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Abstract

Background: Hypofractionated radiotherapy (hRT) can induce a T cell-mediated abscopal effect on
non-irradiated tumor lesions, especially in combination with immune checkpoint blockade (ICB). However,
clinically, this effect is still rare, and ICB-mediated adverse events are common. Lenalidomide (lena) is an
anti-angiogenic and immunomodulatory drug used in the treatment of hematologic malignancies. We here
investigated in solid tumor models whether lena can enhance the abscopal effect in double combination with
hRT.

Methods: In two syngeneic bilateral tumor models (B16-CD133 melanoma and MC38 colon carcinoma), the
primary tumor was treated with hRT. Lena was given daily for 3 weeks. Besides tumor size and survival, the
dependence of the antitumor effects on CD8* cells, type-l IFN signaling, and T cell costimulation was
determined with depleting or blocking antibodies. Tumor-specific CD8* T cells were quantified, and their
differentiation and effector status were characterized by multicolor flow cytometry using MHC-I tetramers and
various antibodies. In addition, dendritic cell (DC)-mediated tumor antigen cross-presentation in vitro and
directly ex vivo and the composition of tumor-associated vascular endothelial cells were investigated.

Results: In both tumor models, the hRT/lena double combination induced a significant abscopal effect. Control
of the non-irradiated secondary tumor and survival were considerably better than with the respective
monotherapies. The abscopal effect was strongly dependent on CD8* cells and associated with an increase in
tumor-specific CD8* T cells in the non-irradiated tumor and its draining lymph nodes. Additionally, we found
more  tumor-specific T cells with a stem-like (TCFI*TIM3-PD1*) and a transitory
(TCFI-TIM3* CD101-PD1+*) exhausted phenotype and more expressing effector molecules such as GzmB,
IFNy, and TNFa. Moreover, in the non-irradiated tumor, hRT/lena treatment also increased DCs
cross-presenting a tumor model antigen. Blocking type-I IFN signaling, which is essential for cross-presentation,
completely abrogated the abscopal effect. A gene expression analysis of bone marrow-derived DCs revealed
that lena augmented the expression of IFN response genes and genes associated with differentiation,
maturation (including CD70, CD83, and CD86), migration to lymph nodes, and T cell activation. Flow
cytometry confirmed an increase in CD70* CD83* CD86* DCs in both irradiated and abscopal tumors.
Moreover, the hRT/lena-induced abscopal effect was diminished when these costimulatory molecules were
blocked simultaneously using antibodies. In line with the enhanced infiltration by DCs and tumor-specific CD8*
T cells, including more stem-like cells, hRT/lena also increased tumor-associated high endothelial cells
(TA-HECGC:S) in the non-irradiated tumor.
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Conclusions: We demonstrate that lena can augment the hRT-induced abscopal effect in mouse solid tumor
models in a CD8 T cell- and IFN-I-dependent manner, correlating with enhanced anti-tumor CD8 T cell
immunity, DC cross-presentation, and TA-HEC numbers. Our findings may be helpful for the planning of

clinical trials in (oligo)metastatic patients.
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Background

Historically, radiotherapy (RT) was mainly
viewed as a directly tumoricidal, local treatment, but
more recent preclinical studies have shown that local
RT can also elicit a locally and systemically active
immune response by acting as in situ vaccine [1].
Hypofractionated RT (hRT), which delivers the total
radiation dose in only a few fractions, appears to be
particularly immunogenic [2]. The immunogenicity of
hRT seems to be largely due to the production of
damage-associated molecular patterns such as type I
IFN by irradiated tumor cells or dendritic cells (DCs)
in the tumor microenvironment [3-5]. This facilitates
the cross-presentation of tumor antigen by DCs
resulting in stimulation of tumor antigen-specific
CD8* T cells in the tumor-draining lymph nodes
(TDLNSs). These newly stimulated T cells proliferate,
migrate to the irradiated tumors, and kill tumor cells.
In addition, they may cause systemic effects on distant
non-irradiated tumor nodules, a phenomenon which
is known as "abscopal effect". The abscopal effect of
RT has been studied mainly in the context of immune
checkpoint blockade (ICB) [6]. However, in the clinic,
the abscopal effect is not often observed, even in
combination with ICB, and many patients experience
ICB-induced adverse events [7]. Therefore, there is a
great interest in identifying alternative combination
strategies.

Lenalidomide (lena) is an immunomodulatory
imide drug (IMiD), an analogue of the prototypic
imide drug thalidomide. IMiDs are used in the clinic
to treat hematological malignancies such as multiple
myeloma, mantle cell lymphoma, and del(5q)
myelodysplastic syndrome [8]. Some clinical trials
using IMiDs in patients with solid tumors, including
in combination with RT in brain tumors [9], have been
reported [10-15]. Additionally, case reports support
the use of this group of drugs in non-hematological
tumor types [16, 17]. However, so far, there is no FDA
approval for IMiDs in solid tumor entities. Whether a
combination of RT and lena improves the RT-induced
abscopal effect has so far never been investigated.

We have become interested in this group of
drugs as they have several potentially interesting
anti-tumor effects. IMiDs have anti-angiogenic
properties [18, 19]. In addition, various immuno-
stimulatory effects of lena have been described, e.g.,
on DCs treated in vitro [20-22] or on T cells [23],

including a direct induction of IL-2 in human T cells
[24].

High endothelial venules (HEVs) are a type of
blood vessel specialized in lymphocyte recruitment
and originally found in lymph nodes [25]. These cells
express the MECA-79 antigen, and can be induced in
non-lymphoid tissues at sites of chronic inflammation
[26]. Tumor-associated HEVs (TA-HEVs) have been
found in human tumors, and in mouse tumor models
where they positively correlate with CD8* T cell
infiltration and better prognosis [27, 28]. Moreover,
TA-HEVs have recently been associated with a higher
proportion of TCF1*TIM3-PD1* stem-like exhausted
CD8* tumor-infiltrating lymphocytes (TILs) [28].
These TCF1*PD1+ cells differentiate into the
effector-like “transitory” CD101-TIM3+PD1* subset
originally described in the model of lymphocytic
choriomeningitis virus (LCMV) [29] and later found
in mouse tumor models [30]. Terminally
differentiated exhausted T cells exhibit expression of
CD101 and decreased cytokine production [29-31].
Non-terminally differentiated exhausted CD8* T cells
were reported to positively correlate with favorable
anti-tumor response following immunotherapy [32,
33] or radio/immunotherapy [30, 34, 35].

