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ARTICLE INFO ABSTRACT

Keywords: Radiotherapy (RT) has been used to control tumors by physically damaging DNA and inducing apoptosis; it
Cancer also promotes antitumor immune responses via neoantigens release and augmenting immune-oncology agents
Radiotherapy to elicit systemic response. Tumor regression after RT can recruit inflammatory cells, such as tumor-associated

Abscopal effect
TLR9 agonist
CMP-001

macrophages and CD11b* myeloid cell populations, a major subset of which may actually be immunosuppressive.
However, these inflammatory cells also express Toll-like receptors (TLRs) that can be stimulated to reverse sup-
pressive characteristics and promote systemic antitumor outcomes. Here, we investigated the effects of adding
CMP-001, a CpG-A oligodeoxynucleotide TLR9 agonist delivered in a virus-like particle (VLP), to RT in two
murine models (344SQ metastatic lung adenocarcinoma and CT26 colon carcinoma). High-dose RT (12Gy x 3
fractions) significantly increased the percentages of plasmacytoid dendritic cells within the tumor islets 3- and
5-days post-RT; adding CMP-001 after RT also enhanced adaptive immunity by increasing the proportion of CD4*
and CD8* T cells. RT plus CMP-001-mediated activation of the immune system led to significant inhibition of tu-
mor growth at both primary and abscopal tumor sites, thereby suggesting a new combinatorial treatment strategy

for systemic disease.

1. Introduction

Radiotherapy (RT) is an effective primary treatment modality in
about 50% of patients with cancer [1]. However, various neoplasms
do not respond to radiation, in part owing to the influence of the tu-
mor stroma [2,3] and the upregulation of regulatory T cells (Tregs)
[4] that inhibit antitumor immune responses [5]. High doses of radia-
tion also increase myeloid-derived suppressor cells (MDSCs) and polar-
ize macrophages to the M2 (anti-inflammatory) phenotype in the tumor
microenvironment [6]. Another determinant of the radio-sensitivity of
particular tumor cells is their susceptibility to radiation-induced apopto-
sis [7]. We previously showed that combining certain therapeutic agents
with radiation, such as Treg-targeting antibodies [8] or agents that re-
polarize macrophages to the M1 (pro-inflammatory) phenotype, could
abolish RT-induced immunosuppressive effects and enhance systemic
antitumor immune responses [9].
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Another mechanism whereby RT can paradoxically enhance tumor
growth and invasion is through the recruitment of inflammatory cells
(e.g., tumor-associated macrophages and CD11b* myeloid cells) by tu-
mors regressing following RT [10]. These cells express TLRs and can be
taken advantage of by using endogenous or exogenous ligands to acti-
vate them, and therefore revert the inhibitory tumor microenvironment
and limit tumor growth. TLRs have been generally characterized into
subtypes that recognize extracellular pathogens (TLR1/2, TLR4, TLR5)
and TLRs that recognize nucleic acids from cells or viruses (TLR3, TLR7,
TLRS8, and TLR9) [11]. TLRs can be activated by damage-associated
molecular patterns (DAMPs), including intracellular molecules released
from necrotic cells [12], or by pathogen-associated molecular pat-
terns (PAMPs), including lipopolysaccharides and peptidoglycans [13].
Recognition of PAMPs by TLRs initiates inflammatory responses and ac-
tivates TLR-expressing innate immune cells. One such cell type is plas-
macytoid dendritic cells (pDCs) [14] that express high levels of TLR9
and are specialized in generating innate immune responses against in-
tracellular pathogens, resulting in rapid production of type-I interferons,
chemokines and cytokines, to ultimately activate the adaptive immune
response [15-17]. In cancer settings, pDCs are frequently present in tu-
mors in an inactivated state, supporting regulatory T-cell activity and
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immune tolerance, while inhibiting CD8* T-cell immunity within the
tumor microenvironment [16,18-21]. Synthetic CpG-A oligodeoxynu-
cleotides engage TLR9 and activate tumor-associated pDCs to secrete
type I interferons and stimulate CD4* and CD8" T cells in vitro [22-24].
Therefore, we hypothesized that intratumoral injection of the TLR9 ag-
onist CMP-001, a CpG-A oligodeoxynucleotide packaged in a virus-like
particle (VLP), may convert immunologically cold tumors into hot, es-
pecially when combined with RT.

