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Fig. 3 Heatmaps showing differentially expressed genes at day 7 after the end of treatment tumors (CT26 model) between at least one condition
and control group. lllustration of gene expression with s-value < 0.005 and absolute shrink lock-fold change threshold of one (Z-score): control
(black), 1x16.4Gy (red), 3x8Gy (blue), 18x2Gy (purple). Experimental groups contained 4 mice per condition

30 (2.4% £ 0.6%) compared to the control group (p<
0.001).

The anti-PD-L1 and anti-TIGIT did not have any anti-
tumor effect alone (Fig. 4 c). The association of anti-PD-
L1 with RT increased tumor control compared to IgG
with RT, and the anti—tumor response was the most ef-
fective with the fractionated groups and especially with
18x2Gy (8/12 CR). Mean tumor volume at day 39 was
significantly lower in the 18x2Gy + anti-PD-L1 group
(p=0.01) and 18x2Gy + anti-PD-L1 + anti-TIGIT group
(p=0.04) compared to the 18x2Gy group.

Anti-TIGIT in association with RT was not signifi-
cantly effective compared to IgG with RT, whatever the
fractionation scheme.

The association of anti-TIGIT, anti-PD-L1 and 3x8Gy
(9/10 CR) was the most effective compared to all other
groups: 3x8Gy +anti-PD-L1 (3/10 CR), 3x8Gy + anti-
TIGIT (2/10 CR). Mean tumor volume at day 39 was
lowest in the 3x8Gy + anti-PD-L1 + anti-TIGIT group
(p<0.05) compared to all the other 3x8Gy groups. The
18x2Gy group did not benefit from the dual ICI (7/12
CR) compared to 18x2Gy + anti-PD-L1 (8/12 CR).

On the one hand, anti-TIGIT yielded a significant an-
titumor effect only when associated with anti-PD-L1 and
the 3x8Gy scheme. On the other hand, there was no sig-
nificant antitumor effect of anti-TIGIT when associated
with 18x2Gy, or 18x2Gy + anti-PD-L1 (Fig. 5).

In the B16-F10 model, 3x8Gy tended to be more ef-
fective when associated with anti-TIGIT + anti-PD-L1
compared to anti-TIGIT alone, anti-PD-L1 alone, or IgG
(p=0.06, n =5 per group) (Additional file 2: Figure S4).

Discussion

Our study aimed to define changes in the tumor im-
mune microenvironment induced by different dose per
fraction schemes (with a same BED), and to identify on
the one hand, factors leading to immune suppression
and resistance to RT, and on the other hand, factors
leading to activation of antitumor immunity, with a view
to adapting the association of an ICI. Firstly, we vali-
dated the dose equivalence between the different frac-
tionation protocols in the absence of an immune system
and showed that the two fractionated schemes were
more effective. As BALC/c mice and BALC/c nude mice
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Fig. 4 Efficacy evaluation of immunotherapy (anti-PD-L1 and/or anti-TIGIT) and different fractionation schemes of radiotherapy (RT) in CT26
model. Induction of the expression of PD-L1 (cd274 gene) (a) or TIGIT (b) using RNA sequencing analysis (left) (7 days after the beginning of RT
and 7 days after the end of RT for the 18x2Gy scheme) and flow cytometry monitoring (FCM) (right) (7,
days after the end of RT (day 30) for the 18x2Gy scheme): control (black),
tumors in mice treated with 0Gy, 1x16.4Gy, 3x8Gy, 18x2Gy with IgG or anti-PD-L1 and/or anti-TIGIT (c). Complete response (CR) ratio indicates the
number of mice free from the irradiated tumor. Mean + SEM for 18x2Gy (purple) and 3x8Gy (blue) are shown at the bottom of the Fig. X axes
express the number of days since the beginning of RT. Y axes express the tumor volume (mm?). Experimental groups contained at least 8 mice
per group. Not significant (NS); *p < 0.05; **p < 0.01, ***p < 0.001. Non-parametric Mann-Whitney test was used
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have a common genetic background, differences ob-
served in tumor growth are due to the immune system.
The results obtained at this stage with the normo-
fractionated scheme are particularly interesting. Indeed,
essentially schemes with repeated doses per fraction