Here we investigated whether lena can enhance
the hRT-induced abscopal effect in two different
mouse solid tumor models (the aggressive B16-CD133
melanoma and the MC38 colorectal carcinoma) with
established contralateral flank tumors. Although lena
monotherapy only slightly delayed tumor growth,
lena combined with hRT to the primary tumor
improved control of the non-irradiated secondary
tumor and survival of mice. This lena-enhanced
hRT-mediated abscopal effect was CD8* cell
dependent and correlated with enhanced infiltration
by tumor-specific CD8* T cells, cross-presenting DCs,
and an induction of TA-HEV endothelial cells
(TA-HECsS) in the non-irradiated secondary tumors.

Materials and Methods

Mice and cell lines

All animal experiments were performed in
accordance with the German Animal License
Regulations and were approved by the animal care
committee of the Regierungspriasidium Freiburg
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(registration number: G21/106). C57BL/6Nrj mice
were purchased from Janvier Labs. OT-I mice
expressing a transgenic T cell receptor specific for the
OVA peptide SIINFEKL presented by H-2KP were
provided by Dr. Yakup Tanriver (University of
Freiburg, Freiburg, Germany). To generate CD133-
expressing melanoma cells (B16-CD133), B16-F10 cells
were transduced with lentiviral particles encoding the
human stem cell marker CD133 and cultured as
described before [36]. B16-OVA cells were a gift from
Dr. Vincenzo Cerullo (Helsinki). B16-CD133 and
B16-OVA tumor cells were cultured in complete
RPMI-1640 medium (10% FBS, 100 IU/ml penicillin-
streptomycin) at 5% CO,, 37 °C. MC38 murine
adenocarcinoma cells were purchased from Kerafast,
and cultured in complete DMEM medium (10% FBS,
100 IU/ml penicillin-streptomycin) at 8% CO,, 37 °C.

Tumor models and treatment

Cells resuspended in PBS were mixed with
Matrigel (Corning) to a 50% final concentration of
matrigel; 2x10° B16-CD133 or B16-OVA cells or 5x10°
MC38 cells were subcutaneously (s.c.) inoculated into
the right flank of the mice. For the abscopal tumors,
2x105 B16-CD133 or B16-OVA cells or 5x105 MC38
cells were additionally injected into the left flank 5
days after the primary tumor injection. When the
primary tumor reached 130-200 mm?3 (B16-CD133 and
B16-OV A models) or 180-240 mm3 (MC38 model), and
secondary tumor volume reached 50 to 100 mms?, the
mice were randomized to different treatment groups.
The primary tumor was irradiated locally with two
fractions of 12 Gy (B16-CD133 and B16-OVA models)
or three fractions of 8 Gy (MC38 model) on
consecutive days. Tumor irradiation was performed
using an RS2000 X-ray unit (RadSource). Anesthetized
mice were positioned in a custom-made plastic jig
with a size-adjustable aperture for the primary tumor;
the rest of the mouse body was fully shielded with
lead. Dosimetric measurements with phantoms using
the thermoluminescent dosimetry method showed
that at a distance of 5 mm (from the primary tumor),
only 0.06% of the dose delivered is detectable.
Lenalidomide (Sigma-Aldrich, 1 mg/mouse) or the
vehicle DMSO was injected intraperitoneally (i.p.)
into mice every day for 3 weeks. Tumor volume
(length x width x height x ©/6) was measured three
times per week. Survival was defined as the time
point after the start of treatment when either the
primary or the secondary tumor had reached a size of
1,500 mm3. In the CD8 depletion experiment, 200
pg/mouse of anti-CD8 antibodies (clone 2.43,
BioXCell) was injected i.p. 3 days before hRT, on the
day of the first hRT, and once weekly thereafter.
Anti-IFEN a/p receptor subunit 1 (IFNAR-1) antibody

(250 pg/mouse; clone MAR1-5A3, BioXCell) was
given i.p. 3 days before hRT and on the day of the first
hRT. Anti-CD70 (200 pg/mouse; clone FR70,
BioXCell), anti-CD83 (200 pg/mouse; clone GL-1,
Michel-17), and anti-CD86 (200 pg/mouse; clone
GL-1, BioXCell) antibodies were injected i.p. every 3
days starting from the day of the first hRT.

Preparation of single-cell suspensions from
tumors and lymphatic organs

Primary and secondary tumors were weighed
and digested for 20 min at 37 °C in 5ml PBS plus
MgClo/CaCly (Gibco; Thermo Fisher Scientific)
supplemented with 50 pg/mL DNase I (New England
BioLabs) and 120 pg/mL Liberase solution (Roche
Life Science). After the incubation, tumor pieces were
mechanically ground through a 70-pm strainer
(Falcon) and filtered through a 30-pm pre-separation
filter (Miltenyi Biotech). Lymph nodes were squeezed
through a 70-pm strainer. Red blood cell (RBC) lysis
was performed wusing 1x RBC lysis buffer
(eBioscience).