The TLR9 agonist CMP-001, is composed of a viral capsid (Qp) that
engulfs around 20% of the active ingredient CpG-A. Pre-sensitizing the
mice with a subcutaneous dose of CMP-001 prior to tumor inoculation,
generates antibodies against the viral capsid. When the actual CMP-001
is given after RT, these antibodies bind to CMP-001 molecule and help its
internalization into pDCs that express high levels of TLR9. In human tri-
als, it has been shown that CMP-001 can overcome resistance to PD1 in-
hibition in melanoma that has progressed on prior anti-PD1 therapy; this
combination was well tolerated and found to promote systemic antitu-
mor immune responses [25,26]. Although other groups have used other
TLR9 agonists (e.g., SD-101, CpG) with RT [27,28], the optimal timing
and route of administration for TLR9 agonists with radiation have yet to
be elucidated. Herein, we tested whether three doses of CMP-001, given
after local tumor irradiation, could generate antitumor immunity as in-
dicated by inhibiting primary and abscopal tumors, stimulating pDCs,
and increasing the proportions of CD4* and CD8* T cells at tumor sites.

2. Materials and methods
2.1. Cell lines and antibodies

Two cell lines were used for these studies: 344SQ cells, a murine
metastatic adenocarcinoma NSCLC cell line derived from a sponta-
neous subcutaneous metastatic lesion in p53R172HA8/+ KraslAl/+ mice
[29] (kindly provided by Dr. Johnathan Kurie of MD Anderson Can-
cer Center); and CT26 WT, an N-nitroso-N-methylurethane—induced
undifferentiated colon carcinoma cell line (obtained from the Ameri-
can Type Culture Collection, Manassas, VA, USA). Cells were cultured
in RPMI-1640 supplemented with 100 U/mL penicillin, 100 mg/mL
streptomycin, and 10% heat-activated fetal bovine serum and incu-
bated at 37°C in a 5% CO, atmosphere. CMP-001, a CpG-A ODN formu-
lated within a virus-like particle, was obtained from Checkmate Phar-
maceuticals (Cambridge, MA, USA) and was prepared for injection in
phosphate-buffered saline at pH 7.4. The human anti-PDL1 monoclonal
antibody (mAb) durvalumab was provided by AstraZeneca (Cambridge,
UK). Anti-PD1 (RMP1-14) and a-OX40 (OX86) antibodies were provided
by BioXcell (West Lebanon, NH, USA).

2.2. Mice

Eight- to 12-week-old male 129Sv/Ev mice (for the NSCLC model)
and female BALB/c mice (for the CT26 colon cancer model) were pur-
chased from Taconic Biosciences (Rensselaer, NY, USA) and maintained
by the Department of Veterinary Medicine and Surgery at The Univer-
sity of Texas MD Anderson Cancer Center. Protocols for animal use,
treatment, and euthanasia were approved by the Institutional Animal
Care and Use Committee of MD Anderson Cancer Center. All animal
procedures were conducted in accordance with the ethical guidelines
of the IACUC committee at MD Anderson Cancer Center (protocol#
00001018RNO02).

2.3. Tumor establishment and treatments

Mice were inoculated by subcutaneous injection of tumor cells into
the right hind leg to establish “primary” tumors (to be irradiated) and
in the left leg to establish “secondary” (abscopal) tumors. Tumor diam-
eters were measured twice a week with digital calipers. Primary tumors
were irradiated on days 6,7,8 or 7,8,9 when the tumors had reached
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about 7 mm in diameter, using a CT-guided XRAD225 linear acceler-
ator. Tumor-bearing mice were injected intratumorally with CMP-001
at the primary tumor site (100 pg/100 pl injection) on days 11, 15,
and 20 (i.e., after RT). Mice treated with CMP-001 combinations did
receive a subcutaneous pre-sensitization dose 7 days before the tumor
inoculation to help generate antibodies against the VLP-Qp portion of
the molecule. This step augments with the uptake of subsequent CMP-
001 doses by pDCs. Anti-PD1 mAb (200 ng/injection) or a-PDL1 mAb
(200 ng/injection) were given intraperitoneally on days 5, 8, 12, and 16.
Anti-OX40 was given in the same schedule and route of administration
as CMP-001. Mice were euthanized when the average tumor diameter
reached 14 mm in any dimension or if the tumors became ulcerated.
Lungs were also harvested where indicated, stained with Bouin’s fixa-
tive solution, then enumerated and reported accordingly.

