun F, Prasad S, Machein M, Firat E, Hettich M, et al.
Noninvasive positron emission tomography and fluorescence imaging of
CD133+ tumor stem cells. Proc Natl Acad Sci U S A. 2014;111(6):E692-701.
https://doi.org/10.1073/pnas.1314189111.

Corbett TH, Griswold DP Jr, Roberts BJ, Peckham JC, Schabel FM Jr. Tumor
induction relationships in development of transplantable cancers of the
colon in mice for chemotherapy assays, with a note on carcinogen
structure. Cancer Res. 1975;35(9):2434-9.

Hettich M, Lahoti J, Prasad S, Niedermann G. Checkpoint antibodies but
not T cell-recruiting Diabodies effectively synergize with TIL-inducing
gamma-irradiation. Cancer Res. 2016;76(16):4673-83. https://doi.org/10.
1158/0008-5472.CAN-15-3451.

Zurawski SM, Mosmann TR, Benedik M, Zurawski G. Alterations in the
amino-terminal third of mouse interleukin 2: effects on biological activity
and immunoreactivity. J Immunol. 1986;137(10):3354-60.

Loening AM, Gambhir SS. AMIDE: a free software tool for multimodality
medical image analysis. Mol Imaging. 2003;2(3):131-7.

Kamimura D, Bevan MJ. Naive CD8+ T cells differentiate into protective
memory-like cells after IL-2 anti IL-2 complex treatment in vivo. J Exp Med.
2007;204(8):1803-12. https://doi.org/10.1084/jem.20070543.

Hettich M, Braun F, Bartholoma MD, Schirmbeck R, Niedermann G. High-
resolution PET imaging with therapeutic antibody-based PD-1/PD-L1
checkpoint tracers. Theranostics. 2016;6(10):1629-40. https://doi.org/10.7150/
thno.15253.

Levin AM, Bates DL, Ring AM, Krieg C, Lin JT, Su L, et al. Exploiting a natural
conformational switch to engineer an interleukin-2 'superkine'. Nature. 2012;
484(7395):529-33. https://doi.org/10.1038/nature10975.

Hartimath SV, Draghiciu O, van de Wall S, Manuelli V, Dierckx RA, Nijman
HW, et al. Noninvasive monitoring of cancer therapy induced activated T
cells using [18F]FB-IL-2 PET imaging. Oncoimmunology. 2017,6(1):21248014.
https://doi.org/10.1080/2162402X.2016.1248014.

Di Gialleonardo V, Signore A, Glaudemans AW, Dierckx RA, De Vries EF.
N-(4-18F-fluorobenzoyl)interleukin-2 for PET of human-activated T
lymphocytes. J Nucl Med. 2012;53(5):679-86. https://doi.org/10.2967/
jnumed.111.091306.

van Brummelen EMJ, Huisman MC, de Wit-van der Veen LJ, Nayak TK,
Stokkel MPM, Mulder ER, et al. (89)Zr-labeled CEA-targeted IL-2 variant
immunocytokine in patients with solid tumors: CEA-mediated tumor
accumulation and role of IL-2 receptor-binding. Oncotarget. 2018;9(37):
24737-24749. doi: https://doi.org/10.18632/oncotarget.25343.

Tzeng A, Kwan BH, Opel CF, Navaratna T, Wittrup KD. Antigen specificity can
be irrelevant to immunocytokine efficacy and biodistribution. Proc Natl
Acad Sci U S A. 2015;112(11):3320-5. https://doi.org/10.1073/pnas.
1416159112

Wherry EJ. T cell exhaustion. Nat Immunol. 2011;12(6):492-9.

Maeda H, Wu J, Sawa T, Matsumura Y, Hori K. Tumor vascular permeability
and the EPR effect in macromolecular therapeutics: a review. J Control
Release. 2000;,65(1-2):271-84.

Im SJ, Hashimoto M, Gerner MY, Lee J, Kissick HT, Burger MC, et al. Defining
CD8+ T cells that provide the proliferative burst after PD-1 therapy. Nature.
2016;537(7620):417-21. https://doi.org/10.1038/nature 19330.