Flow cytometry analysis

To exclude dead cells, samples were stained with
fixable ZombieNIR or ZombieRed (1:1000, BioLegend)
or propidium iodide (PI) was added to the samples
directly before the measurement. Prior to surface
staining, samples were incubated with rat anti-mouse
CD16/32 Fc receptor-blocking antibody (clone 2.4G2)
for 10 min at 4 °C. M8 tetramer-PE (H-2Kb, MuLV
p15E, KSPWFTTL) and OVA tetramer-PE (H-2Kb,
SIINFEKL) from Baylor College of Medicine
(Houston, TX) and CDS8-AF700 antibody (KT15,
Bio-Rad) were used to detect tumor-specific CD8* T
cells. The following anti-mouse antibodies were
purchased from BiolLegend: CD45-BV510 (clone
30-F11), CD3-PerCP-Cy5.5 (clone 145-2C11), PDI1-
BV421 (clone 29F.1A12), TIM3-BV605 (RMT3-23),
TNFa-BV421 (clone MP6-XT22), IL-2-APC (clone
JES6-5H4), CD11b-Pe-Cy7 (clone M1/70), F4/80-FITC
and PE (clone BM8), CD49b-FITC and Pe-Cy7 (clone
DX5), CD19-FITC (clone 1D3), CD11c-BV650 (clone
N418), CD86-BV421 (clone GL1), Ly6C-PerCP-Cy5.5
(clone HK1.4), CD103-APC (clone 2E7), CD31-Pe-Cy7
(MEC13.3), CD106/VCAM-1-PE (clone 105713),
CD70-PerCP-Cy5.5 (clone FR70), CD83-PE (clone

Michel-19), CD25-BV421 (clone PC61), CD62L-
APC-Cy7 (clone MEL-14), CD127-BV421 (clone
A7R34); from eBioscience: CD101-Pe-Cy7 (clone

Moushil01), GzmB-PE (clone NGZB), IFNy-FITC

(clone XMG1.2), CD3-FITC (clone 145-2C11),
SIINFEKL/H-2KP-PE (clone eBio25-D1.16), MECA-79-
AF488  (clone MECA-79), IRF8-APC (clone

V3GYWCH), CD137-PE-Cy7 (clone 17B5), GR1-APC
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(clone  RB6-8C5), FoxP3-PE (clone FJK-16s),
CD44-Super Bright™ 645 (clone IM7), KLRG1-PE-Cy7
(clone 2F1); from BD Biosciences: CD54/ICAM-1-APC
(clone 3E2), CD102/ICAM2-BV421 (clone 3C4),
CD4-PerCP (clone RM4-4). TIM3-APC (clone REA602)
was purchased from Miltenyi Biotec. TCFI1-
AlexaFluor647 and PacificBlue (clone C63D9) was
purchased from Cell Signaling. When needed, cells
were fixed with the Foxp3/Transcription Factor
Staining Buffer Set (eBiosciences, 00-5523-00) or
Intracellular Staining Kit (eBiosciences, 88-8824-00)
according to the manufacturer’s instructions. Data
were acquired using a CytoFlex S Flow Cytometer
(Beckman Coulter) with CytExpert 2.4.0.28 software
followed by data analysis with FlowJo 10.4 software.

Bone marrow-derived DC (BMDC) generation
in vitro

All in vitro DC assays were performed using
complete RPMI-1640 medium containing 10% FBS
(Gibco), 100 IU/ml penicillin-streptomycin (Gibco), 10
mM HEPES (Sigma-Aldrich), 1x NEAA (Gibco), 2 mM
L-Glutamine (Gibco), and 50 mM p-mercaptoethanol
(Sigma-Aldrich). To generate BMDCs, femurs and
tibias of healthy C57BL/6 mice were flushed with PBS
and the bone marrow filtrated through a 70-pm
strainer (Falcon). Erythrocytes were lysed using
eBioscience™ RBC lysis buffer (Invitrogen™). Cells
were cultured at 3x105 cells/mL in complete medium
supplemented with  40ng/mL  rmGM-CSF
(ImmunoTools), and DMSO or 10puM lena
(Sigma-Aldrich) at 37°C in 5% CO.,. Fresh complete
medium supplemented with rmGM-CSF, and DMSO
or 10 pM lena was added at day 3 and half of the
medium was replaced at day 6. Loosely adherent cells
were harvested on day 8-9 and used as BMDCs.

Cross-priming assay

OT-I cells from spleens of OT-I mice were
isolated by using a CD8a* T Cell Isolation Kit
(Miltenyi Biotec, Cat. No. 130-104-075) and labeled
with carboxyfluorescein succinimidyl ester (CFSE;
Invitrogen, Cat. No. 65-0850-84). A total of 5x10*
DMSO- or lena-treated BMDCs were incubated with
100 pg/mL OVA protein for 24 h at 37 °C in 5% CO..
Thereafter, BMDCs were stimulated for 6 h with
1pg/mL LPS, and co-cultured with CD8*
CFSE-labeled OT-I cells at 2:1 ratio for 4 days in the
presence of 50 IU/mL rmIL-2. OT-I cell proliferation
was measured by flow cytometry.

RNA-sequence analysis

Total RNA from BMDCs generated in the
presence of DMSO or 10 pM lena was extracted using
TRIzol™ Reagent (Invitrogen™). Subsequently,
libraries were prepared using the TruSeq Stranded

mRNA LT Sample Prep Kit (Illumina, San Diego, CA).
RNA-seq and analysis were performed by OE Biotech
Co, Ltd (Shanghai, China). Counts were normalized
with the transcripts per kilobase million method and
displayed as heatmap using pheatmap package
(1.0.12) in R software (version 4.3.0).

Ex vivo T cell re-stimulation

To evaluate CD8* T cell effector functions, TILs
were re-stimulated in vitro for 4h at 37 °C, 5% CO; in
RPMI medium with 1pg/mL M8 peptide
(KSPWFTTL, GenScript). During the restimulation, 1%
Brefeldin A (BioLegend, 420601) was added.
Thereafter, intracellular cytokine staining was
performed for flow cytometry analysis.

Immunohistochemistry

Slices from formalin-fixed paraffin-embedded
samples were used and stained with Opal 6-Plex
Manual Detection Kit (Akoya, NEL861001KT) and the
following primary antibodies: rabbit anti-CD31
(Abcam, EPR17259, 1:100), rabbit anti-MECA-79 (Bio-
legend, clone MECA-79, 1:50). Immunohistochemistry
(IHC) images were acquired using a PerkinElmer
Vectra Polaris™ multispectral microscope.