2.4. Tumor processing and flow cytometry

Tumors were harvested and tissues digested with 250 pg/mL of Lib-
erase (Roche, Basel, Switzerland) and incubated for 30 min at 37 °C
with shaking at 105 rpm. Fetal bovine solution was added to stop the
digestion reaction, samples were filtered, and TILs were enriched by
using Histopaque 1077 (Sigma, St. Louis, MO, USA, Cat. #H8889).
Cells were then blocked with anti-CD16/CD32 before being stained
for flow cytometry. Stains included fluorochrome-conjugated anti-CD4
BV510 (Cat. #100449), anti-CD8 PercpCy5.5 (Cat. #100734), anti-
CD45 Pacific blue (Cat. #103126), anti-CD49b FITC (Cat. #108905),
anti-CD44 APC (Cat. #103012), anti-CD11c PE (Cat. #117308), anti-
CD103 PE-Cy7 (Cat. #121426), anti-B220 FITC (Cat. #103206), anti-
PDCA-1 APC (Cat. #127016), anti-IFNg Alexa 488 (Cat. #505813), and
anti-Granzyme B Pacific blue (Cat. #515407), all from BioLegend (San
Diego, CA, USA). Flow cytometry data were analyzed with FlowJo soft-
ware (Ashland, OR, USA).

2.5. Immunohistochemical staining and analysis

Tumors were harvested 7 days after the last fraction of radiation.
Tumor samples were fixed in 10% neutral buffered formalin for 24 h
and then washed in phosphate-buffered saline at room temperature. The
antibodies used were mouse anti-CD4 (Cat. #25229T), and mouse anti-
CD8 (Cat. #98941T). Tumors were processed and stained at MD Ander-
son’s Research Histology Core Laboratory (NCI grant P30 CA016672).
Digital quantification was done by using the Aperio Digital Pathology
Platform (Leica Biosystems) and evaluated by the Department of Veteri-
nary Pathology at MD Anderson.

2.6. Statistics

All statistical analyses were done with GraphPad Prism 8 software.
Mouse survival was analyzed by the Kaplan-Meier method, with curves
compared with log-rank tests. Statistical significance was defined as
p < 0.05. Student t-tests were conducted to compare two groups where
indicated.

3. Results

3.1. High-dose RT significantly increases the percentages of
tumor-associated plasmacytoid dendritic cells, CD4* T cells, and NK cells
in the 344SQ NSCLC tumor model

The schema for our mouse model experiments is illustrated in
Fig. 1A. On day 0, mice were inoculated with 5 x 10° 344SQ cells in
their right hind legs (to establish the “primary” tumor), which was then
irradiated on days 7—9 with high-dose RT (36 Gy given in three 12-
Gy fractions). Primary tumors were then harvested on days 12 or 14,
and infiltrating lymphocytes/leukocytes were isolated and analyzed by
flow cytometry, with CD11c* PDCA-1" used to stain pDCs and CD11c*
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Fig. 1. High-dose radiation (three 12-Gy fractions) led to increased numbers of plasmacytoid dendritic cells (pDCs) at tumor sites in a mouse model of lung cancer.
(A) Mice were inoculated in the right hind legs with 344SQ non-small cell lung adenocarcinoma cells to establish tumors and then deliver high-dose radiotherapy
(RT) as shown. Tumors were harvested, processed, and analyzed by flow cytometry at 3 days (n = 5 samples) and 5 days (n = 5 samples) after the final fraction of
RT (arrows). (B, C) Percentages and absolute cell numbers of pDCs were analyzed by gating on CD45*% population, followed by CD11c*t PDCA-1* subpopulation, as
also shown by the dot plots. (D) Percentages and absolute numbers of DCs were analyzed using CD11c* CD103* markers. (E, F) Percentages and absolute numbers
of CD4* T cells and CD49b* natural killer (NK) cells were analyzed. Student t-tests were conducted to compare statistical significance between groups. *p < 0.05, **

p <0.01, *** p < 0.001.

