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Abstract

Background The combination of radiotherapy and immunotherapy (immunoradiotherapy) has been increasingly
used for treating a wide range of cancers. However, some tumors are resistant to immunoradiotherapy. We have
previously shown that MER proto-oncogene tyrosine kinase (MerTK) expressed on macrophages mediates resist-
ance to immunoradiotherapy. We therefore sought to develop therapeutics that can mitigate the negative impact
of MerTK. We designed and developed a MerTK specific antisense oligonucleotide (ASO) and characterized its effects
on eliciting an anti-tumor immune response in mice.

Methods 344SQOR cells were injected into the right legs on day 0 and the left legs on day 4 of 8-12 weeks old female
129sv/ev mice to establish primary and secondary tumors, respectively. Radiation at a dose of 12 Gy was given to

the primary tumors on days 8, 9, and 10. Mice received either anti-PD-1, anti-CTLA-4 or/and MerTK ASO start-

ing from day 1 post tumor implantation. The composition of the tumor microenvironment and the level of MerTK

on macrophages in the tumor were evaluted by flow cytometry. The expression of immune-related genes was investi-
gated with NanoString. Lastly, the impact of MerTK ASO on the structure of the eye was histologically evaluated.

Results Remarkably, the addition of MerTK ASO to XRT+anti-PD1 and XRT+anti-CTLA4 profoundly slowed

the growth of both primary and secondary tumors and significantly extended survival. The ASO significantly reduced
the expression of MerTK in tumor-associated macrophages (TAMs), reprograming their phenotype from M2 to M1.

In addition, MerTK ASQ increased the percentage of Granzyme B™ CD8" T cells in the secondary tumors when com-
bined with XRT+anti-CTLA4. NanoString results demonstrated that the MerTK ASO favorably modulated immune-
related genes for promoting antitumor immune response in secondary tumors. Importantly, histological analysis

of eye tissues demonstrated that unlike small molecules, the MerTK ASO did not produce any detectable pathology
in the eyes.
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slow tumor growth and improve survival.

Antitumor immune response
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Background
The combination of immunotherapy and radiotherapy
(immunoradiotherapy) has been increasingly used in
the treatment of various types of cancers in recent years
[1-3]. Radiation can induce apoptosis in tumor cells and
subsequently trigger the activation of tumor-specific
immune responses, which, with the help from immune
checkpoint blockade, can effectively eradicate both
locally irradiated and remote cancer cells. One of the key
factors hampering this process is premature clearance
of apoptotic cancer cells by macrophages acting to pre-
vent excessive inflammation [4, 5]. An undesirable con-
sequence of this is inhibition of inflammatory responses
and suppression of anti-tumor immunity [6].

A critical receptor that mediates the clearance of
apoptotic cells by macrophages is MER proto-oncogene
tyrosine kinase (MerTK). Together with TYRO3 and

AXL, MerTK is a member of a receptor tyrosine kinase
family [7]. MerTK is overexpressed or ectopically
expressed in a wide variety of cancers, including leuke-
mia, non—small cell lung cancer, and glioblastoma, and
can potentially activate several canonical oncogenic
signaling pathways [8]. One of the main mechanisms by
which MerTK suppresses immune activation is through
the prevention of intracellular content release from
apoptotic cells by inducing efferocytosis [9]. In addi-
tion, MerTK signaling promotes the secretion of anti-
inflammatory cytokines, such as transforming growth
factor-p (TGEp), hepatocyte growth factor (HGF), and
IL-10, resulting in immunosuppressive, pro-tumor,
M2-polarized macrophages in the tumor microen-
vironment (TME) [9, 10]. Thus, macrophage MerTK
activity is an attractive therapeutic target for cancer
treatment [10, 11].
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Small molecules and monoclonal antibody inhibitors
of MerTK have been identified [12, 13]. Cummings and
colleagues reported that Mer590, a MerTK-targeting
monoclonal antibody, reduced non-small cell lung can-
cer (NSCLC) colony formation in vitro [13]. In vivo stud-
ies also confirmed that MerTK blockade by monoclonal
antibodies promoted antitumor immunity, and improved
the control of tumors in various tumor models [6, 14,
15]. We have previously demonstrated that the combina-
tion of an anti-MerTK (aMerTK) antibody, aPD1, and
radiotherapy increased the activated CD8* and NK cell
populations within the abscopal TME, leading to delayed
abscopal tumor growth, improved survival rates, and
reduced numbers of lung metastases in a murine meta-
static adenocarcinoma NSCLC model [4]. UNC569, a
small molecule MerTK inhibitor, also displayed potent
antitumor efficacy both in vitro and in vivo [12, 16].
However, anti-MerTK antibodies and UNC569 have
caused severe toxicity to the retina in preclinical models,
precluding any likely clinical applications [17, 18]. This
is likely due to the blocking effects of the antibody and
UNC569 on MerTK in the eyes, where it plays an essen-
tial homeostatic role in the retina [19]. Therefore, it is
necessary to develop novel therapeutics that efficiently
block pro-tumor MerTK in the periphery while sparing
MerTK in the eyes.

To this end, we designed a MerTK specific antisense
oligonucleotide (ASO) and tested its efficacy and safety
in mice. ASOs are small, synthetic, single-stranded
nucleic acid polymers, which can be employed to modu-
late gene expression via various mechanisms [20]. Due to
their high specificity, good safety profile, and potent effi-
cacy, ASOs are considered promising therapies for a wide
range of diseases [21, 22]. We found that the combination
of MerTK ASO with radiotherapy and anti-PD1 or anti-
CTLAA4 significantly enhances the anti-tumor immune
response and improves treatment efficacy in both the
primay, irradiated tumors and secondary, unirradiated
tumors in an anti-PD1-resistant lung cancer model.
Additionally, we discovered that MerTK ASO, in con-
junction with chemotherapy, MEK inhibitor (AZD6244)
and anti-PDL1, and anti-PD1 improves tumor control in
various tumor models. Importantly, we did not observe
any pathological effects in the eyes after treatment with
MerTK ASO.

Materials and methods

Cellline

344SQR, an aPD1 resistant lung cancer cell line, was gen-
erated in a previous study and was used throughout this
study [23]. The cell line was cultured in complete medium
(RPMI-1640 supplemented with 100 units/mL penicillin,
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100 pg/mL streptomycin, and 10% heat-inactivated fetal
bovine serum) and incubated at 37 °C in 5% CO,.

Materials

A mouse MerTK-specific ASO and control ASOs were
produced by Ionis Pharmaceuticals, Inc. Anti-mouse
CTLA-4 (Catalog# BP0164) and anti-mouse PD-1
(Catalog# BE0146) were purchased from BioXCell. Lib-
erase (Catalog #05401127001) and DNAse (Catalog
#4716728001) were purchased from Roche and Sigma-
Aldrich, respectively. Flow cytometry antibodies, includ-
ing aCD45-PerCP Cy5.5 (Catalog# 103131), «CD4-PE/
Dazzle594 (Catalog# 100456), aCDS8-FITC (Catalog#
100706), aGranzyme B (GrB)-Pacific Blue (Catalog#
515408), aGrl-BV510 (Catalog# 108437), aCD11b-APC
Fire750 (Catalog# 101262), aF4/80-Alexa Fluor 700
(Catalog# 123130), aCD38-PE-Cy7 (Catalog# 102718),
aCD206-PE (Catalog# 141706), and aMertK-APC (Cata-
log# 151507) were ordered from BioLegend.

