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Abstract

Mono- or dual-checkpoint inhibitors for immunotherapy have changed the paradigm of cancer
care; however, only a minority of patients responds to such treatment. Combining small molecule
immuno-stimulators can improve treatment efficacy, but they are restricted by poor
pharmacokinetics. In this study, TLR7 agonists conjugated onto silica nanoparticles showed
extended drug localization after intratumoral injection. The nanoparticle-based TLR7 agonist
increased immune stimulation by activating the TLR7 signaling pathway. When treating CT26
colon cancer, nanoparticle conjugated TLR7 agonists increased T cell infiltration into the tumors
by > 4x and upregulated expression of the interferon -y gene compared to its unconjugated
counterpart by ~2x. Toxicity assays established that the conjugated TLR7 agonist is a safe agent at
the effective dose. When combined with checkpoint inhibitors that target programmed cell death
protein 1 (PD-1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), a 10-100x% increase
in immune cell migration was observed; furthermore, 100 mm?3 tumors were treated and a 60%
remission rate was observed including remission at contralateral non-injected tumors. The data
show that nanoparticle based TLR7 agonists are safe and can potentiate the effectiveness of
checkpoint inhibitors in immunotherapy resistant tumor models and promote a long-term specific
memory immune function.

Introduction

Being one of the top three causes of cancer death worldwide, colorectal cancer (CRC) is
currently being investigated for immunotherapy.[ Metastatic CRC (mCRC) patients usually
receive systemic therapy, such as anti-VEGF or anti-EGFR, but often this results in acquired
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resistance.[11.[2] The checkpoint inhibitor antibodies, targeting programmed cell death
protein 1 (a-PD-1) and cytotoxic T-lymphocyte-associated protein 4 (a-CTLA-4), block the
inhibitory signals between T cells/tumor cells and T cells/antigen presenting cells (APC) and
have shown promising therapeutic effects (Scheme 1, supplementary information).
Checkpoint inhibitors, such as ipilimumab (a-CTLA-4 antibody) and nivolumab (a-PD-1
antibody), improve outcomes for many tumors, which include melanoma, advanced lung and
head and neck cancers. They are also being evaluated to treat mCRC patients.[3] However, a
large portion of patients, including the majority of mCRC patients, do not respond to
immune checkpoint inhibitors. [41:[51.6]

Data from current clinical trials indicate patients whose tumors are mismatch repair deficient
(MMRJ) are likely to respond to checkpoint inhibitor therapies.[”].[81[9] |t has been
postulated that the DNA mismatch repair deficiency leads to more neoantigens released that
are easily recognized by the body's immune cells to induce tumor-specific immune response.
Pembrolizumab (a-PD-1 drug), has recently been designated by the US Food and Drug
Administration (FDA) for use in MMRd tumors, regardless of the tumor location.[1%] Even
though immune checkpoint inhibitors have shown great promise for many cancer patients,
mismatch repair proficient (MMRp) cancer patients are less responsive.l?[11] Even in
MMRd mCRC, the objective response rate is about 40%.[121 Checkpoint inhibitors are not
effective in MMRp mCRC[2] consistent with MMRp cancers having lower lymphocyte
infiltration into tumors.[”] Therefore, rendering these tumors sensitive to immunotherapy
remains a major challenge,[®] and using immunostimulatory agents could be a
complementary approach to improve cancer treatment with checkpoint inhibitors. Murine
colon cancer cell line, CT26, one of the most extensively used syngeneic mouse tumor
models that lack mutations in mismatch repair genes,[131.1141.115] was chosen for the present
study.

A previously synthesized nanoparticle-based immunostimulatory agent, which consists of a
TLRY7 agonist (TLR7a) conjugated with 100 nm silica nanoshells (NS) termed NS-TLR7a
(agonist number per nanoshell is 6,000 or greater),[16] has shown improved TLR7 immune
adjuvant activity.[!6] NS-TLR7a increased cytokine IL-12 secretion and activated the
inflammasome pathway in mouse dendritic cells (DCs).[26] Furthermore, NS-TLR7a
enhanced a Thl-biased immune response that is often associated with induction of cytotoxic
T lymphocytes (CTL)!16] that play a critical role in cancer immunotherapy because they
recognize and kill cancerous cells.[17] In the present study, NS-TLR7a was used to amplify
the immune response combined with checkpoint inhibitors to restore the T lymphocytes’
killing capability in an animal model. Such combination therapy has the potential to treat
MMRp patients by developing tumor antigen specific T cells at both the tumor site and
systemically. Nanoparticle-based TLR7/8 agonists were used in a combination treatment
strategy similar to previous studies, as shown in Supplemental Table S2. Most previous
studies lacked investigation of potential immune-related adverse effects and other systemic
toxicity, which is a critical problem with potent immunostimulating drugs.[18]:[19] Some
previous studies used known tumor antigens to induce and amplify the immune response;[2°]
but identifying the neoantigens accounting for immune responses of spontaneous tumors is
very challenging.[22] Furthermore, most focused on local control of tumor growth and did
not address the potential of systemic immune responses and tumor progression at distal sites.
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[201.[22].[23] Experiments reported here have built upon previous work, but have addressed
some unresolved issues identified previously and have demonstrated both the safety and
efficacy of the NS-TLR7a/checkpoint inhibitor combination therapy.