Statistical analysis

Results are presented as mean + SEM. To
compare two groups, an unpaired two-tailed
Student’s t-test was conducted. The comparison time
point for tumor volume measurements was the time
point at which at least one mouse of the compared
groups had reached the experimental end point. For
multiple comparison, one-way ANOVA followed by
Tukey’s correction was used. Survival data were
compared using the log-rank Mantel-Cox test.
Statistical significance was set at P < 0.05. Prism
version 9.0 (GraphPad) was utilized for all statistical
analyses.

Results

Lena facilitates the radiation-induced abscopal
effect

To investigate whether lena can enhance the
hRT-induced abscopal effect, we chose two bilateral
flank tumor models in which the primary tumor was
irradiated but the secondary was not (Figure 1A).
Tumor irradiation was done either in two fractions of
12 Gy or three fractions of 8 Gy, based on previous
preclinical studies conducted by us [30, 37, 38] and
others [2] which showed that these schedules can be
immunogenic. Lena or the vehicle DMSO (control)
were injected i.p. every day for 3 weeks similar to
previously reported studies [19][21].

First, we used the B16-CD133 melanoma model
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which, by expressing the human tumor stem cell
antigen CD133, shows increased immunogenicity
compared to the B16 wild-type model [36]. B16-CD133
tumor-bearing mice received two fractions of 12 Gy to
the primary on two consecutive days. Compared with
vehicle control, lena monotherapy only slightly
reduced the growth of the secondary tumor (Figure
1B-C). hRT alone caused significant growth delay of
the irradiated tumor, but, similar to lena mono-
therapy, only a slight growth delay of the secondary
tumor. While hRT/lena combination therapy only
slightly improved control of the irradiated tumor
compared with hRT alone, it strongly enhanced the
abscopal response of the non-irradiated tumor
compared with lena alone and with hRT alone (Figure
1B-C). Both hRT and lena monotherapy significantly
prolonged survival compared with control mice, but
dual hRT/lena treatment further considerably
enhanced survival compared with the respective
monotherapies (Figure 1D).

Similar results were observed in the MC38 colon
cancer model. MC38 tumor-bearing mice received
three fractions of 8 Gy to the primary tumor on three
consecutive days. In the MC38 model, lena
monotherapy had no effect on the primary and
secondary tumor (Figure 1E-F), and did not affect
survival of the mice (Figure 1G). hRT alone caused a
significant abscopal effect compared with control
mice. Also in this model, hRT/lena dual treatment
was considerably better than hRT or lena
monotherapy, both in terms of the abscopal response
(Figure 1E-F) and overall survival (Figure 1G).

These results showed that the addition of lena to
hRT can significantly improve the hRT-induced
abscopal effect and promote survival of the mice in
comparison with both lena and hRT monotherapies.

The hRT/lena-induced abscopal effect depends
on CD8* cells

To investigate mechanisms underlying the
superior response to dual therapy, we determined the
impact of CD8* T cells. Mice bearing B16-CD133
tumors were treated with hRT/lena and additionally
with antibodies to deplete CD8* cells (Figure 2A).
Control of the irradiated tumor was only partially
dependent on CD8* cells (Figure 2B, left), presumably
because of the strong direct tumoricidal effect of hRT.
In contrast, the abscopal response was completely
abrogated when CD8* cells were depleted (Figure 2B,
right). Consistent with this, depletion of CD8* cells
considerably reduced survival of hRT/lena-treated
mice (Figure 2C). Similar results were obtained in the
MC38 colon carcinoma model where CD8* cell
depletion worsened control of both primary and
secondary tumor and survival of the mice (Figure

S1A-B).

hRT/lena combination therapy increases the
number of tumor-specific CD8* T cells at the
abscopal site

The importance of CD8* T cells in
hRT/lena-mediated abscopal tumor control was
confirmed by analysis of single-cell suspensions of
tumors and TDLNSs of B16-CD133 tumor-bearing mice
at day 8 after treatment start using flow cytometry
(Figure 2D). In both primary and secondary tumor,
hRT/lena treatment caused a considerable increase in
the number of bulk CD8* T cells (Figure S2A-B). To
detect tumor-specific CD8* T cells, we used the
M8-tetramer, which recognizes the KSPWFTTL
epitope of the MuLV gp70 glycoprotein expressed by
various mouse tumor cell lines including B16
melanoma [39] and MC38 colon carcinoma [40]. As
shown in Figure 2E-F, in the B16-CD133 model
Ms8-tetramer* CD8* T cells per gram also increased in
both  primary and secondary tumor  of
hRT/lena-treated mice compared to control mice and
the respective monotherapies. An increase in
tumor-specific CD8* T cells was also found for the
MC38 tumor model (Figure S2C). In the TDLNs of
B16-CD133 tumors, even the percentage of
tumor-specific MS8-tetramert CD8* T cells was
increased, especially in the lymph nodes draining the
secondary tumor (Figure 2G-H). Recently,
macrophages were shown to mediate the abscopal
effect following RT/anti-CD47 treatment [41].
However, we did not find differences in anti-tumoral
M1 or pro-tumoral M2 macrophages in primary or
secondary tumor of hRT/lena-treated compared to
hRT-treated mice (Figure S2D-F).

