1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
Cancer Immunol Immunother. 2014 March ; 63(3): 259-271. doi:10.1007/s00262-013-1506-7.

Type | Interferons Induced by Radiation Therapy Mediate
Recruitment and Effector Function of CD8+* T Cells

Joanne Y.H. Lim?l, Scott A. Gerber!, Shawn P. Murphy?2, and Edith M. Lord?
1Department of Microbiology and Immunology, University of Rochester, Rochester, NY

2Department of Obstetrics and Gynecology, University of Rochester, Rochester, NY

Abstract

The need for an intact immune system for cancer radiation therapy to be effective suggests that
radiation not only acts directly on the tumor but also indirectly, through activation of host immune
components. Recent studies demonstrated that endogenous type | interferons (type | IFNs) play a
role in radiation-mediated anti-tumor immunity by enhancing the ability of dendritic cells (DCs) to
cross-prime CD8* T cells. However, it is still unclear to what extent endogenous type | IFNs
contribute to the recruitment and function of CD8* T cells. Little is also known about the effects
of type I IFNs on myeloid cells. In the current study, we demonstrate that type | and type Il IFN
(IFN-v) are both required for the increased production of CXCL10 (IP-10) chemokine by myeloid
cells within the tumor after radiation treatment. Radiation-induced intratumoral IP-10 levels in
turn correlate with tumor-infiltrating CD8* T cell numbers. Moreover, type | IFNs promote potent
tumor-reactive CD8* T cells by directly affecting the phenotype, effector molecule production and
enhancing cytolytic activity. Using a unique inducible expression system to increase local levels
of IFN-a exogenously, we show here that the capacity of radiation therapy to result in tumor
control can be enhanced. Our pre-clinical approach to study the effects of local increase in IFN-a
levels can be used to further optimize the combination therapy strategy in terms of dosing and
scheduling, which may lead to better clinical outcome.
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INTRODUCTION

lonizing radiation has been used for the treatment of cancer for more than 100 years.
Although radiation therapy (RT) is best known to directly kill tumor cells by the induction
of lethal DNA damage, it is now appreciated that RT induces an antitumor immune response
that is essential for its therapeutic effects including tumor growth delay, tumor eradication
and even long-term tumor-free survival. Since the 1940s, patients have been treated with
low dose (typically 1-3 Gy) of daily fractions of radiation delivered over weeks or months
[1]. However, with the advent of improved tumor imaging technology and highly targeted
radiation delivery systems, there has been increasing interest in the use of hypofractionated,
high dose RT, also known as stereotactic body radiation therapy (SBRT). Despite promising
data from many clinical trials that demonstrated the effectiveness of SBRT in a variety of
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cancers [2-5], the mechanisms by which the treatment reduces tumor growth are still
unclear. This lack of understanding is currently a limiting factor in optimizing the treatment
strategy in the clinic.

We previously reported, using the murine melanoma B16-OVA model, that the frequency
and number of CD8" T cells increased after RT [6]. In a similar model (B16-S1Y), the
depletion of CD8* T cells abrogated the ability of RT to delay tumor growth [7]. Data from
our laboratory and other investigators suggested that RT causes the release of tumor antigens
and “danger signals” [8], which enhance the ability of dendritic cells (DCs) both in tumor-
draining lymph nodes (tdLN) [6] as well as in tumors [9], to present antigens. These effects
are in turn required for priming of antigen-specific T cells, and the resulting T cell
proliferation, activation, cytokine release and cytolytic activity causes effective killing of
tumor cells.

Soon after its discovery as an anti-viral factor, exogenous type | IFNs were shown to exhibit
anti-tumor effects. IFN-a has been FDA-approved for treatment of various types of cancer
since 1997 [10, 11]. In the last decade, studies revealed that endogenous type | IFNs play a
critical role in tumor growth control by the host immune system [12-14]. More recently,
type | IFNs were implicated in radiation-mediated delay of tumor growth. Although it is
well established that type | IFNs have direct anti-proliferative effects, the main target of RT-
induced type | IFNs is the hematopoietic compartment [9]. Strikingly, deficiency in type |
IFN signaling abrogated the capacity of DCs to cross-prime antigens, which may result in
less efficient priming of CD8" T cell-mediated antitumor responses. However, type | IFNs
may affect CD8* T cells in other ways, for example, by providing “signal 3” that T cells
require to acquire full effector functions [15]. These possible direct effects of type | IFNs on
T cells are still unclear. Our current study reveals that radiation-induced type | IFNs play a
role in increasing CXCR3 chemokine levels within the tumor, which affects the initial
recruitment of immune cells into the tumor microenvironment. In addition, type | IFNs are
also required for CD8™ T cells to acquire an activated phenotype and tumor cell-killing
activity, at least partly through direct effects of type I IFNs on T cells. Using an inducible
expression system, we show that increasing intratumoral IFN-a levels exogenously after RT
can further improve the ability of the therapy to bring about tumor control. Therefore, SBRT
is a moderately effective therapy that activates immune responses against tumor, and better
clinical outcomes can be achieved by using SBRT in combination with immunotherapies
like exogenous IFN-a.