between 6Gy and 12Gy were considered as pro-
immunogenic, whether in pre-clinical studies [12, 23] or
in clinical studies [24, 25]. Few studies compared dose
fractionation schemes with a same BED, and no studies
have evaluated fractionated schemes with more than 9
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Fig. 5 Survival curves after immunotherapy (anti-PD-L1 and/or anti-TIGIT) and fractionated radiotherapy (RT) in CT26 model. Survival curves of
mice treated with 3x8Gy (a), 18x2Gy (b) with IgG or anti-PD-L1 and/or anti-TIGIT. X axes express the number of days since the beginning of RT. Y
axes express the percentage survival of mice in each group. Experimental groups contained at least 10 mice per group. Log-rank test was used

-+ IgG + 18x2Gy

v Anti-TIGIT + 18x2 Gy

100- Anti-TIGIT+
E anti-PD-L1 +18x2 Gy
z

a

= 50

8

s

-9

p=0.0017
0 . .
0 50 100

Time (days)

fractions [15]. Our immuno-monitoring of these differ-
ent RT schemes was intended to help us understand the
underlying mechanisms of the immune response. With-
out treatment we observed a low Lymphoid T cell infil-
tration representing 2.87% +/-1.12 of total tumor cells
(mean+/-SD). CD8+ T cell represented 1.42% +/-0.73
of total tumor cells. These results were comparable to
previous studies on CT26 models [26, 27]. The
1x16.4Gy and 3x8Gy hypo-fractionated schemes in-
duced an intense, brief and predominantly lymphoid im-
mune response 7 days after irradiation. The 18x2Gy
pattern, on the other hand, induced a predominantly mye-
loid response 2 weeks after the beginning of the irradi-
ation, which persisted over time. The effect of hypo-
fractionation appears to be critical for lymphoid stimula-
tion, while normo-fractionation seems to be deleterious to
lymphoid cells, which are radiosensitive. This may be ex-
plained by the fact that when the lymphoid cells infiltrate
the tumor several days after the first session, the tumor
continues to be irradiated; or that circulating lymphocytes
in the vascular system near the irradiation field are repeat-
edly irradiated, resulting in lymphopenia [28, 29]. Re-
cently, a study in a model of LL/2 lung cancer and B16-
F10 melanoma, compared the effect of the dose per frac-
tion of a so-called “conventionally fractionated” pattern
(9x4Gy) and another hypo-fractionated (2x11.5Gy), both
having a spread of 9 days and the same BED, in combin-
ation with an anti-programmed cell death-1 (PD-1) [15].
The authors demonstrated the superiority of the hypo-
fractionated regimen on tumor control and explained it by
the effect of RT on MDSC, which are markedly dimin-
ished in this scheme. These results on different tumor
models and non-similar RT regimens were similar to ours
for the effect on MDSC, but not on tumor control. The
dose per fraction of RT acts in a different way on the
polarization of macrophages. Thus, in our study, the two
hypo-fractionated schemes (1x16.4Gy and 3x8Gy) in-
duced TAMI, which stimulates inflammation and the

anti-tumor immune response, while the normo-
fractionated scheme induced TAM?2, which promotes
tumor growth, angiogenesis, and metastasis [30]. Our re-
sults were inconsistent with those found in the literature
regarding the effect of fractional dose on TAM [31, 32], al-
though these studies were performed using different cell
lines. Nevertheless, TAM2 and MDSC express PD-L1
[33], explaining the beneficial effect of the association of
an anti-PD-L1 with normo-fractionated RT. The effect of
a normo-fractionated scheme (5x2Gy) regimen on the im-
mune system, with or without PD-L1, in a CT26 model,
has already been reported (using a total dose lower than
ours) [11]. In this study, the authors showed that normo-
fractionated RT induces a specific immune response and
memory, with a greater clinical anti-tumor effect than our
study when RT is associated with anti-PD-L1.