Tumor inoculation and treatment

5x10* 344SQR cells in 100 pL phosphate-buffered saline
(PBS) were inoculated into the right leg on day 0 and
into the left leg on day 4 of 8-12 week-old 129/SvEv syn-
geneic female mice (N=5, Taconic Biosciences) to create
a “primary tumor” and “secondary tumor’, respectively.
The primary tumors were irradiated with 3 fractions of
12 Gy each with a PXi X-Rad SmART on days 8, 9, and
10. This specific dosage regimen has been optimized
by our group based on its efficacy in inducing a potent
antitumor immune response, as well as its ability to pro-
duce an abscopal effect [24, 25]. The dose was delivered
with two opposing beams from the AP and PA positions
using a 15 mm circular collimator. The dosimetry and
treatment planning were performed using the Advanced
Treatment Planning software that is supplied by the man-
ufacturer of the irradiator (Precision XRay Corporation,
North Branford, CT). All collimators were commissioned
by Precision XRay Corporation at the time of installa-
tion. Routine output checks are performed using an ion
chamber to ensure that the outputs have not changed
and that the treatment plans continue to be accurate. For
the MerTK ASO administered intraperitoneally, 50 mg/
kg of MerTK ASO (MerTK) in 250 uL PBS was injected
to the mice on days 1, 2, 3,4, 7, 8, 9, 10, 14, 18, 21, 25, 28,
32, 35 and 39 via intraperitoneal (IP) injection. Either 10
mg/kg of aPD1 was injected on days 5, 8, 11, 14, 21, 28,
and 35 or 2.5 mg/kg of the aCTLA4 was injected on days
5, 8, 11, and 14 via IP injection. Starting from day 7, the
tumors were measured, and the tumor volumes were cal-
culated as V=0.5Xx width? x length. The mice were euth-
anized when either the primary or the secondary tumors
reached 14 mm in width across any dimension. All
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animal procedures followed the guidelines of the Institu-
tional Animal Care and Use Committee at The University
of Texas MD Anderson Cancer Center.

Tumor processing

Primary and the secondary tumors were harvested on
day 16 for NanoString analysis and on day 21 for flow
cytometry. The minced tumor tissues were incubated
with 250 pg/mL of Liberase and 20 pg/mL DNAse at 37
°C for 30 min. The cells were either labeled by antibodies
for flow cytometry analysis or frozen in TRIzol for RNA
extraction.

Multiplex immune fluorescence staining

The secondary tumors harvested on day 21 were also
fixed with 10% formalin and processed and embedded
in paraffin routinely. 4 um sections were cut with a Leica
microtome and tissue was stained with H&E. TMA slides
created consisting of 3 mm cores from each tissue, fol-
lowed by staining for CD8 T cell, CD4 T cell, FOXP3,
GranzymB, and NKP46, PANCK, and DAPI with an
Akoya Bioscience Opal Polaris 7-color kit utilized on a
Leica BondRx autostainer. Slides were scanned using a
Leica Versa 8 digital fluorescent slide scanner. Biomark-
ers were quantified using a cellular immunofluorescence
algorithm in Leica digital image analysis software.

Analysis of immune cell populations through flow
cytometry

The cells from the tumors harvested on day 21 were
labeled with «CD45-PerCP Cy5.5, aCD4-PE/Dazzle5%4,
aCDS8-FITC, aGrB-Pacific Blue, aGr1-BV510, aCD11b-
APC Fire750, aF4/80-Alexa Fluor 700, aCD38-PE-Cy7,
aCD206-PE, aMertK-APC. Samples were measured with
a Gallios Flow Cytometer (Beckman Coulter) and ana-
lyzed with Kaluza software Version 2.1.

Analysis of immune-related gene expression via
nanostring

Total RNA was extracted from the tumors harvested on
day 16 with the chloroform/phenol method [26]. The
isolated RNA was analyzed with the nCounter PanCan-
cer Immune Profiling Panel and nCounter MAX Analy-
sis System (both from NanoString Technologies, Seattle,
WA, USA) according to the manufacturer’s instructions.
The data were analyzed with the PanCancer Immune
Profiling Advanced Analysis Module.

Pathological examination of eyes

Eyes from the mice in groups of Control, XRT+MerTK,
XRT+MerTK+aPD1, XRT+MerTK+aCTLA4 were har-
vested on day 21. These tissues were fixed in 10% neutral
buffered formalin and then transferred to 70% alcohol
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after 24-48 hours of fixation. Tissue was routinely pro-
cessed and embedded in paraffin. Sections were cut at 4
pum and placed on glass slides. H&E and toluidine blue
stained slides were submitted for evaluation for toxic
changes to the eye, with specific focus on the retinal
pigment epithelium. Slides were evaluated by a board-
certified veterinary pathologist using a Leica DM2500
microscope. Images of the retinal pigment epithelium
were captured at 63x magnification using a Leica DFC495
digital camera and LAS imaging software.

Statistical analyses

All data were statistically analyzed with Prism 8.0 (Graph-
Pad Software). Tumor growth curves were compared by
two-way ANOVA and were presented as mean tumor
volume * standard error of the mean (SEM). Mouse sur-
vival rates were analyzed with the Kaplan—Meier method,
and estimates were compared with log-rank tests. All the
other data were compared with two-tailed t-tests and
expressed as mean value + SEM. P values of <0.05 were
considered statistically significant.

Results

MerTK ASO improves antitumor efficacy of anti-PD1-based
immunoradiotherapy

We previously showed that blocking MerTK with an anti-
body can enhance the effects of immunoradiotherapy,
but at the cost of retinal toxicity [4, 18]. To avoid deleteri-
ous effects to the eyes, we evaluated an antisense oligo-
nucleotide (ASO) that specifically knocks down MerTK
expression on tumor growth in combination with local-
ized radiation (XRT) and aPD1 in a mouse model of
anti-PD1-resistant cancer (Fig. 1A). The addition of the
MerTK ASO to the combination of XRT+aPD1 signifi-
cantly improved treatment efficacy in both the primary
and secondary tumors (Fig. 1B, C). Triple therapy of
XRT+aPD1+MerTK ASO (hereafter RPM) achieved a
median survival of 34 days, significantly longer than the
21 days achieved with the XRT+aPD1 group. Consist-
ent with our previously reported data, XRT+aPD1 alone
was unable to achieve an abscopal effect in the 344SQR
model [25]. This was also the case for XRT, aPD1, or
MerTK ASO alone, or for XRT+MerTK (Fig. 1B, C, Sup-
plemental Fig. S1). However, RPM was able to produce
an abscopal effect. This effect was not achieved when the
MerTK ASO was substituted for a control non-targeting
ASO (Supplemental Fig. S1).