MATERIALS AND METHODS

Mice

C57BL/6J wild-type (WT), B6.129S7-Ifngtmits (IFN-yKO), B6.129P2-Cxcr3tmiDgen;
(CXCR3 KO), and B6-SJL-PtpreaPepeb/BoyJ (B6-SJL) mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). Breeding pairs of IFN-a/p receptor-deficient
(IFNABRKO) mice in the C57BL/6 background were kindly provided by T. Randall and F.
Lund (University of Alabama, Birmingham, AL). These transgenic mice were bred in the
animal facility at the University of Rochester, where all other mice were also housed. Mice
used for experiments were 6-12 weeks old. Guidelines for the humane treatment of animals
were followed, and experiments were performed using protocols approved by the University
Committee on Animal Resources.

Tumor cell lines and animal models

B16-FO0, a cell line derived from the spontaneous melanoma of a C57BL/6 mouse, was
obtained from the American Type Culture Collection (CRL 6322). EO771 murine breast
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cancer cell line was kindly provided by Edward Brown (University of Rochester, Rochester,
NY). Cells were maintained as previously described [16]. On the day of tumor cell
implantation, tumor cells were washed with saline and injected intramuscularly into the
lower left thigh of mice at 1 x 10° cells per mouse. Tumor growth was monitored by
measuring thigh diameters of mice using digital calipers and expressing the values as mean
thigh diameter, as described before [16].

Local single high dose radiation treatment

In all experiments, mice received a single local dose of 15 Gy on day 7 of post-tumor
implantation. Irradiation was performed on nonanesthetized mice using a 13’Cs source as
previously described [6].

Flow cytometry and cell sorting

ELISA

Tumors were excised from mice, mechanically cut into smaller pieces, digested with
collagenase as previously described [17] and single cell suspensions were incubated with
LIVE/DEAD® aqua dead cell stain (Invitrogen, Grand Island, NY) before surface staining.
Antibodies to mouse CD3 (145-2C11), CD4 (GK1.5), CD8 (Ly-2, 53-6.7), CD16/CD32 (Fc
Block) (2.4G2), CD45 (30-F11), CD45.1 (A20), CD45.2 (104), Gr-1 (RB6/8C5), CD11b
(M1/70), CD11c (HL3), NK1.1 (PK136), H-2KP (AF6-88.5), CD69 (H1.2F3), Ly6C
(AL-21), F4/80 (BM8) and isotype controls were from BD Biosciences (San Jose, CA) and
eBioscience (San Diego, CA). For intracellular staining of granzyme B, surface-stained cells
were fixed and permeabilized using Foxp3/Transcription Factor Staining Buffer Set
(eBioscience, San Diego, CA) before incubation with anti-granzyme B antibody (NGZB,
eBioscience, San Diego, CA).

Tumor pieces were snap-frozen in lysis buffer [18] containing protease inhibitors
(BioVision, Milpitas, CA). Samples were thawed on ice, processed using a motorized tissue
homogenizer (PRO Scientific, Oxford, CT), and cell debris was pelleted by centrifugation.
Supernatants from the samples were used for protein analysis. ELISA kits for murine IFN-a
from PBL InterferonSource (Piscataway, NJ), IFN-y from eBioscience and IP-10 from
Peprotech (Rocky Hill, NJ) were used according to the manufacturers’ protocol. The IFN-a
ELISA kit detects all 14 murine IFN-a subtypes and is not cross-reactive with 1FN-p.
Concentration value of each sample was normalized to the total protein level in the sample,
which was quantified using BCA assay (Pierce Biotechnology, Rockford, IL).

Mixed Bone Marrow Chimera

C57BL/6 recipient mice (CD45.2) were given 10 Gy whole body irradiation. Bone marrow
cell suspensions were made using tibias and femurs of B6-SJL (CD45.1) and B6-
IFNABRKO (CD45.2) mice, and mixed 1:1. Three x106 cells from each donor type were
injected i.v. into every host mouse. Mice were allowed to reconstitute for at least 35 to 50
days before tumor cells were inoculated.

In vitro cytotoxicity assay

Tumor-infiltrating lymphocytes (TILs) were purified from collagenase-dissociated tumor
suspensions using magnetic beads conjugated to anti-Thy-1 (clone T24/40.7) and used as
effector cells. B16 cells were cultured in vitro in the presence of recombinant mouse IFN-y
at 5 ng/ml for 48 h to increase surface expression levels of MHC class I, labeled with 51Cr
and used as target cells. Effector and target cells were cocultured in 96-well plates at a range
of E:T ratios and ®1Cr released by killed target cells into supernatant was measured after 6
hours.
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Construction of plasmids for inducible expression of IFN-a in B16.FO cells

Plasmids required for inducible control of IFN-a expression by the rapamycin-analog, A/C
heterodimerizer, were constructed using vectors from iDimerize™ inducible heterodimer
system (Clontech Laboratories, Mountain View, CA). pIRESpuro3 (Clontech Laboratories)
was cloned into pHet-Act2-1 (transcription factor plasmid, Online Resource 3a) and
successfully-transfected B16.F0 cells were selected by addition of puromycin (1pg/mL) in
the tissue culture medium. Single cell clones were obtained using limiting dilution cloning
method. Murine 1fna2 DNA was subcloned from pCMV-A-mIFNa?2 plasmid (from Dr.
Thomas Tuting, University of Bonn, Bonn, Germany) into the pZFHD1-1 (target gene
plasmid, Online Resource 3b). B16 clones that had been selected for transcription factor
plasmid, were subsequently co-transfected with target gene plasmid and pcDNA3.1, which
allowed for selection based on G418 resistance. Double-transfected cells were screened for
inducibility of IFN-a expression upon A/C heterodimerizer treatment using ELISA. All
transfections were performed using Lipofectamine 2000 (Invitrogen) according to
manufacturer’s protocol.