In the present study, we observed a contrasting effect
of hypo fractionated RT versus normo-fractionated
schedule. While the first one induced CD8+ T cells re-
cruitment and additional checkpoints, the second one
induced MDSC and TAM?2 accumulation and a pro-
longed PD-L1 expression induction. Increasing data
underline that CD8 T cells accumulation in tumor bed is
a good predictive marker of checkpoint efficacy [34]. In
addition, the presence of additional checkpoints, other
than PD-1, is a marker of advanced CD8 T cells exhaus-
tion. Normo-fractionated RT induced accumulation of
MDSC and TAM2. These two cell populations are
known to be associated with poor prognosis in many
cancer types [35, 36]. Additionally, recent data also sug-
gest an association between the presence of these cells
and resistance to checkpoint inhibitors [37, 38]. The
myeloid biomarkers have been less investigated and
sparse data are available in the literature. Further
work is required to determine if MDSC or TAM2
elimination could reverse resistance to immunother-
apy or combination of normo-fractionated RT plus
immunotherapy.
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Initially, the utility of associating immunotherapy with
RT was to amplify the abscopal effect, which was de-
scribed in literature after hypo-fractionated (6-12Gy per
fraction) and repeated RT [12, 13, 23, 39-42]. Normo-
fractionated RT (2Gy per fraction) might have an im-
munosuppressive action [29, 43]. But it is unclear, some
clinical studies have shown an anti-tumor immunomo-
dulation effect of normo-fractionated RT, especially
when associated with ICI [44, 45]. In many of the studies
comparing RT fractionation schemes, the BED (ie. the
cytotoxic effect) was not the same. Thus, several teams
have studied the effect of RT on immune activation,
most often using a high dose per fraction. In this present
study, we highlight the fact that it can also be useful to
associated normo-fractionated RT with ICI. However, it
seems essential to develop specific biomarkers that de-
scribe which targets will be induced by this type of RT
schedule. The inferiority of the 1x 16.4 Gy scheme on
tumor control can be explained by the findings of
Vanpouille-Box et al. Indeed, these authors showed in a
pre-clinical model that doses per fraction greater than
12 Gy induce accumulation in the cytoplasm of an exo-
nuclease called Trexl. Similar results were observed
using RNAseq method in the present study (data not
shown). Thus, the cytosolic DNA that accumulates in
the cytosol during irradiation is degraded. However,
when this DNA is present, it stimulates the secretion of
interferon [ via the pathway stimulator of interferon
genes (STING), allowing the recruitment and activation
of dendritic cells. Thus, the concentration of cytosolic
DNA gradually increases up to a dose of 12 Gy per frac-
tion and then collapses [13]. Vanpouille-Box et al. also
suggested in their article an interesting ex-vivo test that
may analyze the effect of several types of RT schedules
on PDX models produced from patient’s tumors. From
analysis of gene expression induced by the cGAS/STING
pathway, the authors would like to develop a new factor
to describe the RT fractionation scheme that will induce
the best immune response, to associate it with immuno-
therapy. We could suggest a complementary evaluation
to this method, namely the analysis of radio-induced im-
mune ICI target expression. As we highlighted in the
present study, gene expression induction of these tar-
gets, analyzed by RNAseq, correlated with expression
analyzed by FCM immuno-monitoring and with related
immunotherapy efficacy.