MerTK ASO improves efficacy of anti-CTLA4-based
immunoradiotherapy

Given the observed efficacy of the MerTK ASO when
paired with XRT+aPD1, we sought to determine whether
comparable improvements in treatment efficacy could be
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Fig. 1 Combination of XRT, MerTK ASO, and aPD1 delays the growth of both the primary and the secondary tumors. A Treatment scheme for mice
with 344SQR two tumor models. B Average tumor volumes and survival curves. C Individual tumor growth curves. The mice were inoculated

with primary tumors and secondary tumors on the right and left legs on days 0 and 4, respectively. The primary tumors were irradiated with 3x12
Gy radiation on days 8, 9, and 10. The mice were intraperitoneally administered with 10 mg/kg aPD1 and 50 mg/kg MerTK ASO on the indicated
time points in Fig. TA. The tumor volumes were monitored from day 7 and the mice were sacrificed when any dimension of the tumors reached 14
mm. The tumors volumes were compared with two-way ANOVA and expressed as Mean+SEM. The survival curves were compared with log-rank
tests. P values of <0.05 indicates statistical significance. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, NS denotes not significant

achieved by the addition of MerTK and XRT to the other
first-line checkpoint inhibitor (CPI), aCTLA4 [27, 28].
As shown in Fig. 2A, mice bearing 344SQR tumors were
treated with XRT, aCTLA4, and MerTK ASO at the indi-
cated time points. In agreement with previous clinical and
mouse studies [29-32], the dual therapy of XRT+aCTLA4
alone was able to achieve an abscopal effect in our mouse
tumor model (Fig. 2B and C). The addition of the MerTK
ASO to XRT+aCTLA4 (hereafter RCM) significantly
enhanced the abscopal effect and extended the median
survival to from 23 to 31 days. However, the effects of
MerTK ASO did not markedly improve treatment out-
come in the primary tumors. Interestingly, dual therapy of
MerTK+aCTLA4 without XRT also significantly delayed
the growth of both the primary and secondary tumors,
albeit not to the same extent achieved with the addition of
radiation therapy (Fig. 2B and C). These results indicate the
improvement in immune response achieved when pairing
MerTK inhibition with immunoradiotherapy is not spe-
cific to PD1 blockade, but can be generalized to multiple

different CPIs. They also demonstrate that superior tumor
control is consistently achieved through the triple combi-
nation of MerTK inhibition, XRT, and CPI In addition to
immunoradiotherapy, we also evaluate the therapeutic
effect of MerTK ASO when combined with chemotherapy,
selumetinib and anti-PDL1, or anti-PD1 in various tumor
models. Beyond immunoradiotherapy, we assessed the
therapeutic efficacy of MerTK ASO in combination with
chemotherapy, selumetinib, and either anti-PDL1 or anti-
PD1 across different tumor models (Supplemental Fig. S2).
The addition of MerTK ASO to the carboplatin+paclitaxel
regimen markedly enhanced tumor control in the 344SQR
model (Supplemental Fig. S2A). Incorporating MerTK
ASO with AZD6244 (selumetinib) and anti-PDL1 signifi-
cantly enhanced tumor control (Supplemental Fig. S2B).
Furthermore, in the EO771 breast cancer model, the com-
bination of MerTK ASO and anti-PD1 resulted in signifi-
cantly better tumor control compared to monotherapies
(Supplemental Fig. S2C).



Hu et al. J Exp Clin Cancer Res (2024) 43:70 Page 6 of 15

_# MerTKASO

Q 12 Gy radiation
Q S.C. 5x10*344SQR

@ 1P, Anti-CTLA4 2.5 mg/kg

/ 7 anti-CTLA4
Radiationon |
Primary Tumor |

\ \ - g
Primary—_ = Secondary
Tumor\.;‘J J/ Tumor

29 ¢ A ¢
7 QD e Do D S DAY

Experiment timeline for XRT+MerTK+anti-CTLA4

1.P. MerTK ASO 50 mg/kg

| &

Primary tumor .
1500 1000 Survival Median survival
- - -s Control - ~e- Control (Days)
E 1200 I [g‘ = oCTLA4 E 800 = Anti-CTLA4 I
£ £ 2., | .
T o0 A MsrTK+r1CTLA-4Jj§ P * MerTK#aCTLA4™IZ |t 5 e Control ::
g - 1
5 i~ XRT+aCTLA4 2 7 XRT+aCTLA4 g LT e o), |,
2 e00 3 + XRT+MerTK+aCTLA 4 + XRT+MerTK+aCTLA. 2 ] - MerTK+aCTLA4 - 8
5 2 e - XRT+aCTLA4 o=
E 300 2 204 + XRT+MerTK+oCTLA4 3
2
0 =
10 15 20 25 15 20 2 5 10 15 20 25 30 35 40
Days after primary tumor inoculation Days after primary tumor inoculation Days after primary tumor inoculation
Control MerTK+aCTLA4
1500 15001 aCTLA4 1500 XRT+oCTLA4 XRT+MerTK+aCTLA4
T T - 1500 1500
= E —1 E T T
G 3 1000 / £ o00d —1 E — 3 ., T —
2 2 . p / < 1000 _, £ 1000 £ 1000 —2
32 3 -2 g ; g —2 2 4
3 3 — 3 3 . 2 / 3 3 / 5 —3
2 2 3 s / 4 / —3 3 /
> E — 4 -E- 500 . 5 500 — 4 5 500 —- —a 5 s00 04 —4
E Z E g = < 5
g ¢ s E s H ' 5 H —s  § J
= e ARBARRASRAASASs asassaasy) Ty T rerr e
o 5 10 15 20 25 30 35 10 15 20 25 30 35 10 15 20 25 30 35 10 15 20 25 30 35 10 15 »20 25 .!I) 35‘ 40
Days after primary tumor inoculation Days after primary tumor inoculation Days after primary tumor inoculation Days after primary tumor inoculation Days after primary tumor inoculation
.
<) Control aCTLA4 MerTK+aCTLA4 XRT+aCTLA4 XRT+MerTK+aCTLA4
g 1000 1500 1500 1500 1500
bt a & & a a
E 800 _ E & & — £
E < ; £ o0 - £ Jo0o —1 £ 1000 , £ 1000 !
/ —2 g — 3 g —2 g
S g 60 / 2 2 2 —2 g 5 -2
< 3 —3 3 —3 E 3 2 — —3 32 / —3
400- i3 g - _=
8 4 —4 3 004 — 4 Z so0q / A 2 so0q = —4 % soo / —
D E a0 —5 2 /J —s g _ 2 —5 g — N
(7] = 2 2 —5 2 2
1 T T T T ] y T T T . y T T T . y T T T . AR
10 15 20 25 30 35 10 15 20 25 30 35 1 15 20 25 30 35 1 15 20 25 30 35 1 15 20 25 30 35 40
Days after primary tumor inoculation Days after primary tumor inoculation Days after primary tumor inoculation Days after primary tumor inoculation Days after primary tumor inoculation
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and anti-CTLA4. A Treatment scheme for mice with 344SQR two tumor models. B Average tumor volumes and survival curves. C Individual tumor
growth curves. The mice were inoculated with primary tumors and secondary tumors on the right and left legs on days 0 and 4, respectively. The
primary tumors were irradiated with 3x12Gy radiation on day 8, 9, and 10. The mice were intraperitoneally administered with 2.5 mg/kg anti-CTLA4
and 50 mg/kg MerTK ASO on the indicated time points in Fig. 2A. The tumor volumes were monitored from day 7 and the mice were sacrificed
when any dimension of the tumors reached 14 mm. The tumors volumes were compared with two-way ANOVA and expressed as mean+SEM. The
survival curves were compared with log-rank tests. P values of <0.05 indicates statistical significance. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001,

NS denotes not significant

MerTK ASO inhibits MerTK expression on TAMs

and promotes M2-to-M1 polarization

Mice were conceptually divided into one of four treat-
ment groups: 1) Control, 2) XRT, 3) XRT+ aPDland 4)
XRT+aCTLAA4. In each of these four groups was divided
into two subgroups — one which received the MerTK
ASQO, and one which did not. We harvested the tumors
of these mice on day 21, and the immune cells therein
were analyzed via flow cytometry to evaluate the effect
the MerTK ASO had on each treatment (Fig. 3, Sup-
plemental Fig. 3). The addition of the MerTK ASO to
XRT+ aCTLA4 significantly decreased the percent-
age of MerTK positive TAMs in the primary tumors