Intravenous administration of A/C heterodimerizer

AJC heterodimerizer (inducer) was purchased in powdered form and reconstituted with N,N-
dimethylacetamide (DMA, Sigma-Aldrich) to obtain a 10 mg/mL stock solution.
Immediately before injection, the stock solution was further diluted [19] and the resulting
0.5 mg/mL solution was injected i.v. in the tail vein of each mouse so that the final dose of
the inducer was 50ug per animal.

Real-time quantitative PCR (qRT-PCR)

Tumors were excised and pieces were snap-frozen in buffer RLT (QIAGEN). RNA was
isolated and qRT-PCR was performed as described previously [20]. The intron-spanning
forward and reverse primers used were designed in-house and obtained from Eurofins MWG
Operon. Sequences of primers used are as follows. For GAPDH: Forward, 5’-
CATTGCTCTCAATGACAACT-3, Reverse, 5-GGGTTTCTTACTCCTTGGAG-3'. For
IFN-y: Forward, 5-TACTACCTTCTTCAGCAACAG-3, Reverse, 5'-
GATGAGCTCATTGAAT GCTT-3'. For IP-10: Forward, 5'-
CCATAGGGAAGCTTGAAATC-3, Reverse, 5-GATGGTC TTAGATTCCGGAT-3'. For
GranzymeB: Forward, 5-GGAAGATGAAGATCCTCCTG-3/, Reverse, 5’-
ATCGAAAGTAAGGCCATGTA-3. For FasL: Forward, 5-CACCAACCAAAGC
CTTAAAG-3, Reverse, 5’-CATATGTGTCTTCCCATTCC-3'. For relative gqRT-PCR, all
samples were normalized based on GAPDH threshold cycle values and fold changes over a
randomly chosen sample in the control group were calculated using 2-22Ct formulae by
comparative C; method. For absolute gRT-PCR, DNA standards were generated using PCR-
amplified cloned target sequences.

Statistical analysis

Multiple group comparisons were done using one-way ANOVA and P values were adjusted
using Bonferroni correction.

RESULTS

Endogenous IFN-a/f is needed to support radiation-mediated antitumor immunity

Our lab has previously shown that the capacity of radiation therapy to reduce tumor growth
is partly dependent on the induction of IFN-y and downstream IFN-y-inducible genes [17,
21]. Using the intramuscular B16 murine melanoma model in autologous hosts, we treated
tumors 7 days after inoculation, with single local high dose radiation therapy of 15 Gy.
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Untreated tumors had low levels of IFN-y, which further decreased as tumors grew larger in
size. In mice given treatment, a significant increase in radiation-mediated IFN-y was first
detected in tumor homogenates after six days, and remained elevated even at nine days post-
treatment (Fig. 1a). Intracellular IFN-y staining identified that a proportion of CD8" T cells,
CD4* T cells and NK cells contribute to the production of IFN-y in B16 tumors, and that the
increase in IFN-y* cells following RT was greatest among CD8* T cells (data not shown).

The regulatory mechanism of IFN-y induction in response to RT is unclear. Since
endogenous type | IFNs have been recently implicated in the efficacy of RT and type | IFNs
have the capacity to amplify other cytokine responses [22, 23], we were interested in
investigating the role of type I IFNs in influencing IFN-vy responses within the tumor. First,
we examined the effects of RT on intratumoral IFN-a levels in the B16 model at 6, 12, 24,
48 hours and four days post-treatment. IFN-a protein levels were first detectable at two days
post-treatment (Fig. 1b and data not shown), but by four days, IFN-a had returned to
undetectable levels and remained undetectable at seven and nine days post-treatment (data
not shown). Our data thus far demonstrated that induction of IFN-a was transient and
occurred early in response to radiation, whereas IFN-y protein levels within the tumor were
not upregulated until six days after RT.

Next, we sought to determine if engagement of IFN-a/p receptors (IFNABR) on host cells is
necessary for IFN-vy responses after RT. Wild type (WT) and IFNABR-deficient mice
(IFNABRKO) were injected with B16 cells. When untreated, tumors in both WT and
IFNABRKO had similar levels of IFN-y mRNA within the tumors on day 6 following RT
(Fig. 1c). However, among the radiation-treated groups, IFNABRKO had a significantly
lower induction of IFN-y compared to WT. To investigate whether the absence of IFNABR
signaling in host cells also affects tumor growth, we monitored the tumor sizes by measuring
thigh diameters of these mice. Untreated B16 tumors started growing progressively in vivo
by day 7 post-tumor inoculation but tumor growth was faster in IFNABRKO than in WT
mice (Fig. 1d). After RT, tumor growth in WT mice slowed down and the thigh
measurements remained about 6mm until day 18, whereas in mice that lacked type | IFN
signaling, tumor growth slowed only slightly. A similar trend was observed when growth of
EO771 tumors was evaluated (data not shown). These data suggest that tumor growth delay
in response to RT is not merely due to direct effects of radiation on tumor cells but is also
dependent on the host immune system. Taken together, endogenous type | IFN signaling
plays a role in suppressing growth of B16 melanoma tumors. Moreover, the ability of host
cells to respond to type I IFN is imperative for RT to achieve its optimal therapeutic
potential and the lack of tumor control in radiation-treated IFNABRKO may be partly due to
reduced IFN-y-mediated anti-tumor responses.