These data show that hRT/lena treatment
increases the numbers of tumor-specific CD8* T cells,
especially in the abscopal tumor, and the increased
tumor-specific CD8* T cell frequencies in the TDLNs
at both the primary and the secondary sites suggested
better CD8* T cell priming or activation.

hRT/lena therapy enhances DC infiltration of
abscopal tumors and lena enhances CD8* T
cell priming in vitro

Cross-presenting DCs typically play a crucial
role in priming and activating tumor-specific CD8* T
cells by presenting exogenous tumor antigen via
MHC class I molecules [42]. CD103*Ly6C* DC-like
antigen-presenting cells, which are derived from the
monocytic lineage, have been suggested to be critical
for initiating anti-tumor immune responses early
during inflammatory conditions, for example when
tumor cells die after chemotherapy or immuno-
therapy [43, 44]. At day 4 after treatment start, we
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observed an increase in CD103*Ly6C* DCs in the
secondary tumor of hRT/lena-treated mice compared

to control mice, as well as lena and hRT monotherapy
in the B16-OVA model (Figure 3A).
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Figure 1. Adding lena enhances the hRT-induced abscopal effect in the B16-CD133 melanoma and the MC38 colon carcinoma model. A, Scheme for
treatments. B, E, Growth of primary (left) and secondary (right) B16-CD133 (B) and MC38 (E) tumors. C, F, Individual tumor growth curves for primary and secondary
B16-CD133 (C) and MC38 (F) tumors in control mice, or mice treated with lena, hRT, or double therapy. D, G, Survival of mice bearing contralateral B16-CD133 (D) or MC38
(G) tumors. Data are presented as mean with SEM and were collected from 3 independent experiments. P values (ns, not significant; * P < 0.05; ** P < 0.01; *** P < 0.001) were
determined by unpaired two-tailed Student’s t-test (B, E), or Kaplan—Meier analysis (D, G).
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Figure 2. The enhanced abscopal effect depends on CD8* cells, and adding lena to hRT increases tumor-specific CD8* T cells. A, Scheme for the depletion of
CD8* cells. B, BI6-CD133 tumor growth of irradiated primary tumor (left) and non-irradiated secondary tumor (right). C, Survival of mice. D, Gating strategy to identify
tumor-specific tetramer* CD8* T cells at day 8 after treatment start. E-H, Percentage (E, G), and absolute numbers (F, H) of M8-tetramer* CD8* T cells in the primary and
secondary tumors (E, F) and TDLNs (G, H) of control mice (n=6, grey), or mice treated with lena (n=7, green), hRT (n=7, blue) or hRT/lena combination (n=7, yellow). Data are
presented as mean with SEM and were collected from 3 independent experiments. P values (ns, not significant; * P < 0.05; ** P < 0.01; *** P < 0.001) were determined by unpaired
two-tailed Student’s t-test (B), Kaplan—-Meier analysis (C), or one-way ANOVA with Tukey’s multiple comparisons test (E-H).

To quantify the cross-presentation of a CD8* T  specific for SIINFEKL (immunodominant OVA
cell epitope by DCs, we analyzed B16-OVA single-cell ~ epitope)/H2-Kb complexes, a unique agent for
suspensions with a fluorescently labeled antibody  epitope-specific and quantitative studies of antigen
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presentation [45]. As shown in Figure 3B, C, dual
therapy increased the cross-presentation of the
SIINFEKL epitope by the CD103*Ly6C* cells in the
non-irradiated tumor measured directly ex vivo. To
confirm these data, we used the B16-CD133 model. In
this model, we found a stronger infiltration by total
DCs in the abscopal tumor of mice treated with
hRT/lena compared to hRT or lena alone at day 8
after therapy start (Figure 3D).

We next examined in vitro the ability of BMDCs
from healthy mice, generated in the presence of 10 pM

lena or an equal amount of the diluent DMSO, to
cross-prime OVA antigen/SIINFEKL-specific OT-I
CD8* T cells. Undifferentiated BMDCs were
incubated with OVA protein for 24 h. After exposure
to the maturation agent LPS, the DCs were
co-cultured for 4 days with naive CFSE-labeled OT-I
cells. BMDCs generated in the presence of lena were
more effective at cross-priming naive OT-I cells, as
evidenced by an increase in OT-I cell numbers (Figure
3E) and enhanced proliferation reflected by a stronger
CFSE signal dilution (Figure 3F).
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Figure 3. Lena increases DC numbers in the non-irradiated tumor. A, Numbers of Ly6C* CD103* DCs per gram tumor in the B16-OVA model at day 4 after treatment
start. To identify cross-presenting DCs, first CD3*, F4/80*, CD49b*, and CD19* cells were excluded, then the gate was set on the MHC-II*CD1 I c¢* population and further on the
CD103* Ly6C* subset. B, Percentage of mature CD103* Ly6C* CD86* DCs presenting SIINFEKL peptide by H-2Kb in the B16-OVA model at day 4 after treatment start. Tumor
single-cell suspensions derived from B16-OVA tumors were stained with an IgG1 isotype control antibody as a control for H-2KY/SIINFEKL staining, and TILs from B16-CD133
tumors were used as antigen-negative control. C, Representative flow cytometry plots for H-2Kb/SIINFEKL* CD86* cells among CD103* Ly6C* DCs. D, Number of total DCs
(CDl1 Ic* cells) at day 8 after treatment start in the B16-CD133 model. Data are presented as mean with SEM and were collected from 2 independent experiments. E, F, BMDCs
were generated from the BM of healthy mice in the presence of DMSO or 10 pM lena; after 8-9 days, BMDCs were incubated with OVA protein, stimulated with LPS and
co-cultured with CFSE-labeled CD8* OT-I T cells. Numbers (E) and proliferation by CFSE dilution (F) of OT-I cells were determined 4 days later. P values (ns, not significant; *
P < 0.05; ** P < 0.01; *** P < 0.001) were determined by one-way ANOVA with Tukey’s multiple comparisons test (A-D) or unpaired two-tailed Student’s t-test (E-F).
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Figure 4. RT/lena anti-tumor effects depend on type | IFN signaling and lena changes the transcriptional profile of BMDCs. A, Scheme for treatments. B,
Growth of irradiated primary (left) and nonirradiated secondary (right) B16-CD133 tumors. C, Survival of mice. D, Number of CDIlc* DCs (upper panel) and % of
OVA/SIINKEKL-presenting CD11c* DCs (lower panel) in primary and secondary B16-OVA tumors at day 4 after hRT/lena treatment start with or without type | IFN receptor
blockade. E, Scheme for the RNA-seq experiment performed on BMDCs which were generated for 8-9 days in the presence of DMSO or 10 pM lena. F, Heatmap illustrating the
changes in selected genes in BMDCs generated in the presence of either DMSO or lena and stimulated for 4 h with LPS. Data are presented as mean with SEM and were collected
from 2 independent experiments (B-D). P values (ns, not significant; * P < 0.05; ** P < 0.01; ¥ P <0.001; ****P < 0.0001) were determined by unpaired two-tailed Student’s t-test

(B, D, F), or Kaplan—Meier analysis (C).