(Fig. 3A). The MerTK ASO had no effect on MerTK
expression level on TAMs in the primary tumors of con-
trol mice (Fig. 3B). However, the addition of the MerTK
ASO to either XRT or XRT+aPD1 significantly reduced
MerTK expression level on TAMs in primary tumors
(Fig. 3B). In the secondary tumors, this effect was even
more stark, with the MerTK ASO significantly reducing
MerTK expression in all four treatment groups (Fig. 3A
and B, Supplemental Fig. 3). This dramatic reduction in
MerTK expression on the TAMs in the secondary tumor
was accompanied by an increase in the M1/M2 ratio,
which reached statistical significance for the XRT and
XRT+aPD1 treatment groups (Fig. 3C). We next looked
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and GranzymB*NK cells in the secondary tumors stained with multiplex immune flouorescence. H Representative multiplex immune fluorescence
images of Fig. G. The mice were treated with different combinations of XRT, MerTK ASO, aPD1, and aCTLA4, as indicated in Fig. 1A and Fig. 2A,
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with two-tailed t tests and expressed as mean value + SEM. P values of <0.05 indicates statistical significance. *P<0.05, **P<0.01, ***P<0.001, NS

denotes not significant
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at the presence of CD45" tumor-infiltrating lympho-
cytes. The prevalence of CD4TCD45" T cells was unaf-
fected by MerTK inhibition in either tumor (Fig. 3D), as
was the prevalence of CD8TCD45™ T cells in the primary
tumor (Fig. 3E). CD8*CD45"% T cell prevalence actually
decreased following MerTK inhibition in the second-
ary tumors. However, the percentage of granzyme B*
(granzB*) CD8* T cells significantly increased in the
secondary tumors of mice treated with XRT+MerTK
ASO or XRT+aCTLA4+MerTK ASO (Fig. 3F). In the
primary tumors, MerTK alone produced significant ele-
vation in the percentage of granzB*CD8* T cells com-
pared to the control mice, but there was no significant
change between any of the other treatment groups within
the primary tumor (Fig. 3F). Of note was that there was
no change in the percentage of granzB*CD8* T cells
between the XRT+aPD1 and RPM groups in either the
primary or the secondary tumor. In addition, the densi-
ties of CD8 T cells, CD4 T cells, NK cells, and Tregs as
well as the granzymB+CD8+ T cells and granzymB+NK
cells in the secondary tumors were quantified by multi-
plex immune fluorescences staining (Fig. 3G and H). Sig-
nificantly more CD8 T cells and granzymB* CD8 T cells
were observed only in the XRT+ XRT+aCTLA4+MerTK
group in relative to the control group. No significant dif-
ference were detected in densities of CD4 T cell, NK, cell,
Tregs, and granymB*NK cells among all the treatment
groups.

MerTK ASO modulates the expression of immune-related
genes in the primary tumor

To gain broader insight as to what changes were occur-
ring at the mRNA level in response to MerTK inhibition,
we examined the impact of the ASO’s administration
on the expression of immune-related gene transcripts
isolated from the primary tumors via NanoString. The
isolated RNA was analyzed with the nCounter Pan-
Cancer Immune Profiling Panel and Advanced Analysis
Module, which assigns the identified transcripts to par-
ticular pathways, which are, in turn, scored based upon
the abundance of the constituent transcripts. Using this
analysis, we observed that all treatment groups demon-
strated significantly higher activities compared to the
control group in both the adaptive and innate immune
pathways (Fig. 4A). The combination of XRT, MerTK
ASO and aCTLA4 produced significantly higher activi-
ties in all the immune pathways compared to the con-
trol (Fig. 4A, Supplemental Fig. S4A). In addition, the
immune cell scores in Supplemental Fig. S5 demonstrate
that the mice treated with combinations of XRT, MerTK
ASO, aPD1, and aCTLA4 had a seemingly higher abun-
dance of neutrophils, CD8* T cells, dendritic cells (DCs),
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macrophages, and CD45" cells in the primary tumor.
However, within the primary tumor, other than a slight
increase in Tyl cells in mice treated with RCM (Supple-
mental Fig. S5), there was no additional activation of any
immune pathways gained from adding the MerTK ASO
to any other therapeutic modality (Fig. 4A, Supplemental
Fig. S4A).

When comparing XRT+aCTLA4 to RCM, there was
virtually no change in the expression of any individual
genes (Fig. 4B, Supplemental Fig. S4B ). In contrast,
there was a slight shift in a number of genes between
XRT+aPD1 and RPM, all <2 log, fold. Examining the
most upregulated genes showed evidence of innate
immune activation and mobilization, with upregula-
tion of genes such as: Marco, a macrophage-tropic pat-
tern-recognition receptor that recognizes low-density
lipoproteins; Il1a, a cytokine produced by monocytes
and macrophages that stimulates B and T cell prolifera-
tion; Cxcll, a chemoattractant for neutrophils; S100a8,
one of the two components of calprotectin secreted by
monocytes, granulocytes, and neutrophils during inflam-
mation; Rel, the gene for c-Rel, an NF«B family member
important for B cell development; and I/1b, one of the
two primary inflammatory cytokines produced by activa-
tion of the inflammasome. Altogether, this suggests that
the immune response stimulated by MerTK inhibition at
the primary tumor following immunoradiotherapy is pri-
marily innate in nature.

MerTK ASO promotes a broad antitumor immune response
in the secondary tumors

Given the lack of any substantive increase in immune
pathway activation in the primary tumor induced
by adding the MerTK ASO to immunoradiotherapy,
we examined these same pathways in the secondary
tumor. As shown in Fig. 5A and Supplemental Fig. S6A,
the addition of the MerTK ASO to XRT+aPD1 and
XRT+aCTLA4 significantly promoted the activities of
all measured immune pathways, including adaptive and
innate immunity, antigen processing, T cell function, etc.
In addition, neither XRT+aPD1, nor XRT+aCTLA4, nor
XRT+MerTK induced higher immune activities com-
pared to the control in the secondary tumors. However,
the combination of RPM or RCM demonstrated signifi-
cantly increased activities in all the immune pathways
compared with the control.

Furthermore, changes in the expression of indi-
vidual genes caused by the addition of MerTK ASO
to XRT+aPD1 and XRT+aCTLA4 were analyzed. As
shown in Fig. 5B and Supplemental Fig. S6B, genes
involved in B cell, T cell, macrophage, and NK cell func-
tion were all upregulated in the secondary tumors of mice
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Fig. 4 MerTK ASO modulates the expression of immune-related genes in the primary tumors. A Scores of various immune pathways in the primary
tumors of the mice treated with XRT+MerTK, XRT+aPD1, XRT+aCTLA4, RPM, and RCM. B Changes in expression of genes in adaptive pathway,
innate pathway, and T cell function of XRT+aPD1+MerTK in relative to XRT+aPD1. C Changes in expression of genes in adaptive pathway, innate
pathway, and T cell function of XRT+aCTLA4+MerTK in relative to XRT+aCTLA4. The mice (n=3) were treated with different combinations of XRT,
MerTK ASO, aPD1, and aCTLA4, as indicated in Fig. 1A and Fig. 2A, and were sacrificed on day 16. The total RNA extracted from the primary tumors
was analyzed with a nCounter PanCancer Immune Profiling Panel. All the statistics were compared with two-tailed t tests and expressed as mean
value + SEM. P values of <0.05 indicates statistical significance. *P<0.05, **P<0.01, NS denotes significant
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treated with the MerTK ASO. We then further analyzed
those genes found by the nCounter analysis to be signifi-
cantly upregulated in the RPM and RCM groups relative
to the XRT+CPI groups. These genes were manually
grouped into pathways in which they were known to be
involved. Doing this, we found that genes in several spe-
cific immune-related pathways were upregulated within
the secondary tumors of mice treated with the MerTK
ASO, including ROS generation, pattern recognition
receptors signaling, complement and humoral immunity,
adhesion and cell-cell interactions, inflammation, and
NF«B signaling. This relative immune gene upregulation
was, by far, the most dramatic in the secondary tumors
of mice treated with RCM (Supplemental Fig. S7); com-
pared to mice treated with XRT+aCTLA4 alone, mice
treated with RCM exhibited a two-fold increase in the
expression of several immune-related genes across mul-
tiple different pathways. The immune activation gained
from the addition of the MerTK ASO to mice treated
with XRT+aPD1 was more modest but still substantial.