Radiation-mediated increase in immune cell infiltration requires IFN-a/f signaling in host

cells

We hypothesized that the poor induction of IFN-y post-RT in IFNABRKO mice is due to
reduced numbers of IFN-y-producing effector T cells within tumors. To test this, tumor-
bearing WT and IFNABRKO mice were euthanized six days post-RT and the immune cell
components of each tumor were analyzed by flow cytometry. Indeed, in WT mice where we
observed elevated levels of IFN-v, there was a striking increase in the numbers of CD8* T
cells within radiation-treated tumors compared to untreated tumors (Fig. 2a). On the other
hand, both untreated and radiation-treated tumors in IFNABR-deficient mice had
comparable numbers of CD8" T cells, again correlating with the relative levels of IFN-y in
the tumors. The numbers of CD4" T cells from these tumors showed a similar trend but the
magnitudes of these differences were less drastic (Fig. 2b). On the other hand, there was an
overall reduction in the numbers of CD45* cells in radiation-treated tumors grown in
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IFNABR-deficient mice compared to WT mice (Fig. 2c). Besides CD4* and CD8" T cells,
the radiation-mediated increase in numbers of dendritic cells and macrophages were also
diminished in mice that lacked IFNABR (Fig. 2d and 2e). NK cells, however, were similar
between WT and IFNABR-deficient mice for the respective treatment groups (Fig. 2f).

It has been previously shown in the B16 melanoma model that CXCR3 family of
chemokines, particularly CXCL10 (IP-10), are important in the recruitment of immune cells
into the tumor [24]. To address whether the decreased numbers of T cells in radiation-treated
tumors of IFNABRKO mice may be due to lack of chemokine-mediated recruitment, we
assessed the levels of IP-10 within the tumor microenvironments of WT and IFNABRKO
mice using qRT-PCR. Consistent with the pattern observed for numbers of tumor-infiltrating
CD8* T cells, IP-10 mRNA levels remained at basal levels within tumors of IFNABRKO
mice after radiation treatment, whereas these levels were drastically increased in WT mice
in response to treatment (Fig. 3a).

Both type | IFNs and IFN-y have been implicated in the regulation of CXCR3 family of
chemokines. To examine whether the radiation-mediated induction of IP-10 is also
dependent on IFN-y, we repeated the experiment using IFN-yKO mice. Interestingly, the
absence of IFN-vy signaling also caused the upregulation of IP-10 to be drastically reduced
(Fig. 3a). Data from our WT versus IFNABRKO and WT versus IFN-yKO analysis using
gRT-PCR were confirmed by measuring IP-10 protein levels using ELISA (Fig. 3c and 3d).
Altogether, these data suggest that the increased infiltration of immune cells after RT is
mediated by CXCR3 chemakines, through type I IFN and IFN-y-dependent mechanisms.

Myeloid cells are major producers of intratumoral IP-10 following RT

Myeloid cells are amongst the first immune cell types to migrate into the B16 tumors after
RT (data not shown). It is possible that the production of IP-10 by the initial influx of
myeloid cells generates a strong chemokine gradient that in turn enhances the recruitment of
more immune cells including tumor-reactive CD8* T cells. To test this, we sorted for
various cell types within the tumor and analyzed their mMRNA levels of IP-10. The two major
myeloid cell subsets within B16 tumors include CD45" F4/80* macrophages and CD45*
F4/80~ CD11c* CD11b* dendritic cells (DCs) (Fig. 4a). As a control, we also sorted these
cell populations from tdLN and, as expected, IP-10 mRNA levels of both macrophages and
F4/80~ CD11c* CD11b* DCs from tdLNs were similar in all treated and untreated, WT and
IFNABR-deficient mice. In contrast, compared to tdLN macrophages and DCs, tumor-
associated macrophages and DCs from untreated WT mice had about two and four-fold
higher IP-10 mRNA levels respectively (Fig. 4b and c). These levels were dramatically
increased in macrophages from tumors that were treated with 15 Gy radiation. Among the
IFNABR-deficient mice however, untreated tumors were infiltrated by cells that express
IP-10 levels similar to that of tdLN cells for both the myeloid populations, and RT induced
only a small increase in IP-10 mRNA levels. Similar trends were observed when mRNA
levels of CXCL9 (MIG), the other member of CXCR3 chemokine family, were analyzed
(data not shown).