CD103" to stain DCs. High-dose RT greatly increased the percentage of
pDCs within the tumor islets at both measurement times, i.e., at 3 days
(p = 0.0002) and at 5 days (p=0.0002) after RT (Fig. 1, B—C; Fig. S1,
A-B). Similarly, the absolute cell numbers of pDCs were significantly
increased both 3 days (p=0.0010) and 5 days (p=0.0009) after High-
dose RT. Moreover, we observed an increase in the percentage of DCs
at 3 days after RT (p=0.0003) (Fig. 1D) and in the percentage of CD4"
CD44% T cells (p=0.0018) (Fig. 1E) and CD49b* NK cells (p =0.0007)
at 5 days after RT (Fig. 1F). However, the absolute numbers for CD4"
CD44* and NK cell-populations did not achieve significance.

3.2. Injection of CMP-001 after high-dose RT extends survival, inhibits
tumor growth, and decreases pulmonary metastases in the 344SQ NSCLC
model

Seven days before tumors inoculation, a subcutaneous pre-
sensitizing dose of CMP-001 was given to induce the production of drug-
augmenting anti-Qf antibodies. Mice were then inoculated with 5 x 10°
344SQ tumor cells in their right hind legs (Fig. 2A). Four days later,
1 x 10° 344SQ cells were injected in the left leg to establish the site of ab-
scopal tumors. CMP-001, given as three intratumoral doses on days 11,
15, and 20 after high-dose RT (Adjuvant treatment), was found to extend
mouse survival time to day 42, beyond that of other groups (Fig. 2B); to
suppress the growth of both primary (irradiated and injected) and absco-
pal (unirradiated and noninjected) tumors (Fig. 2, C—D); and to reduce
the number of lung metastases relative to RT only (p =0.0330) (Fig. 2E).
In contrast, lower-dose RT (three 5-Gy fractions, for a total dose of 15
Gy) followed by CMP-001 did not delay the growth of primary (Fig. 2C)
or abscopal (Fig. 2D) tumors. Moreover, adding an induction dose of
CMP-001 before tumor irradiation did not suppress the growth of irra-
diated (primary) (Fig. 2C) or unirradiated (abscopal) (Fig. 2D) tumors.
To further study the sequencing of CMP-001 with RT in the context of

a checkpoint inhibitor, intratumoral CMP-001 was given either as two
doses post-RT (Adjuvant) or single dose with the first fraction of RT
(Concurrent) or both. Adjuvant injection of CMP-001 after RT with a
backbone of «-PDL1 (given systemically on days 5, 8, 12, and 16) led
to better survival to day 38 (p =0.0177 vs RT + a-PDL1 only) (Fig. S2,
A), with a trend of slowing both primary and secondary tumors growth
versus all other groups (Fig. S2, B—C). On the other hand, Concurrent ad-
ministration of CMP-001 with radiation diminished the survival benefit
that was observed with Adjuvant CMP-001 (Fig. S2, A). It is also worth
noting that the addition of a-PDL1 backbone did not result in an en-
hanced anti-tumor efficacy beyond what was observed with stereotactic
RT + Adjuvant CMP-001 in Fig. 2B, at least in this particular model.

3.3. High-dose RT followed by CMP-001 increases activated CD4 and CD8
T-cell populations in primary tumors of 344SQ NSCLC model

Next, for phenotyping purposes, the 344SQ tumors were bilaterally
established in the hind legs of 129Sv/Ev mice. RT was delivered to pri-
mary tumors on days 6,7,8 and intratumoral CMP-001 was given on
days 11,14,19. Primary tumors were harvested on day 20, weighed, and
processed for TILs phenotyping using flow cytometry (Fig. S3). T-cell ac-
tivation was measured by CD44 marker expression, and T-cell function-
ality was assessed by Granzyme B production. RT alone or RT + CMP-
001 significantly increased the percentages of activated CD4 T cells
over control group (Fig. S3, A) as well as numbers/mg tumor (Fig. S3,
B). More importantly, RT + CMP-001 increased the percentages of func-
tional CD8* GranzymeB™* T cells over RT group (p=0.05) and control
group (p=0.0426) (Fig. S3, A). Similarly, RT + CMP-001 combination
significantly increased the numbers of CD8* GranzymeB* T cells/mg tu-
mor as compared to RT alone (p = 0.0499) or control (p = 0.0055) groups
(Fig. S3, B).
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Fig. 2. Radiation followed by CMP-001 led to inhibited tumor growth, improved survival rates, and reduced lung metastases in a mouse model of lung cancer.
(A) Mice were inoculated in the hind legs with 344SQ cancer cells, with the right leg considered the “primary” tumor (and therefore irradiated with high-dose
radiotherapy [RT]) and the left leg considered the abscopal tumor (and therefore left unirradiated). Mice were treated with RT, CMP-001, or RT+ CMP-001 as shown
(B) Kaplan-Meier survival curves indicated prolonged survival of mice treated with high-dose radiotherapy (RT; three 12-Gy fractions on days 6, 7, and 8) followed
by three IT doses of CMP-001 given on days 11, 15, and 20. (C and D) Growth curves for “primary” (right leg, irradiated) tumors (C) and “secondary” (abscopal,
unirradiated) tumors (D), showed that high-dose RT followed by adjuvant CMP-001 had the greatest antitumor effect of the indicated treatments. (E) High-dose RT
followed by adjuvant CMP-001 led to decreased numbers of lung metastases. Data are expressed as mean diameters from each mouse at each time point and reported
as Mean + SEM. Experiments were conducted twice, and data was pooled for survival and tumor growth.