In both cases (aPD1 and aCTLA4), the immune activa-
tion at the secondary tumor was much greater than that
at the primary tumor. These results may suggest that con-
trol of the primary tumor is principally mediated through
the direct effects of the radiotherapy, whereas control of
the secondary tumor in our model system is principally
mediated by the immune system, which has been invigor-
ated by the conversion of the radiation-damaged primary
tumor into an in situ vaccine [33], and then further bol-
stered through the activity of MerTK inhibition.

In addition, as shown in Supplemental Fig. S8, the addi-
tion of MerTK ASO to XRT+aPD1 or XRT+aCTLA4
considerably increased the abundance of neutrophils,
CD8' T cells, DCs, NK cells, macrophages, and CD45%
cells in the secondary tumors. Again, RCM seemed to
result in more Ty1 cells than XRT+aCTLA4. Given the
higher M1/M2 ratio seen in mice treated with RPM and
RCM shown in Fig. 3C, we believe that the increased
numbers of macrophages within the tumors of mice
treated with MerTK ASO-augmented immunoradiother-
apy is more likely to promote immune activation rather
than suppression.

(See figure on next page.)
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Integration of MerTK ASO to immunoradiotherapy does
not cause retinal toxicity

Prior studies have established that MerTK inhibition via
small molecules and antibodies compromises the phago-
cytic functionality of the retina and precipitates mor-
phological alterations in the retinal pigment epithelium
[17, 18]. To assess the ocular safety of MerTK ASO, we
conducted histological examinations using H&E and
toluidine blue staining of eye tissues from both untreated
(control) mice and those treated with XRT+MerTK,
RPM, RCM. Fig. 6 illustrates that no histological abnor-
malities were detected in the eye tissues of the treated
groups compared to the control group. Furthermore, we
evaluated the effects of increasing doses of MerTK ASO
on MerTK expression and potential pathological impacts
in the eye. Independent of dosage, MerTK ASO did not
significantly modify MerTK expression in the murine
eye (Supplemental Fig. S9A), nor did it induce noticeable
pathological variations compared to the control (Supple-
mental Fig. S9B).

Discussion

While radiotherapy-induced apoptosis of cancer cells
has been reported to elicit effective systemic antitumor
immune responses, MerTK expressed on macrophages
may considerably suppress the activation of CD8" T
cells by promoting the efferocytosis of apoptotic cells by
macrophages [34, 35]. Antibodies and small molecules
targeting MerTK have demonstrated great potential in
alleviating MerTK-mediated immune suppression, How-
ever, these therapies cause severe damage to the retina
in preclinical studies [17, 18]. In contrast, our results
demonstrate that MerTK ASOs, when combined with
localized radiotherapy and CPIs, can promote antitumor
activity in mice without retinal toxicity. The addition of
the MerTK ASO to the combination of radiotherapy and
CPI in our study reliably induced an abscopal effect, with
substantial reductions in secondary tumor growth and
coordinated improvements in animal survival. This absco-
pal, anti-tumor effect was lacking in mice treated with
XRT+aPD1, suggesting that the MerTK ASO was able to
convert aPD1-resistant tumors to aPD1-sensitive tumors.

Fig. 5 MerTK ASO modulates the expression of immune-related genes in the secondary tumors. A Scores of various immune pathways

in the secondary tumors of the mice treated with XRT+MerTK, XRT+aPD1, XRT+aCTLA4, RPM, and RCM. B Changes in expression of genes

in adaptive pathway, innate pathway, and T cell function of XRT+aPD1+MerTK in relative to XRT+aPD1. C Changes in expression of genes

in adaptive pathway, innate pathway, and T cell function of XRT+aCTLA4+MerTK in relative to XRT+aCTLA4. The mice (n=3) were treated

with different combinations of XRT, MerTK ASO, aPD1, and aCTLAA4, as indicated in Fig. 1A and Fig. 2A, and were sacrificed on day 16. The total
RNA extracted from the secondary tumors was analyzed with a nCounter PanCancer Immune Profiling Panel. All the statistics were compared
with two-tailed t tests and expressed as mean value + SEM. P values of <0.05 indicates statistical significance. *P<0.05, **P<0.01, NS denotes
significant. All statistics were done using two-tailed t tests and expressed as mean value + SEM. P values of <0.05 indicates statistical significance.

*P<0.05, **P<0.01, ***P<0.001, NS denotes not significant
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Fig. 6 MerTK ASO causes no retinal toxicity. Eyes from mice were harvested on day 21 and stained with H&E and toluidine blue

In this study, we observed a shift in TAM polarization
from the pro-tumor M2 phenotype to the anti-tumor M1
phenotype in the secondary tumors of mice treated with
XRT+CPI+MerTK ASO. Concomitantly, we observed
significantly more tumor infiltrating lymphocytes in
both the primary, irradiated and secondary, unirradi-
ated tumors. This, in combination with the upregulation
of a wide range of immune pathways in the secondary
tumors, illustrates the classical two-step activation of the
immune system. Operating within the conceptual frame-
work of radiation turning the tumor into an in situ vac-
cine [33], CPI and MerTK inhibition can be thought of as
immune stimulators, each providing independent, syner-
gistic stimulation to the immune system that multiplies
its activation following this radiological “vaccination”.

High levels of MerTK TAM expression in secondary
tumors were observed in the combination of XRT+aPD1
or XRT+aCTLA4, indicating that these therapeutic
modalities may induce high degree of efferocytosis. This
aligns with our overall hypothesis that XRT+CPI induces
large amounts of tumor cell death and subsequent
immune activation, but that the latter is stymied through
maladaptive efferocytosis that curtails the inflamma-
tory immune response. When XRT+aPD1 or aCTLA4
was supplemented with the MerTK ASO, however, we
observed a dramatic reversal in the MerTK TAM expres-
sion level from the highs we observed following treat-
ment with XRT + either CPI. Both of these parameters
were reduced to the levels of untreated controls or even
lower in both the primary and secondary tumors, and
this was the case whether we blocked PD1 or CTLA4.
Furthermore, our findings indicate that MerTK ASO can
efficiently target TAMs without the necessity for spe-
cialized tumor delivery systems like nanoparticles. This
attribute potentially facilitates its more straightforward
clinical application.

A noteworthy finding of this study is that these result-
ant immune responses differed in a number of respects

depending on whether CPI was done with aPD1 or
aCTLA4. This is, of course, to be expected; it is well
known that PD1 and CTLA4 mediate their immunosup-
pressive effects on the immune system through entirely
distinct mechanisms [36]. How blockade of each of
these combines with radiotherapy and MerTK inhibi-
tion, though, is completely novel territory. As previously
mentioned, both therapies induced an abscopal effect,
showing a strong reduction in both primary and second-
ary tumor growth. However, the mechanisms by which
this effect was achieved differed notably. In mice treated
with RPM, there was prominent M2-to-M1 polarization
in the secondary tumor; this was not present to a sig-
nificant degree in mice treated with RCM. Adding the
MerTK ASO to XRT+aPD1 made a much bigger differ-
ence to tumor control and animal survival than was the
case for XRT+aCTLA4, though both triple combinations
achieved similar efficacy in the end. In contrast, RCM
seemed to promote more Tyl CD4' and GrB* CD8"
T cell recruitment to the secondary tumors, at least in
comparison to XRT+aCTLA4 without the MerTK ASO.
Indeed, the difference in overall immune activation
between dual therapy and tri-therapy (i.e. XRT+CPI vs.
XRT+CPI+MerTK) was much greater for mice treated
with aCTLA4 than those treated with aPD1. Overall,
both tri-therapies achieved comparable efficacy in our
mouse model, suggesting that both of the front-line CPIs
in clinical use today can benefit from supplementation
with MerTK inhibition.