To demonstrate that CXCR3 chemokines play a critical role in the recruitment of T cells and
other immune cells into tumors, CXCR3-deficient (CXCR3™~) mice were inoculated with
B16 cells, and immune cell subsets were analyzed on day 13 as before. The immune cells of
these mice lack the receptor CXCR3, which renders them unresponsive to chemoattractive
gradients of IP-10 and MIG. Indeed, B16 tumors grown in CXCR3™~ mice had very few
tumor-infiltrating T cells and unlike WT mice, the numbers of CD4* and CD8* T cells did
not increase in response to RT, suggesting that CXCR3 chemokines are indeed essential for
the recruitment of both CD4* and CD8* T cells (Fig. 4d-f).
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Type | IFNs are required to generate fully functional tumor-reactive T cells

Since RT requires endogenous type | IFNs to be effective in controlling tumor growth, we
wanted to investigate whether type | IFNs are also involved in the generation of activated
effector T cells in response to RT. First, we examined whether RT upregulates CD69
expression on the surface of CD8" T cells. CD69 is an early activation marker known to be
indicative of the activation status of T cells. Four days after RT (day 11 post-tumor
inoculation), we detected a significantly higher CD69 expression on the surface of tumor-
infiltrating CD8" T cells from WT mice that were treated with radiation compared to cells
from untreated mice (Fig. 5a and b). This increase was dependent on IFNABR signaling,
because up-regulation of CD69 was not detected on tumor-infiltrating CD8" T cells from
IFNABR-deficient mice that had received radiation treatment. A similar trend was observed
for tumor-infiltrating CD4" T cells (data not shown). Intriguingly, assessment of CD69
expression on T cells from tumors grown in IFN-yKO mice indicated that IFN-y plays a less
critical role in promoting the surface expression of CD69 (Online Resource 1). Therefore,
type | IFNs are uniquely required for upregulating the early activation marker, CD69, on
tumor-infiltrating T cells.

To ensure that the lack of CD69 expression on IFNABR-deficient T cells was not due to a
general defect in these T cells to upregulate CD69, we stimulated splenocytes from WT and
IFNABR-deficient mice in vitro with PMA/lonomycin and tested for any differences in their
CD69 expression levels. Our data demonstrated that both WT and IFNABR-deficient T cells
upregulate their CD69 surface expression to a similar extent (Online Resource 2). This
indicates that IFNABR-deficient T cells are equally capable of up-regulating cell surface
expression of CD69 compared to WT T cells in response to activation, and the lack of CD69
expression that we observed in vivo was most likely due to inadequate activation signals.

The type | IFN-dependent up-regulation of CD69 molecules on T cells may be through a
direct or indirect mechanism. For example, type | IFNs have been found to be required for
the activation and maturation of DCs, particularly CD8a* DCs which are important in cross-
presenting tumor antigens to CD8* T cells [25]. The defect in CD69 up-regulation on T cells
in IFNABR-deficient mice may be due to poor stimulation by DCs. To address this
possibility, we generated mixed bone marrow (BM) chimeras by reconstituting lethally
irradiated WT mice with a 1:1 mixture of WT cells with the congenic marker CD45.1 and
IFNABR-deficient cells with the congenic marker CD45.2. In these chimeric mice, both WT
and IFNABR-deficient T cells were exposed to the same activation signals, in the tdLN as
well as the tumor microenvironment. When we assessed the CD69 expression of WT and
IFNABR-deficient T cells from B16 tumors, we observed that IFNABR-deficient T cells
have much lower CD69 expression on their cell surface than WT T cells from the same
tumor microenvironment (Fig. 5¢). Moreover, the increase in CD69 expression in response
to RT was detected only on T cells that have IFNABR. In conclusion, type | IFNs play a
direct role in the activation status of tumor-associated T cells.

Activated CD8* T cells have been shown to kill B16 melanoma cells via both the Fas/FasL
and the perforin/granzyme B pathways [26]. Next, we sought to confirm that type | IFN not
only affects the expression of activation marker CD69 on tumor-associated T cells, but also
their effector functions. First, we examined the overall tumor microenvironment for
expression of genes related to effector T cell functions. Intratumoral FasL and granzyme B
MRNA levels were similar between WT and IFNABRKO mice that were untreated. As
expected, FasL and granzyme B mRNA levels were both markedly increased in radiation-
treated tumors of WT mice compared to untreated tumors (Fig. 5d and 5e). In mice that lack
IFNABR signaling, these levels were only slightly elevated. mRNA levels of these genes
reflect the overall effector molecules in the tumor microenvironment. The increase in
granzyme B mRNA levels in tumors that were treated with 15 Gy radiation, was further
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verified directly in CD8* T cells using flow cytometry. Whereas CD8* T cells in radiation-
treated tumors from WT mice had significantly increased expression of granzyme B, these
levels were not increased in IFNABRKO mice. This agrees with our proposal that not only
are the numbers of tumor-infiltrating effector cells increased in response to RT, these
effector cells have higher expression of genes associated with cytolytic function.

To directly compare cytolytic function using standardized numbers of tumor-associated T
cells from the different tumors, ®1Cr-release assays were performed. B16 cells were pre-
treated with IFN-y in vitro prior to labeling with ®1Cr to overcome the fact that these cells
have low levels of MHC class I, and hence are poor targets of CD8* cytotoxic T
lymphocytes. Target cell lysis resulting from 6-hour co-culture with tumor-infiltrating
Thy1* cells from untreated WT mice was barely above background levels and remained
unaltered with increasing E:T ratio (Fig. 5e). On the other hand, WT TILs from radiation-
treated tumors gradually increased with increasing number of effector cells, with the
percentage of lysis reaching about 25% at E:T ratio of 100:1. Target cell lysis was
completely abrogated when anti-CD8 antibody was added to block CD8/peptide-MHC class
| interactions during co-culture (data not shown). Therefore, tumor-infiltrating CD8* T cells
elicited by RT have enhanced B16 cell-killing abilities compared to that of cells in untreated
tumors. Corresponding to the reduced expression of FasL and granzyme B expression in
tumors of radiation-treated IFNABR-deficient mice compared to WT mice, tumor-
infiltrating Thy1" cells isolated from these tumors were also less able to induce killing of
target cells (Fig. 5f). Collectively, these data strongly suggest that radiation therapy elicits
effector T cells that are more activated, have greater cytolytic activity and that these
characteristics are at least partially dependent on direct effects of type | IFNs on T cells.