Tumor control by hRT/lena therapy requires
type | IFN signaling and lena enhances
expression of IFN response genes and other
genes associated with T cell priming in DCs

Type I IEN signaling is essential for the induction
of tumor-specific CD8* T cell responses at the level of
DC-mediated CD8* T cell cross-priming/activation
[3]. To assess whether the efficacy of hRT/lena
therapy depends on type I IFN signaling, we
administered an IFNa/p receptor-I blocking antibody
to mice with B16-CD133 tumors which were

undergoing hRT/lena treatment (Figure 4A).
Blocking the type I IFN receptor only slightly reduced
control of the irradiated tumor; however, control of
the abscopal tumor and survival of the mice were
strongly reduced (Figure 4B-C). IFN-I receptor
blockade also strongly reduced the density (per gram
tumor) of DCs in both primary and secondary tumor
in the B16-OVA model (Figure 4D, upper panel) and
reduced cross-presentation of the immunodominant
OVA epitope SIINFEKL by the DCs (Figure 4D, lower
panel).
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RNAseq was used to analyze whether lena
affects the expression of genes important for
DC-mediated induction of CD8* tumor-specific T
cells. For this purpose, DCs were generated from BM
of healthy, untreated mice in the presence of lena or
the diluent DMSO and matured by a 4-h exposure to
LPS (Figure 4E). BMDCs generated in the presence of
lena showed significantly higher expression of the
transcription factor genes Batf3, 1d2, Zbtb46, Irf4, and
Irf8, which like the upregulated Cx3cr1, are involved
in DC differentiation [46] (Figure 4F). They also
showed higher expression of genes directly related to
DC-mediated activation or priming of CD8* T cells,
e.g., genes involved in the type I and II IFN response
(Irf7, Isg15, Mx1, and Gbp2b,), the maturation of DCs
(Ccr7, Cd83, Cd86, Prtn3, and Tnfrsf9), their migration
to lymph nodes (Ccr7 and Fscnl), the processing of T
cell antigens (e.g., Tapl), and the activation and
co-stimulation of T cells (Cd70, Cd83, Cd86) [47-49].
We then wanted to find out whether differentially
expressed molecules identified in LPS-matured
BMDCs in vitro are also upregulated in tumor DCs
derived from mice treated with hRT/lena vs. hRT
alone. Selected molecules of DCs with importance for
CD8* T cell activation/priming were examined in
tumor single-cell suspensions by flow cytometry.
Individual  positive regulatory  co-stimulatory
molecules (CD70, CD83, CD86) were mainly upregu-
lated in the irradiated tumor of hRT/lena-treated
mice. Upregulation in both irradiated and
non-irradiated (abscopal) tumor was found when all
three co-stimulatory molecules were stained together
(CD70* CD83*CD86* DCs) (Figure 5A-B). To test if
these co-stimulatory molecules played a role in local
and abscopal tumor control in hRT/lena-treated mice,
we blocked CD70, CD83, and CD86 during hRT/lena
treatment by co-administration of blocking
antibodies. As shown in Figure 5C, this blockade
significantly =~ worsened primary and, more
prominently, secondary (abscopal) tumor control and
diminished overall survival of the mice (Figure 5D).

Addition of lena to hRT increases effector
functions of TlLs and numbers of stem-like and
effector-like exhausted T cells in abscopal
tumors

Because we had found a strong increase in bulk
and tumor-specific CD8* TILs upon hRT/lena dual
treatment compared with all other treatment groups
(Figure 2F and Figure S2A), we wanted to determine
whether the addition of lena to hRT affects effector
functions and exhaustion state of the tumor-specific
TILs. Tumor single-cell suspensions (for the
composition see Figure S3A-C) from hRT- and
hRT/lena-treated mice bearing B16-CD133 melanoma

tumors were isolated at day 8 after treatment start and
re-stimulated ex wvivo with M8 peptide (the
immunodominant epitope of the MuLV p15E tumor
antigen presented by H-2KP) for 4h in the presence of
Brefeldin A. Brefeldin A was added to trap the
effector cytokines within the TILs to enable detection
by intracellular flow cytometry. The numbers of TILs
per gram tumor secreting GzmB, IFNy, TNFa, and
IL-2 were considerably higher in both primary and
secondary tumor in the hRT/lena treatment group
(Figure 6A-C).

In line with the substantially increased density of
effector molecule-expressing TILs and better tumor
control of irradiated and abscopal tumors (see Figure
1B-C), analyses of M8-tetramer* CD8* T cell subsets of
exhausted cells revealed that the effector-like
“transitory” (TIM3* CD101- PD1%) population
predominantly increased among the tumor-specific
TILs of both primary and secondary tumor in
hRT/lena-treated compared to hRT-treated mice
(Figure 6D-E). More undifferentiated “stem-like”
(TCF1* TIM3-PD1*) TILs also increased significantly
in the secondary tumor, but less strongly than
transitory cells (Figure 6E). In contrast, the terminally
differentiated subpopulation of exhausted T cells
(TIM3* CD101* PD1+) was not significantly increased.
Similar results were obtained in the MC38 tumor
model (Figure S4A-B). In a third model (B16-OVA
melanoma), the stem-like subset was significantly
increased in the secondary tumor (Figure S4C).