Most patients (~ 60—80%) will not respond to current
ICI such as anti-PD-L1 or anti-PD-1 alone [46, 47] in
metastatic solid cancers, for which ICI have shown a
clinical benefit (such as melanoma, lung cancer). We
showed that CT26 or B16-F10 cancer cells have a poor
response to ICI without RT. While the 18x2Gy scheme
was most effective with anti-PD-L1 (8/12 CR), the
3x8Gy scheme was the most effective when associated
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with anti-TIGIT and anti-PD-L1 (9/10). Based on our
FCM analyses and to explain these results, we observed
firstly that 18x2Gy induced the expression of PD-L1 in a
sustainable manner, but significantly decreased the ex-
pression of TIGIT. Conversely, the 3x8Gy scheme sig-
nificantly increased the expression of PD-L1 and TIGIT.
TIGIT is a co-inhibitory receptor which can be
expressed by CD8+ T cells, natural killer cells, Treg cells
and T follicular helper cells [48, 49]. The TIGIT ligands,
CD155 and CD112 can be expressed by different cell
types, including antigen-presenting cells and tumor cells
[50, 51]. TIGIT is associated with CD8+ T cells exhaus-
tion [52, 53]. Johnston et al. studied anti-TIGIT alone or
in combination with anti-PD-L1 in a CT26 tumor model
[53]. They observed that the majority of mice receiving
the combo of ICI were in CR, unlike our results. How-
ever, according to our findings, there was no significant
effect of anti-TIGIT alone or anti-PD-L1 alone. This is
the first study to evaluate the benefit of an anti-TIGIT
combined with an optimized RT. We showed promising
results of the combination anti-TIGIT + anti-PD-L1 +
3x8Gy, which could be evaluated in a clinical study. We
suggest that each fractionation (normo-fractionated or
hypo-fractionated) scheme may specifically induce an
immune checkpoint (PD-L1 and/or TIGIT) and need an
appropriate ICI (respectively anti-PD-L1 or anti-TIGIT).

Conclusion

Each fractionation scheme induced different lymphoid
and myeloid responses, as well as various degrees of
modulation of PD-L1 and TIGIT expression. Further-
more, 3x8Gy was the most effective protocol when asso-
ciated with anti-PD-L1 and anti-TIGIT. On the contrary,
the 18x2Gy scheme associated with anti-PD-L1 was not
more effective when associated with anti-TIGIT.

This is the first study highlighting the relevance of op-
timizing RT fractionation schemes for association with
ICI, and combining RT and anti-TIGIT with promising
results; further studies are warranted.

Additional files

Additional file 1: Table S1. List of antibodies used for identification of
myeloid and lymphoid cell and for the study of lymphoid function. (XLSX 13 kb)

Additional file 2: Figure S1. Gating strategy for lymphoid cells
identification and quantification in tumor tissue. Figure S2. Gating
strategy for myeloid and tumor cells identification, quantification and
phenotype (PD-L1 expression) in tumor tissue. Figure S3. Gating strategy
for lymphoid cells functionality quantification in tumor tissue. Figure S4.
Efficacy evaluation of immunotherapy (anti-PD-L1 and/or anti-TIGIT) and
RT (3x8Gy) in B16-F10 model. Growth of irradiated tumors in mice treated
with 1gG + 0Gy (black), IgG + 3x8Gy (red), anti-TIGIT + anti-PD-L1 (blue)
and with anti-TIGIT + anti-PD-L1 + 3x8Gy (purple). Mean + SEM. X axes ex-
press the number of days since the beginning of RT. Y axes express the
tumor volume (mm?). Experimental groups contained at 5 mice per
group. Non-parametric Mann-Whitney test was used. Figure S5.
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Immunomonitoring of Treg and CD8+ T cells and their KI67 and PD-1 sta-
tus after radiotherapy. Ten days after the injection of CT26 colon murine
cancer, mice were assigned in 4 groups: control (at day 7), 1 x 164Gy
(red), 3x8Gy (blue), 18x2Gy (purple) (a). Seven, 14 and 30 days after the
beginning of RT, flow cytometry monitoring (FCM) was performed on dis-
sociated tumors. CD8" T cells (a) and Treg T cells (b) were analyzed ac-
cording to their status for KI67 and PD-1 labelling. All data are shown
with box and whiskers with min to max values obtained from 8 inde-
pendent samples per point (duplicate, n =8 per condition). In the second
part of a) and b), representative cytometry analysis was highlighted for
each condition at day 7 and day 14 after treatment. *p < 0.05. Non-
parametric Mann-Whitney test was used. (ZIP 3298 kb)

Acknowledgments
The authors would like to thank Sandy Chevrier, Aurélien Goubaud and

Maéva Nicolardot for them precious helps to perform molecular and cellular

experiments. They thank Julie Blanc for her significant help with statistical
analysis. Finally, they also thank F Ecarnot (EA3920, University Hospital

Besancon, France) and Isabel Gregoire (CGFL) for critical review and editorial

assistance.