Increasing IFN-a levels within the tumor exogenously improves efficacy of RT

Since endogenous type | IFNs are essential for RT to achieve maximal therapeutic potential,
we hypothesized that increasing intratumoral levels of IFN-a exogenously will further
enhance anti-tumor responses induced by the therapy. A common approach used to increase
local levels of a protein of interest in murine tumor models is to generate a clone of the
tumor cell line that stably carries a transgene that codes for the protein. While this method
has been previously successful for studying many other cytokines, it is not an ideal way to
directly simulate immunotherapy in a clinical setting. Tumor cells that constitutively
overexpress cytokines often establish tumors in vivo differently than parental cells and the
tumor microenvironments may be altered. To circumvent this, we engineered a B16 clone
that has inducible expression of IFN-a (B16-ilFN-a). B16-ilFN-a cells make undetectable
levels of IFN-a but when treated with a rapamycin analog [27, 28] two components of a
transcription factor form a dimer, and the expression of IFN-a is induced (Online Resource
3). Using this system, tumors grow normally in mice after inoculation, and IFN-a
production can be turned on at specific time points. This strategy enables the direct
comparison of the effects of elevated IFN-a levels within the tumor on radiation therapy
efficacy, at different time points.

Our in vitro characterization of B16-ilFN-a cells indicated that as little as 5nM of the
inducer was sufficient to activate the expression of IFN-a (Online Resource 4a). The
expression demonstrated dose response up to 25nM of dimerizer but surprisingly, a further
increase to 250nM resulted in decreased induction. In addition, IFN-a production can be
detected as early as 12 hours post-treatment with the inducer. When we tested the cells in
vitro for the durability of IFN-a production, we were able to detect IFN-a up to 72 hours
post-inducer treatment, even when the inducer was removed at 12 hours (Online Resource
4b). This observation verified the feasibility of using these cells for our in vivo studies
because daily doses of the inducer would not be necessary to induce continued production of
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IFN-a over several days. Importantly, the addition of inducer did not inhibit proliferation of
parental B16 cells (Online Resource 4c). When cells were treated with up to 1ng/mL of IFN-
a, there was no effect on cell expansion of either of the cell lines, suggesting that the amount
of IFN-a produced may not directly affect the tumor cells themselves.

When injected into mice, B16-ilFN-a established solid melanoma tumors that grew similar
to that of parental B16 (Fig 1d and 6). The treatment of these tumors with RT also resulted
in comparable tumor growth delay as in parental B16. Although the induction of exogenous
IFN-a production alone did not significantly improve tumor control, tumor growth was
significantly delayed in mice that were given both RT and inducer. The further delay in
tumor growth after combination therapy compared to RT alone is abrogated in mice that
lack IFNABR, confirming that IFN-a acts on host cells and not directly on tumor cells (Fig
6b). In conclusion, our data suggest that exogenous IFN-a indeed enhances the anti-tumor
effect of RT, and this combination therapy strategy should be explored in the clinic to
improve RT.

DISCUSSION

Although high dose RT and IFN-a therapy are both currently used in the clinic to treat
melanoma patients, the therapeutic effects of each of these treatments alone result in only
partial responses [13]. Many recent tumor studies have provided strong evidence that
combining conventional treatment strategies with an immunotherapy is necessary to result in
better clinical outcome [29]. In this study, we explored the combination of IFN-a treatment
with RT and found that endogenous type | IFNs do indeed play a pertinent role in the
efficacy of RT for cancer.

First, our data indicate that intratumoral levels of IFN-a protein spiked 48 hours after 15 Gy
RT, consistent with a previous study which demonstrated using a subcutaneous B16-S1Y
model that mMRNA levels of IFN-f in the tumor are elevated after 20 Gy RT [9]. Despite the
transient nature of this induction, it may be a critical process as the lack of IFNABR on host
cells impaired the capacity of RT to increase IFN-y production and control tumor growth.
With regards to the mechanism for type | IFNs induction after RT, it has been shown that
radiation causes DNA damage and recent studies suggested that activation of DNA damage
sensors may be involved in the induction of type | IFNs through the STING-dependent
pathway [30]. This potential mechanism is very interesting and is currently being
investigated by other labs.

Second, when we examined the tumor microenvironment to determine the effects of RT on
interferon-dependent genes, we observed that tumors grown in IFNABR-deficient mice had
poor induction of IP-10, as well as MIG (data not shown). However, this trend was also
observed in IFN-yKO mice. Therefore, whether type | IFNs act directly or indirectly through
their effects on IFN-y, remains to be determined. However, due to the crosstalk between the
two cytokines in many other systems [31-34], it is conceivable that type I IFNs and IFN-y
function cooperatively in the upregulation of CXCR3 chemokines.