3.4. A modified radiation schedule enhances the response with CMP-001 in
CT26 colon carcinoma model

CT26 colon carcinoma cells were injected subcutaneously in the hind
legs of BALB/c mice as shown in Fig. 3A. The “primary” tumors (from
5 x 10° cells in the right leg, implanted on day 0) were treated with
high-dose RT (three 12-Gy fractions) on days 7, 8, and 9. The “sec-
ondary” or “abscopal” tumors (from 1 x 10° cells in the left leg, im-
planted on day 4), were treated to low-dose non-ablative RT (two 1-Gy
fractions) on days 11 and 12 to modulate the tumor stroma and accen-
tuate systemic outcomes (Fig. 3A). The addition of this combinatorial
high-dose/low-dose RT to CMP-001 and a-OX40 and «-PD1 extended
mouse survival relative to CMP-001 + «-OX40 + «-PD1 (p=0.0291).
Furthermore, the combination of high-dose/low-dose RT with CMP-001
extended survival over that of RT-only (p=0.0797, n.s.) and that of
CMP-001-only (p=0.0023) (Fig. 3B). However, the quadruple combi-
nation (high-dose/low-dose RT + CMP-001 + a-OX40 + a-PD1) did not
seem to suppress growth of both primary and abscopal tumors (Fig. 3,
C-D) as compared to CMP-001 post-RT treatment.

3.5. High-dose RT and Adjuvant CMP-001 increases the percentage of
CD4* and CD8* T cells within the microenvironment of CT26 tumors

To explore the mechanism underlying the suppression of tumor
growth in the CT26 model, we established primary tumors in the right
legs of mice as described earlier, and subjected them to high-dose RT
(three 12-Gy fractions) followed by three doses of CMP-001. Tumor
tissues were collected from the following study groups: control, CMP-
001-only, RT-only, and RT followed by CMP-001 and then sectioned
for immunohistochemical staining to detect tumor-infiltrating immune
cells (Fig. 4, A—B). The combination of high-dose RT and CMP-001 led
to significant increases in the numbers of CD4" T cells versus all other

treatment conditions and the numbers of CD8* T cells relative to CMP-
001-only (p=0.0194) (Fig. 4, C-D).

3.6. Injection of intratumoral CMP-001 versus subcutaneous
administration after RT

Keeping clinical applications in mind, we sought to compare the effi-
cacy of subcutaneous CMP-001 administration to the more challenging
intratumoral route in combination with RT. Here we followed the same
schedule as the previous experiments. Basically, mice were inoculated
with 5 X 10% 344SQ tumor cells in their right hind legs, and 1 x 10°
344SQ cells were injected in the left leg to establish the site of primary
and abscopal tumors, respectively. CMP-001 was given either as three
intratumoral doses or three subcutaneous doses on days 11, 15, and 20,
or single intratumoral dose on day 11. Anti-PDL1 was given systemi-
cally to all groups on days 5, 9, 13, and 17. We found that three IT
doses of CMP-001 after radiotherapy led to slightly better survival (Fig.
S4, A) and control of primary tumors (Fig. S4, B) as compared to three
SC doses in this aggressive lung adenocarcinoma model used. However,
larger sample sizes are needed to assess for significance, and additional
human safety and efficacy data needs to be acquired to support the con-
clusions with radiation.