Authors’ contributions

CM, FG and GC were involved in the conception and design of the study.
MG, VM and CM were involved in the tumor production, treatment
delivering, volume tumor evaluation and animal housing. MG, EL, VM and

JDF were involved in the immuno-monitoring by flow cytometry (acquisition
and analysis). RB was involved in the RNA sequencing achievement. CR ana-
lyzed all RNA sequencing data. CM and FG supervised the project. AB was in
charge of the statistical analysis of the study. CM, MG, FG and AB had access
to the raw data and analyzed and interpreted the data. MG, CM and FG were
involved in writing the report, which was corrected and approved by all au-

thors. All authors read and approved the final manuscript.

Funding

This study was supported by private funding of the Georges-Francois Leclerc

anti-cancer center.

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

Ethics approval

Before experimentation, the small animal ethics committee (University of
Burgundy) and the French Ministry of Higher Education and Research
validated the project (APAFIS authorization number: 8235; 10/18/2017).

Consent for publication
Not applicable.

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

Author details

'Department of Radiation Oncology, Unicancer - Georges-Francois Leclerc
Cancer Center, 1 rue Professeur Marion 77 980, 21079 Dijon Cedex, BP,
France. “Cancer Biology Research Platform, Unicancer - Georges-Francois
Leclerc Cancer Center, Dijon, France. *INSERM UMR 1231, Dijon, France.
“Methodology, data-management and biostatistics unit, Unicancer -
Georges-Francois Leclerc Cancer Center , Dijon, France. Department of
Medical Oncology, Unicancer - Georges-Francois Leclerc Cancer Center,
Dijon, France.

Received: 1 February 2019 Accepted: 10 June 2019
Published online: 25 June 2019

References

1.

Orth M, Lauber K, Niyazi M, Friedl AA, Li M, Maihofer C, et al. Current
concepts in clinical radiation oncology. Radiat Environ Biophys. 2014;53:1.
Fowler JF. The linear-quadratic formula and progress in fractionated
radiotherapy. Br J Radiol. 1989,62:679-94.

20.

21

22.

23.

24.

25.

26.

Page 11 of 12

Formenti SC, Demaria S. Systemic effects of local radiotherapy. Lancet
Oncol. 2009;10:718-26.

Golden EB, Apetoh L. Radiotherapy and immunogenic cell death. Semin
Radiat Oncol. 2015;25:11-7.

Shahabi V, Postow MA, Tuck D, Wolchok JD. Immune-priming of the tumor
microenvironment by radiotherapy: rationale for combination with
immunotherapy to improve anticancer efficacy. Am J Clin Oncol. 2015;38:90-7.
Demaria S, Ng B, Devitt ML, Babb JS, Kawashima N, Liebes L, et al. lonizing
radiation inhibition of distant untreated tumors (abscopal effect) is immune
mediated. Int J Radiat Oncol Biol Phys. 2004;58:8362-70.

Apetoh L, Ladoire S, Coukos G, Ghiringhelli F. Combining immunotherapy
and anticancer agents: the right path to achieve cancer cure? Ann Oncol
Off J Eur Soc Med Oncol. 2015;26:1813-23.

Tang C, Wang X, Soh H, Seyedin S, Cortez MA, Krishnan S, et al. Combining
radiation and immunotherapy: a new systemic therapy for solid tumors?
Cancer Immunol Res. 2014;2:831.