Based on our results, we propose that following RT, surviving cells that remain in the tumor
receive “danger signals” such as DNA damage signals, which induce type I IFN production.
Our preliminary data by intracellular cytokine staining for IFN-a and flow cytometry
analysis showed that the cytokine is produced by F4/80* CD11b* CD11c™ macrophages
within the tumor (data not shown). This suggests that the intratumoral cell type producing
type I IFNs following RT is neither myeloid DC nor plasmacytoid DCs (pDCs), which are
known for their high expression of IFN-a upon activation. pDCs, identified by expression of
the surface markers CD11c*, B220* PDCA-1* and lack of CD11b, are present in B16
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tumors albeit at low frequencies and did not stain positive for IFN-a (data not shown).
Further characterization of IFN-a* myeloid cells in B16 tumors revealed that they have low-
to-mid expression levels of Ly6C on the cell surface, and are negative for Gr-1, which
suggests that they are not myeloid-derived suppressor cells. Based on these phenotypic
markers, the cells producing IFN-a in B16 tumors are likely to be a subset of macrophages.

In response to high dose RT, a first wave of myeloid cells repopulates the tumor and are
activated locally by type I IFNs to upregulate CXCR3 chemokines. As a result, a second
wave of immune cells are recruited, including CD8* T cells that were primed and expanded
in the tdLN by DCs that had trafficked to tdL N after being activated following RT. While
endogenous type | IFNs enhance the ability of DCs in the tdLN and tumor to cross-present
antigens [9], type I IFN signaling is also needed to act directly on T cells to optimally
activate them. Besides elevating production of type I IFNs in the tumor, treatment with RT
alters the tumor microenvironment. T cells associated with irradiated tumors express higher
levels of CD69 on their cell surface compared to those in untreated tumors. Moreover, these
cells are active producers of IFN-y andgranzyme B, and have increased cytolytic function.
Further investigation is needed to confirm whether tumor-reactive T cells are primed,
expanded and fully activated in the tdLN or if primed T cells proliferate in the tdLN, but
become fully activated in the tumor following RT. Interestingly, the increase in IFN-y
within the tumor six days post-RT was not detectable in the circulation when we analyzed
serum levels of IFN-vy four and six days post-RT (data not shown). This supports the idea
that tumor-reactive T cells may become fully activated effector cells after infiltrating the
tumor. We speculate that the tumor microenvironment plays a pivotal role in influencing the
functional activity of effector T cells.

A team of investigators recently showed that the delivery of IFN-§ into B16-SIY tumors in
vivo using an adenoviral vector approach, is able to enhance anti-tumor effects of high dose
RT, and that T cells are required for tumor responsiveness to this combination treatment [9].
Although both IFN-a and IFN-f are members of the type I IFN family, it has been shown in
multiple disease models that they have distinct downstream effects. The unique approach
that we used, a system with inducible expression of IFN-a, enables the local increase of
IFN-a within the tumor at time points that we define. One of the caveats to this strategy is
that it is not directly applicable in the clinic. However, it serves as an efficient and
economical method for pre-clinical, proof-of-concept research that involves exogenous
treatment with cytokines or any other proteins, which may be expensive or difficult to
obtain. The clone of B16-ilFN-a cells used in this study produced low amounts of IFN-a.
Although the induction of intratumoral exogenous IFN-a production alone did not result in
complete tumor regression, it effectively delayed the in vivo growth of an aggressive tumor
cell line when administered in combination with RT. We believe that the dose regimen and
scheduling of this combination treatment approach can be further optimized to achieve
better therapeutic outcome. Moreover, the promising data obtained using IFN-p and RT to
treat B16 [9] suggest that combining IFN-a, IFN-p and RT may be a potential strategy to
explore in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

IFN Interferon
MFI Mean fluorescence intensity
RT Radiation therapy
SBRT Stereotactic body radiation therapy
tdLN Tumor-draining lymph nodes
TILs Tumor-infiltrating lymphocytes
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Figure 1. Endogenous | FN-a/B receptor signaling playsarolein reducing tumor growth and
supporting radiation treatment (RT) efficacy

(a and b) C57BL/6 mice were injected with 1x10° B16 cells intramuscularly (i.m.) in the left
thigh. 7 days later, mice were either given 15 Gy local radiation or left untreated. At the
indicated time points after RT, mice were sacrificed and tumors were excised. IFN-a and
IFN-vy protein levels in the tumor homogenates were determined by ELISA, and values were
normalized by total protein in each sample. N.D. = not detectable. (c and d) C57BL/6 and
IFNABR KO mice were injected and treated with RT as described in (a). (c) Total RNA was
isolated from tumors on day 6 post-RT. Relative gqRT-PCR analysis was performed as
described in Materials and Methods. (d) Every other day throughout the time course, tumor
growth was monitored by measuring mean thigh diameter. Each data point is an average of 4
mice, and the data are representative of two experiments. On day 15, all groups were
significantly different by one-way ANOVA comparison with Bonferroni post-hoc test.
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Figure 2. Tumor infiltration by CD8* T cells, CD4™ T cells and myeloid cells was diminished in
mice that lack IFN-a/B signaling