The integration of MerTK ASO with XRT combined
with either aPD1 or aCTLA4 yields distinct therapeutic
outcomes, an observation that underscores the nuanced
interplay between these treatments and their underlying
mechanisms of action. aCTLA4 therapy, by virtue of its
action mechanism, initiates a broad activation of T cells
during the early phases of the immune response. Con-
versely, aPD-1 therapy is more targeted in its approach,
primarily enhancing the effector functions of T cells that
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have already recognized tumor antigens. Such speci- Supplementary Information

ﬁCity is particularly efficacious against tumors exhibit- The online version contains supplementary material available at https://doi.
ing elevated PD-L1 expression, a condition that can be  ©19/10.1186/513046-024-02992-2.

exacerbated by radiotherapy [37, 38]. MerTK inhibition
by ASO, in conjunction with these treatments, further

Additional file 1: Supplemental Fig. S1. Combination of XRT, MerTK
ASO, and anti-PD1 delays the growth of both the primary and the second-

influences the TME by modulating macrophage activity, ary tumors. A, Treatment scheme for mice with 344SQR two tumor model.
which plays a critical role in both the innate and adaptive B, Average tumor volumes and survival curves. C, Individual tumor growth
. curves. The mice were inoculated with primary tumors and secondary
Immune responses to cancer. tumors on the right and left legs on days 0 and 4, respectively. Primary
Our histopathological analysis revealed no significant tumors were irradiated with 3x12 Gy radiation on days 8,9, and 10. The
retinal alterations in mice Subjected to escalating doses mice were intraperitoneally administered with 10 mg/kg anti-PD1 and

L . 50 mg/kg MerTK ASO on the indicated time points in supplemental
of MerTK ASO, XRT+MerTK ASO, or the combination Fig. 1A. The tumor volumes were monitored from day 7 and the mice

of XRT+MerTK ASO+CPIs. This finding suggests that, were sacrificed when any dimension of the tumors reached 14 mm. The

unlike aMerTK antibodies and small molecule inhibi- tumors volumes were compared with two-way ANOVA and expressed as
o . mean+SEM. The survival curves were compared with log-rank tests. P val-

tOliS, Me‘rTK ASO d.oes not preaPltat? Iietclnal da{ngge. ues of <0.05 indicate statistical significance. *P<0.05, **P<0.01, ***P<0.001,

This attribute potentially enhances its viability for clinical NS denotes not significant.

translation. Additional file 2: Supplemental Fig. S2. Enhanced therapeutic efficacy

In this study, we have delved into the synergistic poten- of MerTK ASO in combination with chemotherapy, MEK inhibitor, and
. . . . immune checkpoint inhibitors in diverse tumor models. A, Tumor

tial 9f MerTK ASO when .C?mblned‘ W}th rad%otherapy volume response to combination therapy of carboplatin, paclitaxel, and

and immunotherapy. In clinic, the timing of immuno- MerTK ASO in the 344SQR tumor model. Eight-twelve-week old female

therapy, including agents like aPD1 and aCTLA4, rela- 1295v/Ev mice (n=>5 per group) were subcutaneously injected with

. . . . . : 5x10% 344SQR cells in the right leg on day 0. Groups included control,
tive to raletherapy’ is tailored accordmg to the speC1ﬁC carboplatin+paclitaxel, and carboplatin+paclitaxel+MerTK. Treatments

type of cancer being treated. The central function of administered were carboplatin (100 mg/kg) and paclitaxel (20 mg/kg)

MerTK ASO is to block immune suppression carried out on gay 7, followed (Sy Dacli;axel on days (9 and 1 1k, a)nti-PdD1 (10 mg/ké:])
s ogs . ondays 6,8, 11,and 14, and MerTK ASO (50 mg/kg) on days 7-11 an
by M2 macrophages. Post-radiation, there is a tendency 14—18.yB,Tumor volume response to combinati%ngtherapyycﬁAZD6244,
for maCTOPhageS to transition towards an M2 PhenOtYPe anti-PDL1, and MerTK ASO. Fight-twelve-week old female 1295v/Ev
[39]. Based on this understanding, integrating MerTK mice were assigned to control (n=5), AZD6244-+anti-PDL1 (n=5), or
ASO either concurrently with or shortly before radio- AZD6244+MerTkc+anti-PDL1 (n=8) groups and were subcutaneously
R injected with 5x10° 393P cells in the right leg on day 0. The regimen
therapy appears to be the most effective strategy. included MerTK ASO (50 mag/kg) on days 14-18 and 21-25, AZD6244 (25
mg/kg) on days 14-18, and anti-PDL1 (10 mg/kg) on days 17, 25, and 32.
C, Tumor volume response to combinations of MerTK ASO and anti-PD1
Conclusions in the EO771 breast cancer model. Eight-twelve-week old female C57BL/6
In conclusion, the combination of XRT, MerTK ASO, mice (n=8 per group) received subcutaneous injections of 1x10° EQ771
K K . cells on days 0 and 4 to establish primary and secondary tumors in the
and CPIs promoted M1 macrophage polarization, facili- right and left legs, respectively. The treatment groups included control,
tated the infiltration of effector immune cells, promoted anti-PD1, MerTK, and MerTK+anti-PD1. Treatment protocol involved MerTK

the activation of CD8% T cells in the unirradiated tumors, ASO (50 mg/kg) on days 7-11 and 14-18, and anti-PD1 (10 mg/kg) on days
and upregulated the expression of multiple immune- 14, 17,an0 21

related genes involved in anto-tumor activity, and all
of which resulted in an improved abscopal effect in an

Additional file 3: Supplental Fig. S3. Representative FACS images of
MerTK* macrophages. A, Primary tumors. B, Secondary tumors.

Additional file 4: Supplemental Fig. S4. MerTK ASO modulates the

aPD1-resistant tumor. These results reinforce MerTK’s expression of immune-related genes in the primary tumors. A, Scores
Candidacy as a druggable target in cancer and establish of various immune pathways in the primary tumors of the mice treated
the MerTK ASO as a safe and effective means by which with XRT+MerTK, XRT+aPD1, XRT+aCTLA4, RPM, and RCM. B, Changes in
expression of genes in the macrophage function, B cell function and NK
to do so. cell function of XRT+aPD1+MerTK in relative to XRT+aPD1. C, Changes

in expression of genes in the macrophage function, B cell function and
NK cell function of XRT+aCTLA4+MerTK in relative to XRT+aCTLA4. The

Abrreviations mice (n=3) were treated with different combinations of XRT, MerTK ASO,
ASO Antisense oligonucleotide aPD1, and aCTLA4, as indicated in Fig.1A and Fig. 2A, and were sacrificed
MerTK  MER proto-oncogene tyrosine kinase on day 16. The total RNA extracted from the primary tumors was analyzed
TAMs Tumor-associated macrophages with a nCounter PanCancer Immune Profiling Panel. All the statistics were
TGFB Transforming growth factor-3 compared with two-tailed t tests and expressed as mean value + SEM.
HGF Hepatocyte growth factor P values of <0.05 indicates statistical significance. *P<0.05, **P<0.01, NS
TME Tumor microenvironment denotes significant.