Ngwa W, Irabor OC, Schoenfeld JD, Hesser J, Demaria S, Formenti SC. Using
immunotherapy to boost the abscopal effect. Nat Rev Cancer. 2018;18:313-22.
Deng L, Liang H, Burnette B, Beckett M, Darga T, Weichselbaum RR, et al.
Irradiation and anti-PD-L1 treatment synergistically promote antitumor
immunity in mice. J Clin Invest. 2014;124:687-95.

Dovedi SJ, Adlard AL, Lipowska-Bhalla G, McKenna C, Jones S, Cheadle EJ, et
al. Acquired resistance to fractionated radiotherapy can be overcome by
concurrent PD-L1 blockade. Cancer Res. 2014;74:5458-68.

Schaue D, Ratikan JA, lwamoto KS, McBride WH. Maximizing tumor
immunity with fractionated radiation. Int J Radiat Oncol Biol Phys. 2012,83:
1306-10.

Vanpouille-Box C, Alard A, Aryankalayil MJ, Sarfraz Y, Diamond JM, Schneider
RJ, et al. DNA exonuclease Trex1 regulates radiotherapy-induced tumour
immunogenicity. Nat Commun. 2017;8:15618.

Kachikwu EL, lwamoto KS, Liao Y-P, DeMarco JJ, Agazaryan N, Economou JS,
et al. Radiation enhances regulatory T cell representation. Int J Radiat Oncol
Biol Phys. 2011;81:1128-35.

Lan J, Li R, Yin L-M, Deng L, Gui J, Chen B-Q, et al. Targeting myeloid-
derived suppressor cells and programmed death ligand 1 confers
therapeutic advantage of ablative hypofractionated radiation therapy
compared with conventional fractionated radiation therapy. Int J Radiat
Oncol Biol Phys. 2018;101:74-87.

Chiang C-S, Fu SY, Wang S-C, Yu C-F, Chen F-H, Lin C-M, et al. Irradiation
promotes an m2 macrophage phenotype in tumor hypoxia. Front Oncol.
2012;2:89.

Mirjolet C, Charon-Barra C, Ladoire S, Arbez-Gindre F, Bertaut A, Ghiringhelli
F, et al. Tumor lymphocyte immune response to preoperative radiotherapy
in locally advanced rectal cancer: the LYMPHOREC study. Oncoimmunology.
2018;7:21396402.

Brenner DJ. The linear-quadratic model is an appropriate methodology for
determining isoeffective doses at large doses per fraction. Semin Radiat
Oncol. 2008;18:234-9.

Wong J, Armour E, Kazanzides P, lordachita |, Tryggestad E, Deng H, et al. A high
resolution small animal radiation research platform (SARRP) with x-ray
tomographic guidance capabilities. Int J Radiat Oncol Biol Phys. 2008;71:1591-9.
Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-
seq quantification. Nat Biotechnol. 2016;34:525-7.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.
Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A, et al.
ClueGO: a Cytoscape plug-in to decipher functionally grouped gene ontology
and pathway annotation networks. Bioinforma Oxf Engl. 2009;25:1091-3.
Dewan MZ, Galloway AE, Kawashima N, Dewyngaert JK, Babb JS, Formenti
SC, et al. Fractionated but not single-dose radiotherapy induces an
immune-mediated abscopal effect when combined with anti-CTLA-4
antibody. Clin Cancer Res Off J Am Assoc Cancer Res. 2009;15:5379-88.
Hiniker SM, Chen DS, Knox SJ. Abscopal effect in a patient with melanoma.
N Engl J Med. 2012;366:2035; author reply:2035-6.

Golden EB, Demaria S, Schiff PB, Chachoua A, Formenti SC. An abscopal
response to radiation and ipilimumab in a patient with metastatic non-
small cell lung cancer. Cancer Immunol Res. 2013;1:365-72.

Frey B, Rlckert M, Weber J, Mayr X, Derer A, Lotter M, et al.
Hypofractionated irradiation has immune stimulatory potential and induces
a timely restricted infiltration of immune cells in colon cancer tumors. Front
Immunol. 2017,8:231.