4. Discussion

Radiation has traditionally been used for local tumor control [30].
The recent addition of immunotherapy to radiation, with or without
chemotherapy, was done in an attempt to improve abscopal (systemic)
response rates, which have been rare [31]. Our own preclinical studies
have shown that RT can overcome resistance to some immune check-
point inhibitors (e.g., a-PD1) through upregulation of MHC I on the tu-
mor cells [32]. Nevertheless, disease recurrence is still common, in part
because of infiltration of immunosuppressive cells such as Tregs and M2
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Fig. 3. Radiation followed by CMP-001 led to inhibited tumor growth and improved survival rates in a colon carcinoma mouse model. (A) Mice (n = 5/group) were
inoculated in the hind legs with CT26 cancer cells, with the right leg considered the “primary” tumor (and therefore irradiated with high-dose radiotherapy [RT])
and the left leg considered the abscopal tumor (and therefore irradiated with low-dose RT). Mice were treated with RT, CMP-001, or RT+ CMP-001 as shown. (B)
Survival of mouse treatment groups indicated prolonged survival after RT (three 12-Gy fractions to the primary tumor and two 1-Gy fractions to the abscopal tumor)
followed by adjuvant CMP-001) (p = 0.0797, n.s. vs RT only) and (p =0.0023 vs CMP-001 only group). (C, D) Tumor growth curves indicated that RT (three 12-Gy
fractions to the primary tumor and two 1-Gy fractions to the abscopal tumor) followed by adjuvant CMP-001 had superior antitumor activity relative to the other
treatment conditions. The addition of «-PD1 and a-OX40 did not extend survival of high dose + low dose RT + CMP-001 treatment. However, high dose +low dose
RT led to significant delay in tumor growth when added to triple immunotherapy (CMP-001 + a-OX40 + a-PD1) vs. triple immunotherapy alone (p =0.0291). Data
are expressed as mean diameters from each mouse at each time point, and reported as Mean + SEM.
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Fig. 4. Radiation followed by CMP-001 increased the percentages of CD4* and CD8* T cells within the primary tumor in a colon carcinoma model. BALB/c mice
(3 per group) were inoculated in the right hind legs with CT26 cancer cells (“primary” tumors) and then treated with high-dose radiotherapy (RT; three 12-Gy
fractions), CMP-001, or high-dose RT followed by CMP-001. (A, B) Tumors were harvested on experimental day 21 and then sectioned for immunohistochemical
staining (IHC). The digitized IHC images were then annotated for tumor areas and analysis was performed with Aperio Digital Pathology Platform. (C, D) Percentage
analysis of tumor infiltrating CD4* T cells and CD8* T cells, respectively.
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macrophages in addition to CD8* and CD4" T-cell exhaustion in cancer
[33]. The antitumor effects of RT are also mediated by the upregula-
tion of co-inhibitory receptors on the surfaces of T cells (e.g., BTLA,
PD1) [33] and signal-regulatory protein-a [34]. Regressing tumors have
also been found to recruit tumor-associated macrophages and CD11b*
myeloid cells [10]. Some have suggested that the addition of novel in-
nate cell-based therapies could overcome radiation-induced immuno-
suppressive effects [35] through their activation of Toll-like receptors.
One such receptor, TLRY, is expressed in pDCs and stimulates antitu-
mor immunity by producing IFNs [36]. Mature pDCs are also known
to prime antigen-specific T-cell immunity through response to a vari-
ety of DNA and RNA viruses [37]. TLR9 agonists such as CpG ODN
(oligodeoxynucleotide) have been tested for their ability to enhance the
radio-sensitivity of A549 lung carcinoma cells and with mice bearing fi-
brosarcoma (FSa) tumors by activating immune responses [28,38]. The
addition of a-OX40 and a-PD1 has also been suggested to increase the
response to TLR9 agonists [39].