Aside from the effects on subsets of the
exhaustion lineage, it is important to know the effects
of anti-tumor treatments on T cell memory. As shown
in Figure S5A-C, hRT/lena treatment resulted in a
statistically significant increase of tumor-specific
CD8* T cells with a memory phenotype
(CD44+*KLRG1-CD127+CD62L*) in the secondary
tumor of B16-CD133 tumor-bearing mice compared to
hRT monotherapy; in the primary tumor a trend
towards increased numbers was observed.

The addition of lena to hRT increases the
frequency of TA-HECs in abscopal tumors

IMiDs, including lena, are antiangiogenic and
tumor T cell infiltration depends on tumor vascular
endothelia. ~Tumor infiltration by stem-like
tumor-specific T cells and ICB response depend on the
induction of MECA-79* TA-HEVs [28]. These
TA-HEVs also express the receptor for CD62L which
is not only expressed on naive but also on memory
CD8* T cells (see above) and on subtypes of stem-like
exhausted T cells [50]. Therefore, we studied the effect
of hRT/lena combination therapy on tumor
endothelial cells (ECs) by flow cytometry as shown in
Figure 7A. As shown in Figure 7B-C, no statistically
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significant difference was found in the percentage and
number per gram tumor of CD45-CD31* ECs among
the lena, the hRT, and the hRT/lena treatment groups
in the non-irradiated secondary tumor. In the
irradiated primary tumor, significantly fewer ECs
were found, consistent with previous studies
demonstrating that higher doses of ionizing radiation
can deplete vascular ECs [51] (Figure 7B-C).

Finally, we evaluated the expression of adhesion
molecules that play a crucial role in facilitating the
entry of immune cells into the tumor
microenvironment. No difference was observed in
expression of ICAM-1, ICAM-2, and VCAM-1 on the
ECs among the lena, the hRT, and the hRT/lena
treatment groups (Figure 7D-F). In contrast, both
percentage and numbers per gram tumor of ECs
expressing the TA-HEV marker MECA-79 increased
in the non-irradiated secondary tumor of
hRT/lena-treated mice compared to both lena- and
hRT-treated animals. The total number per gram
tumor of MECA-79* ECs decreased in the irradiated
primary tumor, probably because of RT-induced
apoptosis (Figure 7G-H). MECA79* tumor blood

vessels corresponding to TA-HEVs were visualized
by IHC in tumors of mice treated with hRT/lena.
Despite the reduction of tumor ECs detected by flow
cytometry, these IHC analyses also showed at least
larger intact blood vessels in the irradiated primary
tumor (Figure S6).

Discussion

We demonstrate here for the first time that the
IMiD lena can considerably enhance the RT-induced
abscopal effect in mouse solid tumor models.
Therefore, lena could be an alternative to ICB for
enhancing immunogenic effects of RT in
(oligo)metastatic disease states. The enhanced
abscopal effect was dependent on CD8* cells and
correlated with increased CD8* tumor-specific T cells
and cross-presenting DCs particularly in the
non-irradiated tumor. In addition, this new double
combination therapy enhanced the numbers of
stem-like and effector-like, but not terminally
differentiated, exhausted tumor-specific CD8* TILs. It
also elevated the numbers of MECA-79* tumor
vascular ECs which correspond to TA-HEVs that have
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recently been shown to enhance tumor infiltration by
stem-like exhausted T cells [28]. Our data also shed
more light on the effects of lena on cross-presenting
DCs.

Although lena or other IMiDs have not yet been
approved for the treatment of solid tumors in
patients, other authors have already observed
significant antitumor effects of IMiDs alone or in
combination, e.g.,, with an agonistic 4-1BB-specific
mAb (as shown for pomalidomide) [52] or DC
vaccines (as shown for lena) [21], in solid-tumor
models in mice. Only one of the two solid-tumor
models studied by us showed a mild response to lena

monotherapy. However, in combination with hRT, a
pronounced enhancement of the abscopal effect on
the non-irradiated tumor was observed in both mouse
models. Our depletion experiments show a strong
dependence of the hRT/lena-induced antitumor effect
on CD8* cells. Indeed, the number of tumor-specific
CDS8* T cells was increased in tumor tissue. Moreover,
in the lymph nodes draining the primary as well as
those draining the secondary tumor even the
frequencies of tumor-specific CD8* T cells were
increased. The latter suggested better DC-mediated
CD8* T cell cross-priming caused by adding lena to
primary tumor-directed hRT.
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Figure 7. Combined hRT/lena therapy increases MECA-79+ ECs in non-irradiated tumors. A, Gating strategy. B, C, Percentage (B) and numbers (C) of ECs
(CD31+* CD45) in primary and secondary tumor at day 8 after treatment start. D-F, Percentage of ICAM-1* (D), ICAM-2* (E), VCAM-1* (F) cells among ECs. G, H, Percentage
(G) and numbers (H) of MECA-79* ECs (TA-HECs). Data are presented as mean with SEM and were collected from 3 independent experiments. P values (ns, not significant; *
P < 0.05; ** P < 0.01; *** P < 0.001) were determined by one-way ANOVA with Tukey’s multiple comparisons test.