On Day 13 post-tumor inoculation (Day 6 post-RT) tumors were removed from C57BL/6 or
IFNABR KO mice that were either untreated or given 15 Gy RT. Single cell suspensions
were obtained using collagenase digestion and cells were incubated with Live/Dead™
reagent, followed by fluorescently-conjugated antibodies. The graphs show absolute
numbers of (a) CD8* CD3* T cells, (b) CD4* CD3* T cells, (c) CD45* cells, (d) F4/80~
CD11c* CD11b* DCs and (e) F4/80* myeloid cells (f) CD3"NK1.1+ cells, from individual
tumors calculated after gating out dead cells and pre-gating on CD45* cells. Data shown are
representative of two experiments. (* p<0.05, ** p<0.01, ***p<0.001)
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Figure 3. Upregulation of | FN-y-dependent CXCR3 chemokine, I P-10, in responseto radiation
treatment is dependent on endogenoustypel IFNsand |FN-y
WT and IFNABR KO (a and c) or IFNyKO (b and d) mice were inoculated with B16
melanoma cells and treated with 15 Gy local radiation as before. (a and b) Total RNA was
isolated from tumors on day 6 post RT. Absolute qRT-PCR was performed as described in
Materials and Methods. (c and d) Tumors were excised on day 7 post-RT, homogenized, and
IP-10 ELISA was used to determine IP-10 protein levels within each tumor. Each value was
normalized to total protein concentration in each individual sample. Data shown are
representative of two independent experiments. (n=4, * p<0.05, ** p<0.01, ***p<0.001)
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Figure 4. Tumor-associated myeloid cells upregulate CXCR3 chemokines after RT by atypel
IFN-dependent mechanism and CXCR3 plays an essential rolein the recruitment of immune
cellsinto B16 tumors

Tumors and tumor-draining lymph nodes were excised on day 13 (4 days after RT), and

made into single cell suspensions, which were then pooled (3 mice per group). (a) Gating
scheme for F4/80~ DCs and F4/80" myeloid cells in tumors. (b) F4/80~ DCs and (c) F4/80*
myeloid cells were sorted from tumor suspensions using a cell sorter. RNA was isolated
from the sorted cell populations and IP-10 mRNA was quantified by gRT-PCR. RNA from
cells in tumor draining lymph nodes of untreated WT mice were used as comparison
controls. Data shown are representative of two independent experiments. (d-f) C57BL/6 or
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CXCR3~/~ mice were inoculated with B16 melanoma cells and either treated with 15Gy RT
or left untreated 7 days later. On day 13, tumors were excised and flow cytometry was used
to enumerate tumor-infiltrating (d) CD45* cells (€) CD8* T cells and (f) CD4* T cells into
the tumor. Data shown are representative of two independent experiments. (* p<0.05, **
p<0.01, ***p<0.001)
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Figure5. Tumor-infiltrating lymphocytes from mice that lack | FN-a/B signaling are less
activated and have decreased overall ability to kill tumor cells

WT and IFNABR-deficient C57BL/6 mice were inoculated with B16 cells, and treated as
described before. Four days post-RT, CD69 expression on CD45* CD3* CD8* cells was
quantified using mean fluorescence intensity (MFI) values. (a) Representative histograms
demonstrating the shift in CD69 expression in WT mice that were treated with 15 Gy RT.
(FMO = fluorescence minus one control) (b) MFI of CD69 staining on CD8* T cells from
individual mice. (c) Lethally-irradiated C57BL/6 hosts were reconstituted with 1:1 mixture
of BL/6.SJL (CD45.1%, black bars) and IFNABR KO (CD45.2*, grey bars) bone marrow
cells. Mice were rested for 40 days, inoculated with B16 tumors i.m. and were either
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untreated as described earlier. Four days post-RT, tumors were excised. WT and IFNABR
KO hematopoietic cells were distinguished using congenic markers CD45.2 and CD45.1
respectively. Data shown are representative of two independent experiments. (d and €)
Tumors were excised six days post-treatment, tumors pieces were homogenized and RNA
was extracted. qRT-PCR was used to quantify the levels of (d) FasL and (e) granzyme B
MRNA in each sample relative to one random sample in the WT 0 Gy group. The data is
representative of two experiments (n=3). (f) Using intracellular granzyme B staining and
flow cytometry analysis, expression levels of granzyme B in tumor-infiltrating CD8* T cells
from were quantified and expressed as MFI values. (g and h) Tumors were processed into
single cell suspensions with collagenase digestion. Thy1.1* cells were enriched using
antibody-coated magnetic beads and incubated with ®1Cr-labelled B16 cells at various E:T
ratios for 6 hours. 1Cr released into supernatant by killed cells was measured and expressed
as percentage of lysis over positive control. Each line represents one sample containing cells
from three or four pooled 0 Gy (grey lines) or 15 Gy (black lines) tumors. (* p<0.05, **
p<0.01)
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Figure 6. Increasing | FN-a levelswithin the tumor using an inducible expression system
improvestumor control mediated by RT

C57BL/6 (A) WT and (B) IFNABRKO mice were injected i.m. with 1 x 10° B16-ilFNa
cells. Seven days post-tumor cell injection, tumors were treated locally with 15 Gy radiation.
At three hours and three days after RT, mice were either given vehicle or 0.3 mg dimerizer
i.v. in the tail vein. Tumor growth was monitored over time and expressed as mean thigh
diameter. (n=4, *p<0.05 using unpaired t-test comparing 15 Gy + vehicle versus 15 Gy +
dimerizer groups). Data shown are representative of two experiments with similar results.
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