“ybuAdoo Aq parosroid 1sanb Aq zz0oz ‘0z Arenuer uo jwod wg-oul/:dny woly papeojumoq ‘6T0Z dUNC GZ U0 6-7£90-6T0-SZ0¥S/98TT 0T Se paysiignd 1siy :19oue) Jayjounww| ¢


http://jitc.bmj.com/

Grapin et al. Journal for InmunoTherapy of Cancer

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

(2019) 7:160

Ho WS, Wang H, Maggio D, Kovach JS, Zhang Q, Song Q, et al.
Pharmacologic inhibition of protein phosphatase-2A achieves durable
immune-mediated antitumor activity when combined with PD-1 blockade.
Nat Commun. 2018:9:2126.

Filatenkov A, Baker J, Mueller AMS, Kenkel J, Ahn G-O, Dutt S, et al. Ablative
tumor radiation can change the tumor immune cell microenvironment to
induce durable complete remissions. Clin Cancer Res. 2015;21:3727-39.
Lee Y, Auh SL, Wang Y, Burnette B, Wang Y, Meng Y, et al. Therapeutic
effects of ablative radiation on local tumor require CD8+ T cells: changing
strategies for cancer treatment. Blood. 2009;114:589-95.

Mantovani A, Schioppa T, Porta C, Allavena P, Sica A. Role of tumor-
associated macrophages in tumor progression and invasion. Cancer
Metastasis Rev. 2006;25:315-22.

Klug F, Prakash H, Huber PE, Seibel T, Bender N, Halama N, et al. Low-dose
irradiation programs macrophage differentiation to an iNOS*/M1
phenotype that orchestrates effective T cell immunotherapy. Cancer Cell.
2013;24:589-602.

Prakash H, Klug F, Nadella V, Mazumdar V, Schmitz-Winnenthal H, Umansky
L. Low doses of gamma irradiation potentially modifies immunosuppressive
tumor microenvironment by retuning tumor-associated macrophages:
lesson from insulinoma. Carcinogenesis. 2016;37:301-13.

Kuang D-M, Zhao Q, Peng C, Xu J, Zhang J-P, Wu C, et al. Activated
monocytes in peritumoral stroma of hepatocellular carcinoma foster
immune privilege and disease progression through PD-L1. J Exp Med. 2009;
206:1327-37.

Taube JM, Galon J, Sholl LM, Rodig SJ, Cottrell TR, Giraldo NA, et al.
Implications of the tumor immune microenvironment for staging and
therapeutics. Mod Pathol Off J U S Can Acad Pathol Inc. 2018;31:214-34.
Cassetta L, Pollard JW. Targeting macrophages: therapeutic approaches in
cancer. Nat Rev Drug Discov. 2018;17:887-904.

Ben-Meir K, Twaik N, Baniyash M. Plasticity and biological diversity of
myeloid derived suppressor cells. Curr Opin Immunol. 2018,51:154-61.

Limagne E, Richard C, Thibaudin M, Fumet J-D, Truntzer C, Lagrange A, et al.

Tim-3/galectin-9 pathway and mMDSC control primary and secondary
resistances to PD-1 blockade in lung cancer patients. Oncoimmunology.
2019;8:21564505.

Viitala MK, Virtakoivu R, Tadayon S, Rannikko J, Jalkanen S, Hollmén M.
Immunotherapeutic blockade of macrophage clever-1 reactivates the CD8+
T cell response against immunosuppressive tumors. Clin Cancer Res Off J
Am Assoc Cancer Res. 2019.

Poleszczuk J, Enderling H. The optimal radiation dose to induce robust
systemic anti-tumor immunity. Int J Mol Sci. 2018;19:3377.

Boustani J, Grapin M, Laurent PA, Apetoh L, Mirjolet C. The 6th R of
Radiobiology: Reactivation of anti-tumor immune response. Cancers. 2019;
11:860; https://doi.org/10.3390/cancers11060860.