DCs are essential for T cell priming [42].
Therefore, we also quantified and functionally
characterized tumor-infiltrating cross-presenting
DCs, and studied the influence of lena on CD8* T cell
priming (in co-cultures of naive OT-I cells and

BMDCs fed with the OVA protein), and gene
expression changes in cross-presenting DCs in vitro.
Our data confirm in vitro cross-presentation studies by
others with BMDCs generated in the presence of lena
[20]. In addition, we found in hRT/lena-treated mice
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an increase in the numbers of cells with markers of
cross-presenting DCs  (CD103*Ly6C*) in the
non-irradiated (abscopal) tumor directly ex wvivo.
Moreover, in this DC population, the frequency of
cells presenting the immunodominant CD8* T cell
epitope of the OVA model antigen was strongly
increased. Our data confirm findings by others on
IMiD-induced upregulation of molecules associated
with DC maturation (CD83, CD86) and migration
(CCR7) [20-22]. In addition, we found in BMDCs
higher expression of a number of genes involved in
DC differentiation and of genes associated with
DC-mediated T cell priming/stimulation: further
genes associated with DC maturation, and genes
coding for costimulatory molecules, for molecules
relevant for DC migration to lymph nodes, for antigen
processing, as well as a number of type I and type II
IFN response genes. In line with the upregulation of
type I IFN response genes in BMDCs by lena and the
known dependence of DC-mediated cross-priming on
type I IEN, our antibody blocking experiments
showed a strong dependence of the enhanced
abscopal effect on IFN-I signaling. We confirmed the
lena-induced  upregulation of  co-stimulatory
molecules by analyzing tumor DCs by flow
cytometry. Furthermore, we proved the functional
importance of co-stimulatory molecules by showing
that co-treatment of hRT/lena-treated mice with
antibodies blocking CD70, CD83, and CD86 worsened
primary and, more prominently, secondary (abscopal)
tumor control and diminished overall survival of the
mice.

Effects of IMiDs (including lena) on the
exhaustion state of T cells are not known so far. In our
experiments, the hRT/lena double combination
increased stem-like and effector-like, but not
terminally differentiated, exhausted CD8*
tumor-specific TILs. This increase in non-terminally
differentiated exhausted T cells was consistent with
the presence of more CD8* TILs secreting effector
molecules such as GzmB, IFNy, TNFa, and IL-2 upon
ex vivo re-stimulation with epitope-specific peptide.
We did not study previously described effects of
IMiDs on TNFa production by myeloid cells which
has been shown to be reduced [53].

Because of the known anti-angiogenic effects of
IMiDs (including lena), we also characterized tumor
vascular ECs. Numbers of CD31* ECs did not
significantly change in the non-irradiated tumor.
Expression levels of the adhesion molecules ICAM-1,
ICAM-2, and VCAM-1 on ECs did not change either.
However, we found an increase in the number and
frequency of MECA-79*CD31* ECs in the
non-irradiated tumor of hRT/lena-treated mice. This
increase, together with the increase in stem- and

effector-like exhausted TILs, is interesting in light of
recent observations that MECA-79* ECs facilitate
tumor immigration of stem-like exhausted CD8* T
cells and subsequent intratumoral expansion of
effector-like exhausted cells [28, 54]. Of note,
MECA-79* TA-HEVs have been shown to be induced
by a combination of ICB and anti-VEGFR2 antibodies
which like IMiDs are antiangiogenic [55]. The
concerted increase in tumor-infiltrating DCs,
non-terminally differentiated exhausted T cells, and
MECA-79+ TA-HECs found in the non-irradiated
tumors is also consistent with published findings
showing that DCs are required for forming MECA-79*
HEVs [56] and that CD8* T cells are important
regulators of TA-HEVs in a feed-forward loop [54].
We did not find an increase in total numbers of
MECA-79* ECs in the irradiated primary tumor of
hRT/lena-treated mice likely due to RT-induced
apoptosis of vascular ECs in the irradiated tumor.
However, the remaining ECs may be sufficient to
enable T cell immigration into the irradiated tumors
in our study. Potentially detrimental or suboptimal
effects of higher-dosed irradiation such as the
depletion of vascular ECs could perhaps be reduced
by using spatially fractionated tumor irradiation [57,
58]. However, our IHC analyses show that at least
larger blood vessels in the irradiated tumor can be
intact 8 days after two 12 Gy fractions. This is
consistent with recently published data showing that
after tumor irradiation with one fraction of 15 Gy, the
structure of larger vessels was not affected, despite
substantial apoptosis of ECs found predominantly in
smaller vessels [59].

An increase in stem-like tumor-specific CD8* T
cells in hRT/lena-treated mice together with an
enhanced abscopal effect is interesting in light of
recent findings suggesting an important role for
stem-like tumor-specific CD8* T cells for inducing the
abscopal effect. The proportion of stem-like exhausted
cells among subpopulations of tumor-specific CD8* T
cells seems to be highest in TDLNs compared to other
relevant compartments [30, 60]. Co-irradiation of the
primary tumor and its draining lymph nodes has been
shown to reduce stem-like tumor-specific CD8* T cells
at the abscopal site correlating with a reduction in the
abscopal effect in RT monotherapy-treated mice [60].
In agreement with this, we also found that, among the
exhausted CD8* T cell subsets, the stem-like one had
the highest expression of CXCR3, a chemokine
receptor important for T cell immigration into tumors,
and CXCR3 blockade abrogated the abscopal effect
[30].

We would like to point out that all the effects
including those on tumor-specific T cell responses
that we observed here appear to be independent of
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the known IMiD target cereblon which is an E3 ligase
component of the ubiquitin system. In the human
system, it has been shown that important
IMiD-induced immunomodulatory effects, such as
induction of the cytokine IL-2 in T cells, depend on
ubiquitin-proteasome-mediated =~ degradation  of
negative regulatory lymphoid transcription factors
with the help of cereblon. This was also shown
specifically for lena [24]. IMiD-reactive cereblon exists
in humans but, due to rodent polymorphisms, not in
mice [61]. Therefore, it must be assumed that the
effects observed here are independent of cereblon.

Taken together, our data demonstrate that the
IMiD lena can enhance T cell-mediated effects of hRT,
especially the systemic (abscopal) effect on
unirradiated tumor lesions. Lena could therefore
represent an alternative to ICB for combination with
RT to enhance RT-mediated T cell responses. The
complete mechanisms responsible for the observed
lena-induced changes are currently not clear. Our in
vivo and in vitro data suggest an impact on T cell
priming/stimulation. However, the extent to which
direct effects on DCs, T cells, or enhanced tumor
immigration of T cells through TA-HEVs are
important for this, or which other IMiD effects (e.g.,
antiangiogenic effects) may be important, needs to be
further investigated.
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