NSCLC ~ Non-small cell lung cancer Additional file 5: Supplemental Fig. S5. NanoString scores of various
XRT Radiation immune cells in the primary tumors. The mice (n=3) were treated with
PBS Phosphate-buffered saline different combinations of XRT, MerTK ASO, anti-PD1, and anti-CTLA4 as
SEM Standard error of the mean indicated in Fig. 1A and Fig. 2A and were sacrificed on day 16. The total
CPI Checkpoint inhibitor RNA extracted from the primary tumors was analyzed with a nCounter
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PanCancer Immune Profiling Panel. All the statistics were expressed as
mean value + SEM.

Additional file 6: Supplemental Fig. S6. MerTK ASO modulates the
expression of immune-related genes in the secondary tumors. A, Scores
of various immune pathways in the primary tumors of the mice treated
with XRT+MerTK, XRT+aPD1, XRT+aCTLA4, RPM, and RCM. B, Changes in
expression of genes in the macrophage function, B cell function and NK
cell function of XRT+aPD1+MerTK in relative to XRT+aPD1. C, Changes in
expression of genes in the macrophage function, B cell function and NK
cell function of XRT+aCTLA4+MerTK in relative to XRT+aCTLA4. The mice
(n=3) were treated with different combinations of XRT, MerTK ASO, aPD1,
and aCTLA4, as indicated in Fig.1A and Fig. 2A, and were sacrificed on
day 16.The total RNA extracted from the secondary tumors was analyzed
with a nCounter PanCancer Immune Profiling Panel. All the statistics were
compared with two-tailed t tests and expressed as mean value + SEM.

P values of <0.05 indicates statistical significance. *P<0.05, **P<0.01, NS
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Additional file 7: Supplemental Fig. S7. MerTK ASO significantly
changed the activity of various pathways in the secondary tumor when
added to XRT+aPD1 and XRT+aCTLA4.

Additional file 8: Supplemental Fig. S8. Nanostring scores of various
immune cells in the secondary tumors. The mice (n=3) were treated with
different combinations of XRT, MerTK ASQO, anti-PD1, and anti-CTLA4 as
indicated in Fig. 1A and Fig. 2A and were sacrificed on day 16. The total
RNA extracted from the primary tumors was analyzed with an nCounter
PanCancer Immune Profiling Panel. All statistics were expressed as mean
value + SEM.

Additional file 9: Supplemental Fig. S9. Evaluation of dose-dependent
effects of MerTK ASO on MerTK expression and ocular pathology. Female
129Sv/Ev mice aged 8-12 weeks (n=8 per group) received treatments with
varying dosages of MerTK ASO: 50 mg/kg on days 8 and 12 (total 2x50
mag/kg), 50 mg/kg on days 1-5,8-12, 15,and 19, 100 mg/kg on days 1-5,
8-12,15,and 19, and 200 mg/kg on days 8 and 12. On day 22, the mice
were euthanized, and their eyes were excised. MerTK expression was ana-
lyzed via RT-PCR. Additionally, the eyes underwent Hematoxylin & Eosin
(H&E) staining to assess potential pathological alterations.

Acknowledgments

We express our gratitude to Christine F. Wogan, MS, ELS, from the Division of
Radiation Oncology at MD Anderson, for her editorial contributions to the
initial drafts of this manuscript. Our appreciation also extends to Jordan Pietz
for the creation of the graphic abstract.

Author’s contributions

YH., AR, HM,RM, MAAC, and JW.W. designed the study. Y.H., H.B. performed
the experiments. Y.H., G.B, and N.W.F. analyzed the data. YH. and G.B. wrote
the manuscript. Al of the authors discussed the results and reviewed the
manuscript.

Funding

This work was supported by Cancer Center Support (Core) Grant CAO16672
to The University of Texas MD Anderson Cancer Center; the Goodwin family
research fund; the family of M. Adnan Hamed and the Orr Family Foundation
to MD Anderson Cancer Center’s Thoracic Radiation Oncology program; an
MD Anderson Knowledge Gap award.

Availability of data and materials
The data produced in this study can be made available upon request by
contacting the corresponding author.

Declarations

Ethics approval and consent to participate
All animal procedures were approved by the Institutional Animal Care and Use
Committee at The University of Texas MD Anderson Cancer Center.

China. °Department of Radiation Oncology, Koc University School of Medicine,
Istanbul, Turkey.

Received: 22 January 2024 Accepted: 21 February 2024
Published online: 06 March 2024

References

1.

~

Chicas-Sett R, Zafra-Martin J, Morales-Orue |, Castilla-Martinez J,
Berenguer-Frances MA, Gonzalez-Rodriguez E et al. Immunoradiotherapy
as an effective therapeutic strategy in lung cancer: From palliative care to
curative intent. Cancers (Basel). 2020;12(8):2178.

Remon J, Passiglia F, Ahn MJ, Barlesi F, Forde PM, Garon EB, et al. Immune
Checkpoint Inhibitors in Thoracic Malignancies: Review of the Existing
Evidence by an IASLC Expert Panel and Recommendations. J Thorac
Oncol. 2020;15(6):914-47.

Hu'Y, Paris S, Sahoo N, Bertolet G, Wang Q, Wang Q et al. Nanoparticle-
enhanced proton beam immunoradiotherapy drives immune activation
and durable tumor rejection. JCI Insight. 2023;8(12):e167749.

Caetano MS, Younes Al, Barsoumian HB, Quigley M, Menon H, Gao C,

et al. Triple Therapy with MerTK and PD1 Inhibition Plus Radiotherapy
Promotes Abscopal Antitumor Immune Responses. Clin Cancer Res.
2019;25(24):7576-84.

Scott RS, McMahon EJ, Pop SM, Reap EA, Caricchio R, Cohen PL, et al.
Phagocytosis and clearance of apoptotic cells is mediated by MER.
Nature. 2001;411(6834):207-11.

ZhouY, Fei M, Zhang G, Liang WC, Lin W, Wu Y, et al. Blockade of the
Phagocytic Receptor MerTK on Tumor-Associated Macrophages
Enhances P2X7R-Dependent STING Activation by Tumor-Derived cGAMP.
Immunity. 2020,52(2):357-373 e359.

Rothlin CV, Carrera-Silva EA, Bosurgi L, Ghosh S. TAM receptor signaling in
immune homeostasis. Annu Rev Immunol. 2015;33:355-91.

Cummings CT, Deryckere D, Earp HS, Graham DK. Molecular pathways:
MERTK signaling in cancer. Clin Cancer Res. 2013;19(19):5275-80.

Huelse JM, Fridlyand DM, Earp S, DeRyckere D, Graham DK. MERTK in
cancer therapy: Targeting the receptor tyrosine kinase in tumor cells and
the immune system. Pharmacol Ther. 2020;213:107577.

. Myers KV, Amend SR, Pienta KJ. Targeting Tyro3, Axl and MerTK (TAM

receptors): implications for macrophages in the tumor microenviron-
ment. Mol Cancer. 2019;18(1):94.

. Crittenden MR, Baird J, Friedman D, Savage T, Uhde L, Alice A, et al. Mertk

on tumor macrophages is a therapeutic target to prevent tumor recur-
rence following radiation therapy. Oncotarget. 2016;7(48):78653-66.

. Christoph S, Deryckere D, Schlegel J, Frazer JK, Batchelor LA, Trakhimets

AY, et al. UNC569, a novel small-molecule mer inhibitor with efficacy
against acute lymphoblastic leukemia in vitro and in vivo. Mol Cancer
Ther. 2013;12(11):2367-77.