In the present study, the NS-TLR7a was shown to be stationary after injection and thus
escaped rapid splenic clearance. Compared to systemic injection, the direct injection
increases the ratio in the tumor to liver by >2500x. Although NS-TLR7a was retained at the
local injection site, it had the ability to induce a robust systemic tumor antigen-specific
immune response in the CT26 murine colon cancer model. The NS-TLR7a increased CD3*
tumor infiltrating lymphocytes (TIL) by 4x and up-regulated the expression level of the
interferon y gene compared to simply administering free TLR7a. Compared to unconjugated
TLR7a, NS-TLR7a increased cytokine induction in sera that returned to baseline after 24
hrs. Toxicology studies of repeated doses further indicated that the NS-TLR7a had limited
toxicity, and did not significantly affect the complete blood cell (CBC) count or hepatic
function compared to the control vehicle. NS-TLR7a was therefore combined with a-PD-1
and a-CTLA-4 antibody therapy to better inhibit tumor growth by increasing the number of
infiltrating immune cells 10-100x compared to the vehicle group in the CT26 tumor model.
The CT26 tumor model had only a modest response to checkpoint inhibitor monotherapy.
The triple combination therapy including NS-TLR7a, a-PD-1 and a-CTLA-4 induced both
injected and contralateral tumors into full remission and improved survival rates from 0%
with a-PD-1 and a-CTLA-4 monotherapy to 60% with NS-TLR7a plus a-PD-1 and a-
CTLA-4. Therefore, NS-TLR7a has potential to be an enhancer for current immunotherapy
and may improve the outcome of cancer treatment in MMRp colon cancers and perhaps in
other MMRp cancers.

Results and Discussion

Intratumorally injected NS-TLR7a is retained at the tumor injection site and not
sequestered by spleen

Although small molecule TLR7 agonists (TLR7a) are effective innate immune stimulators,
there are two major problems for their clinical use; (1) because TLR7 is located in an
endosomal compartment, effective endosomal delivery is required, and (2) TLR7a are
quickly cleared after local administration. Our previous report demonstrated TLR7a (1\VV209)
conjugated to silica particles are quickly taken up by dendritic cells and exhibit improved
immune-potency.[18] In the present study, the biodistribution of the locally versus
systemically administrated NS-TLR7a was performed to investigate whether the conjugation
of 1V209 onto nanoparticles improves sustained localization of the adjuvant at a local tumor
injection site. NS-TLR7a was labeled with radioactive In111 and injected intratumorally (i.t.)
or intravenously (i.v.) into mice. Each mouse had two subcutaneous CT26 tumors in the
right and left flanks but only one tumor was injected with radiolabeled NS-TLR7a. Planar -y-
scintigraphy was used to monitor the particle distribution over 72 hrs (Figure 1a).
Subsequently, organ biodistribution was performed by sacrificing the mice and measuring
organ radioactivity 72-hr post-injection (Figure 1b). Scintigraphy shown in Figure 1a
demonstrates that systemically injected (i.v.) NS-TLR7a accumulated in the
reticuloendothelial system organs, such as liver and spleen, which is typical of most i.v.
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injected nanoparticles immediately after injection.[241.1251.[26] This accretion continued with
time (Figure 1a). Conversely, i.t. injected nanoparticles were retained at the injected tumor
(right flank tumor) site for over 72 hrs, and only a small fraction of nanoparticles
accumulated in the spleen, liver, or kidney. A small amount of i.t. injected nanoparticles
traveled to the contralateral tumor (left flank tumor), as early as 24 hrs after i.t. injection
(Figure 1a).