Habets THPM, Oth T, Houben AW, Huijskens MJAJ, Senden-Gijsbers BLMG,
Schnijderberg MCA, et al. Fractionated radiotherapy with 3 x 8 Gy induces
systemic anti-tumour responses and abscopal tumour inhibition without
modulating the humoral anti-tumour response. Multhoff G, editor. PLoS
One. 2016;11:e0159515.

Muraro E, Furlan C, Avanzo M, Martorelli D, Comaro E, Rizzo A, et al. Local
high-dose radiotherapy induces systemic Immunomodulating effects of
potential therapeutic relevance in oligometastatic breast cancer. Front
Immunol. 2017;8:1476.

Fadul CE, Fisher JL, Gui J, Hampton TH, Coté AL, Ernstoff MS. Immune
modulation effects of concomitant temozolomide and radiation therapy on
peripheral blood mononuclear cells in patients with glioblastoma
multiforme. Neuro-Oncol. 2011;13:393-400.

Chandra RA, Wilhite TJ, Balboni TA, Alexander BM, Spektor A, Ott PA, et al. A
systematic evaluation of abscopal responses following radiotherapy in
patients with metastatic melanoma treated with ipilimumab.
Oncolmmunology. 2015;4:21046028.

Antonia SJ, Villegas A, Daniel D, Vicente D, Murakami S, Hui R, et al.

Durvalumab after Chemoradiotherapy in stage Ill non-small-cell lung cancer.

N Engl J Med. 2017;377:1919-29.

Robert C, Long GV, Brady B, Dutriaux C, Maio M, Mortier L, et al. Nivolumab
in previously untreated melanoma without BRAF mutation. N Engl J Med.
2015;372:320-30.

Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE, et al.
Nivolumab versus docetaxel in advanced nonsquamous non-small-cell lung
cancer. N Engl J Med. 2015;373:1627-39.

48.

49.

50.

52.

53.

Page 12 of 12

Yu X, Harden K, Gonzalez LC, Francesco M, Chiang E, Irving B, et al. The
surface protein TIGIT suppresses T cell activation by promoting the
generation of mature immunoregulatory dendritic cells. Nat Immunol. 2009;
10:48-57.

Josefsson SE, Beiske K, Blaker YN, Farsund MS, Holte H, @stenstad B, et al.
TIGIT and PD-1 mark intratumoral T cells with reduced effector function in
B-cell non-Hodgkin lymphoma. Cancer Immunol Res. 2019;7(3):355-62.
Casado JG, Pawelec G, Morgado S, Sanchez-Correa B, Delgado E, Gayoso |,
et al. Expression of adhesion molecules and ligands for activating and
costimulatory receptors involved in cell-mediated cytotoxicity in a large
panel of human melanoma cell lines. Cancer Immunol Immunother ClI.
2009;58:1517-26.

Stanietsky N, Simic H, Arapovic J, Toporik A, Levy O, Novik A, et al. The
interaction of TIGIT with PVR and PVRL2 inhibits human NK cell cytotoxicity.
Proc Natl Acad Sci U S A. 2009;106:17858-63.

Kong Y, Zhu L, Schell TD, Zhang J, Claxton DF, Ehmann WG, et al. T-cell
immunoglobulin and ITIM domain (TIGIT) associates with CD8+ T-cell
exhaustion and poor clinical outcome in AML patients. Clin Cancer Res Off J
Am Assoc Cancer Res. 2016;22:3057-66.

Johnston RJ, Comps-Agrar L, Hackney J, Yu X, Huseni M, Yang Y, et al. The
Immunoreceptor TIGIT regulates antitumor and antiviral CD8 + T cell
effector function. Cancer Cell. 2014;26:923-37.

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

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

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

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

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

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

“ybuAdoa Aq parosroid 1sanb Aq zz0oz ‘0z Arenuer uo jwod [wg-onl/:dny woly papeojumoq ‘6T0Z dUNC G2 U0 6-7£90-6T0-SZ0¥S/98TT 0T Se paysiignd 1siy :19oue) Jayjounww| ¢


https://doi.org/10.3390/cancers11060860
http://jitc.bmj.com/