. Cummings CT, Linger RM, Cohen RA, Sather S, Kirkpatrick GD, Davies

KD, et al. Mer590, a novel monoclonal antibody targeting MER receptor
tyrosine kinase, decreases colony formation and increases chemosensitiv-
ity in non-small cell lung cancer. Oncotarget. 2014;5(21):10434-45.



Hu et al. J Exp Clin Cancer Res

20.
21
22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

(2024) 43:70

Kasikara C, Davra V, Calianese D, Geng K, Spires TE, Quigley M, et al.
Pan-TAM Tyrosine Kinase Inhibitor BMS-777607 Enhances Anti-PD-1 mAb
Efficacy in a Murine Model of Triple-Negative Breast Cancer. Cancer Res.
2019;79(10):2669-83.

DavraV, Kumar S, Geng K, Calianese D, Mehta D, Gadiyar V et al. Axl and
Mertk receptors cooperate to promote breast cancer progression by
combined oncogenic signaling and evasion of host anti-tumor immunity.
Cancer Res. 2021;81(3):698-712.

Liu J, Yang C, Simpson C, Deryckere D, Van Deusen A, Miley MJ, et al.
Discovery of Novel Small Molecule Mer Kinase Inhibitors for the Treat-
ment of Pediatric Acute Lymphoblastic Leukemia. ACS Med Chem Lett.
2012;3(2):129-34.

Sayama A, Okado K, Nakamura K, Kawaguchi T, lguchi T, Makino T, et al.
UNC569-induced Morphological Changes in Pigment Epithelia and Pho-
toreceptor Cells in the Retina through MerTK Inhibition in Mice. Toxicol
Pathol. 2018;46(2):193-201.

Kerry F. White MR, Jing Hua, Katherine H. Walsh, Christine E. Miller, Christo-
pher C. Wells, Devapregasan Moodley, Benjamin H. Lee, Scott C. Chappel,
Pamela M. Holland and Jonathan A. Hill. MERTK-specific antibodies that
have therapeutic antitumor activity in mice disrupt the integrity of the
retinal pigmented epithelium in cynomolgus monkeys. Cancer Res.
2019;79(13 Supplement):1.

LaVail MM, Yasumura D, Matthes MT, Yang H, Hauswirth WW, Deng WT,
et al. Gene Therapy for MERTK-Associated Retinal Degenerations. Adv Exp
Med Biol. 2016;854:487-93.

Roberts TC, Langer R, Wood MJA. Advances in oligonucleotide drug
delivery. Nat Rev Drug Discov. 2020;19(10):673-94.

Bennett CF. Therapeutic Antisense Oligonucleotides Are Coming of Age.
Annu Rev Med. 2019;70:307-21.

Bajan S, Hutvagner G. RNA-based therapeutics: From antisense oligonu-
cleotides to miRNAs. Cells. 2020;9(1):137.

Wang X, Schoenhals JE, Li A, Valdecanas DR, Ye H, Zang F, et al. Suppres-
sion of Type I IFN Signaling in Tumors Mediates Resistance to Anti-

PD-1 Treatment That Can Be Overcome by Radiotherapy. Cancer Res.
2017;77(4):839-50.

Barsoumian HB, He K, Hsu E, Bertolet G, Sezen D, Hu Y et al. NLRP3 agonist
enhances radiation-induced immune priming and promotes abscopal
responses in anti-PD1 resistant model. Cancer Immunol Immunother.
2023;72(9):3003-12.

Hu'Y, Paris S, Barsoumian H, Abana CO, He K, Wasley M, et al. Radiation
Therapy Enhanced by NBTXR3 Nanoparticles Overcomes Anti-PD1
Resistance and Evokes Abscopal Effects. Int J Radiat Oncol Biol Phys.
2021;111(3):647-57.

Li A, Barsoumian HB, Schoenhals JE, Cushman TR, Caetano MS, Wang X,
et al. Indoleamine 2,3-dioxygenase 1 inhibition targets anti-PD1-resistant
lung tumors by blocking myeloid-derived suppressor cells. Cancer Lett.
2018;431:54-63.

Bylicki O, Barazzutti H, Paleiron N, Margery J, Assie JB, Chouaid C. First-Line
Treatment of Non-Small-Cell Lung Cancer (NSCLC) with Immune Check-
point Inhibitors. BioDrugs. 2019;33(2):159-71.

Leven C, Padelli M, Carre JL, Bellissant E, Misery L. Immune checkpoint
inhibitors in melanoma: a review of pharmacokinetics and exposure-
response relationships. Clin Pharmacokinet. 2019;58(11):1393-405.
Dewan MZ, Galloway AE, Kawashima N, Dewyngaert JK, Babb JS, For-
menti 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. 2009;15(17):5379-88.

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(6):365-72.

Postow MA, Callahan MK, Barker CA, Yamada Y, Yuan J, Kitano S, et al.
Immunologic correlates of the abscopal effect in a patient with mela-
noma. N EnglJ Med. 2012;366(10):925-31.

Wu L, Wu MO, De la Maza L, Yun Z,Yu J, Zhao Y, et al. Targeting the inhibi-
tory receptor CTLA-4 on T cells increased abscopal effects in murine
mesothelioma model. Oncotarget. 2015;6(14):12468-80.

Formenti SC, Demaria S. Radiation therapy to convert the tumor into an
in situ vaccine. Int J Radiat Oncol Biol Phys. 2012;84(4):879-80.

Stanford JC, Young C, Hicks D, Owens P, Williams A, Vaught DB, et al.
Efferocytosis produces a prometastatic landscape during postpartum
mammary gland involution. J Clin Invest. 2014;124(11):4737-52.

35.

36.

37.

38.

39.

Page 15 of 15

ZhouY,YaoY, Deng Y, Shao A. Regulation of efferocytosis as a novel
cancer therapy. Cell Commun Signal. 2020;18(1):71.

Buchbinder El, Desai A. CTLA-4 and PD-1 pathways: similarities,
differences, and implications of their inhibition. Am J Clin Oncol.
2016;39(1):98-106.

Patel KR, Martinez A, Stahl JM, Logan SJ, Perricone AJ, Ferris MJ, et al.
Increase in PD-L1 expression after pre-operative radiotherapy for soft
tissue sarcoma. Oncoimmunology. 2018;7(7):e1442168.

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(19):5458-68.

Chiang CS, Fu SY, Wang SC, Yu CF, Chen FH, Lin CM, et al. Irradiation
promotes an m2 macrophage phenotype in tumor hypoxia. Front Oncol.
2012;2:89.

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



	Inhibition of MER proto-oncogene tyrosine kinase by an antisense oligonucleotide enhances treatment efficacy of immunoradiotherapy
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Cell line
	Materials
	Tumor inoculation and treatment
	Tumor processing
	Multiplex immune fluorescence staining
	Analysis of immune cell populations through flow cytometry
	Analysis of immune-related gene expression via nanostring
	Pathological examination of eyes
	Statistical analyses

	Results
	MerTK ASO improves antitumor efficacy of anti-PD1-based immunoradiotherapy
	MerTK ASO improves efficacy of anti-CTLA4-based immunoradiotherapy
	MerTK ASO inhibits MerTK expression on TAMs and promotes M2-to-M1 polarization
	MerTK ASO modulates the expression of immune-related genes in the primary tumor
	MerTK ASO promotes a broad antitumor immune response in the secondary tumors
	Integration of MerTK ASO to immunoradiotherapy does not cause retinal toxicity

	Discussion
	Conclusions
	Acknowledgments
	References