Spitzer MH, Carmi Y, Reticker-Flynn NE, Kwek SS, Madhireddy D, Martins
MM, et al. Systemic immunity is required for effective Cancer

45.

46.

47.

48.

Page 16 of 16

immunotherapy. Cell. 2017;168(3):487-502 e15. https://doi.org/10.1016/j.cell.
2016.12.022.

Kwan BH, Zhu EF, Tzeng A, Sugito HR, Eltahir AA, Ma B, et al. Integrin-
targeted cancer immunotherapy elicits protective adaptive immune
responses. J Exp Med. 2017,214(6):1679-90. https://doi.org/10.1084/jem.
20160831.

Nakagawa K, Miller FN, Sims DE, Lentsch AB, Miyazaki M, Edwards MJ.
Mechanisms of interleukin-2-induced hepatic toxicity. Cancer Res. 1996;
56(3):507-10.

Wu C, Li F, Niu G, Chen X. PET imaging of inflammation biomarkers.
Theranostics. 2013;3(7):448-66. https://doi.org/10.7150/thno.6592.

Michot JM, Bigenwald C, Champiat S, Collins M, Carbonnel F, Postel-Vinay S,
et al. Immune-related adverse events with immune checkpoint blockade: a
comprehensive review. Eur J Cancer. 2016;54:139-48. https://doi.org/10.
1016/j.ejca.2015.11.016.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions


https://doi.org/10.1158/0008-5472.CAN-15-2644
https://doi.org/10.1080/2162402X.2017.1414119
https://doi.org/10.1080/2162402X.2017.1414119
https://doi.org/10.1186/s12967-015-0397-0
https://doi.org/10.1186/s12967-015-0397-0
https://doi.org/10.21873/anticanres.12140
https://doi.org/10.1073/pnas.1314189111
https://doi.org/10.1158/0008-5472.CAN-15-3451
https://doi.org/10.1158/0008-5472.CAN-15-3451
https://doi.org/10.1084/jem.20070543
https://doi.org/10.7150/thno.15253
https://doi.org/10.7150/thno.15253
https://doi.org/10.1038/nature10975
https://doi.org/10.1080/2162402X.2016.1248014
https://doi.org/10.2967/jnumed.111.091306
https://doi.org/10.2967/jnumed.111.091306
https://doi.org/10.18632/oncotarget.25343
https://doi.org/10.1073/pnas.1416159112
https://doi.org/10.1073/pnas.1416159112
https://doi.org/10.1038/nature19330
https://doi.org/10.1016/j.cell.2016.12.022
https://doi.org/10.1016/j.cell.2016.12.022
https://doi.org/10.1084/jem.20160831
https://doi.org/10.1084/jem.20160831
https://doi.org/10.7150/thno.6592
https://doi.org/10.1016/j.ejca.2015.11.016
https://doi.org/10.1016/j.ejca.2015.11.016

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell lines
	Mice
	Tumor models
	In vivo depletion of CD8+ T cells and NK cells
	Adoptive transfer of extratumoral T and NK cells
	Preparation of IL-2c
	Preparation of radiolabeled antibodies
	ImmunoPET and CT imaging
	PET/CT image analysis
	Ex vivo biodistribution
	Flow cytometry
	Determination of tumor-specific T cells
	IL-2/IL-2c competition experiment
	Statistical analysis

	Results
	Synergistic antitumor effects of hRT and IL-2c in mouse models with established tumors
	Increases in intra- and extratumoral CD8+ T cells and NK cells, including tumor-specific T cells
	Non-invasive visualization of IL-2c and of bound receptors in naïve mice
	IL-2c immunoPET in tumor-bearing mice
	Preferential expansion of extratumoral T and NK cells after treatment with hRT + IL-2c
	Massive IL-2c-induced expansion of CD122+ lymphocytes is only transient

	Discussion
	Additional files
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