On the basis of these findings, we explored the potential therapeutic
effects of CMP-001, a virus-like particle composed of the Qp bacterio-
phage capsid protein encapsulating an immunostimulatory CpG-A ODN
CMP-001 [40], in two mouse models of cancer. Researchers have shown
that activation of TLR9 with CMP-001, in the presence of opsonizing
Qp antibodies, leads to the maturation of pDCs and production of type I
interferons [40]. We found that adding high-dose RT (three 12-Gy frac-
tions) led to increased levels of pDCs in the tumor microenvironment
(Fig. 1, Fig. S1), and that adding CMP-001 after high-dose RT led to sig-
nificant delay in primary and abscopal tumor growth. We further found
that relatively lower RT doses (e.g., three 5-Gy fractions) did not delay
tumor growth (Fig. 2, C-D). Our findings suggest that delivering CMP-
001 in repeated intratumoral injections after RT allowed RT to prime
the immune system, promote abscopal responses, and enhance survival
among tumor-bearing mice (Fig. 2, Fig. S2). We further showed that
adding «-PD1 and a-OX40 did not extend survival in CT26 colon carci-
noma model. However, irradiating “secondary” (abscopal) tumors with
two 1-Gy fractions plus CMP-001 did control the growth of those tumors
(Fig. 3).

The RT-induced immune response in our study was manifested as an
increased influx of dendritic cells, NK cells, and CD4* T cells into the
tumor microenvironment. We further found that CMP-001 post-RT en-
hanced the adaptive immune response by significantly increasing the ac-
tivation status (Fig. S3) and numbers of CD4* and CD8* T cells (Fig. 4),
the presence of which may indicate primary and abscopal tumor re-
sponse [41-43].

Combinatorial treatment strategies with both TLR9 agonists and ra-
diotherapy have been reported in a limited manner in the clinical set-
ting. The Pilot study, a phase I/1I trial reported in 2010, evaluated 15
patients with relapsed/refractory low-grade B cell lymphoma and in situ
injection of the TLR9 agonist PF-3512676 [44]. Low-dose (4 Gy in 2
fractions) RT was applied owing to the exquisite radiosensitivity of lym-
phomas. Treatment was tolerated very well, as there was no grade 3+
adverse events. The out-of-field objective response rate was 27%, likely
as a result of the relapsed/refractory nature of the cohort; however, re-
sponse and outcomes were higher in patients who did not induce higher
levels of Treg cells, indicating that consequences of combinatorial ther-
apy must be further addressed going forward. Next, a phase I/II trial
of SD-101 with the same RT dose was done in 29 patients with previ-
ously untreated B cell lymphomas [27]. Although there were 8 cases of
grade 3 events, 24 patients experienced a clinical response in unirra-
diated sites. Although these sites were not histologically examined, the
primary site was associated with CD4 and CD8 cell infiltration along
with relatively few Treg cells, the latter of which could in part (along
with the lack of relapsed/refractory cases) explain the discrepancy in
response rate as compared to the Pilot trial. Moreover, two phase I/1I
trials of PF-3512676 with low-dose RT have been reported for previously
treated mycosis fungoides, the most common form of cutaneous T cell
lymphoma [45,46]. Both trials showed very few grade 3+ toxicities, and
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response rates between 33-37%. Importantly, pDCs were upregulated in
the treated areas, thus recapitulating results found herein. Lastly, the
only NSCLC trial (NCT03438318) is studying combined CMP-001 and
atezolizumab, and RT is used in part B of the study to determine the
effect of adding radiation therapy to the combined treatment. Similar to
our preclinical design, a priming SC dose of CMP-001 is given to gener-
ate anti-Qp drug-augmenting antibodies. Three IT doses are then given
after RT once a week, followed by dosing every 3 weeks thereafter (ei-
ther SC or IT) until discontinuation of treatment.

Our results from this translational study may be of significant value
for patients with disease that has progressed on checkpoint inhibitors
such as a-PD1 or a-PDL1. These patients could be treated with various
combinations of RT and CMP-001, and therefore mediate an adaptive
immune response that could overcome tumor resistance to checkpoint
treatments.

5. Conclusion

We propose the following explanation for the results of the current
study: High-dose RT upregulated pDCs within the tumor microenviron-
ment. The administration of intratumoral TLR9 agonist (CMP-001) after
stereotactic RT significantly enhanced the anti-tumor immune response
both locally and at secondary tumor site. Our results demonstrated that
CMP-001 Post-RT delayed the abscopal tumor growth and extended the
survival rate via increasing the percentages of activated CD4* and CD8*
T-cells within the tumor microenvironment. The treatment proved effi-
cacious in both lung adenocarcinoma and colon carcinoma syngeneic
models used.
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