At 72-hrs post-injection, organs were harvested for gamma counting to quantify the
nanoparticles in each organ (Figure 1b), for the systemically injected group, the
nanoparticles mainly accumulated in liver (21.4%) and spleen (4.5%). A small portion of
nanoparticles (0.3-0.4%) traveled to the tumor sites, which is likely due to a modest
enhanced permeability and retention effect (EPR effect). Conversely, locally injected
nanoparticles were mainly retained at the injected tumor (52.4%), and only small amounts of
nanoparticles accumulated in the liver (1.4%) or spleen (0.5%). Compared to systemic
injection, the direct injection increases the amount in the tumor 175x and decreases the
amount in the liver 15x so the ratio in the tumor to liver increases by >2500x. A small
amount of locally injected nanoparticles traveled to the distant tumor (0.3%). The
lengthened retention time with the locally injected drug is consistent with the high efficacy
(vide infra) of the i.t. injected agent. Such retention may further amplify the immune
response induced by TLR7 activation because the drug can continuously stimulate and drive
dendritic cells to maturation. The lower amount of nanoparticle uptake at liver and spleen
after direct tumor injection is consistent with NS-TLR7a residing in the tumor for a long
period of time thereby having the potential to better activate the innate immune system and
enhance tumor antigen presentation.

NS-TLR7a exhibits anti-tumor responses and improved survival

The effects of i.t. injected TLR7a with or without conjugation onto silica NS were tested in a
CT26 mouse tumor model. Mice were implanted with 106 CT26 cells, and the treatment
began when tumors reached 100 mm3. Tumor-bearing mice were i.t. treated with TLR7a
(12.5 nmol/injection), NS-TLR7a (12.5 nmol TLR7a; 0.44 mg NS/injection), NS (0.44 mg/
injection) or PBS every other day up to 8 days (Figure 1c). As shown in Figure 1d, the group
treated with NS-TLR7a exhibited a significant tumor growth regression (>2x) compared to
the vehicle or NS-treated group until 8 days after treatment.

Tumors were harvested on day 8 for immunohistochemical analysis and CD3* cells were
assessed for T cell subpopulations in the tumor microenvironment [note: CD3* cells include
both cytotoxic T cells (CD8*) and T helper cells (CD4%)]. As shown in the representative
immunohistochemistry images (Figure 1e and 1f), and the quantified data (Figure 1g),
TLR7a conjugated onto NS showed a higher CD3" cell infiltration (>4x) compared to
unconjugated TLR7a, which is likely due to prolonged retention of NS-TLR7a in the tumor
environment relative to unconjugated ligand. This allows sufficient interaction time to
activate DC and subsequent adaptive immunity. The control of bare NS injection did not
lead to higher CD3* cell infiltration. Consistently, the tumors injected with NS-TLR7a
exhibited higher IFN-y expression (a critical cytokine for developing adaptive immunity
against cancer cells) compared to vehicle, NS, or unconjugated TLR7a agonists in harvested
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tumors (Figure 1h), which suggests the presence of activated TIL. These data are consistent
with the concept that conjugating an immunotherapy agent onto NS can improve the in vivo
therapeutic effect and modulate the immune cell response to a cancerous tumor.

Toxicology analysis of NS-TLR7a

The safety of NS-TLR7a was investigated. Firstly, a systemic cytokine release study was
performed to determine the potential toxic effects of the NS-TLR7a agent (Figure 2a-2e).
Single doses of either TLR7a (50 nmol/mouse), NS-TLR7a (50 nmol TLR7a; 1.76 mg NS),
NS (1.76 mg/mouse) or vehicle were administered i.t. and blood was collected at 0, 2, and
24 hrs post-injection. As shown in Figure 2b-2e, there was a statistically significant increase
of IL-6, IL-12, IP-10, and MCP-1 in blood samples collected from NS-TLR7a 2 hrs post-
injection (p<0.005) for IL-6, IL-12, IP-10, and MCP-1, respectively. IL-6 and IL-12 are
downstream cytokines of TLR7 signaling and can help differentiate T cells.[271.[28] |p-10
and MCP-1 are chemokines that can regulate the migration of immune cells.[2%] After 24
hrs, all treated samples returned to baseline levels. No weight loss or behavioral changes
were observed in any treatment groups at the given doses. These data show that NS-TLR7a
induced only a transient systemic cytokine response which returns to basal levels by 24 hrs.

Systemic toxicology was also evaluated for repeatedly dosed NS-TLR7a because an
effective immunostimulatory agent (i.e. TLR7 agonists) may result in undesired immune-
related adverse effects. Four to five female BALB/c mice bearing CT26 tumors on right and
left flanks, were i.t. injected with 12.5 nmole of NS-TLR7a or vehicle (PBS) every other day
for 6 treatments, and body weight and behavior were observed over the time of treatment
(Figure 2f). Repeated treatments of NS-TLR7a or vehicle did not induce body weight loss or
behavioral changes (reduced activity, piloerection, lethargy, or tachypnea). On day 14, blood
and sera were collected for hematological and biochemical analysis (Figure 2g-2h and
Figure S1). At the given dose and administration routes, NS-TLR7a did not induce hepatic,
pancreatic, or renal dysfunctions (Figure S1). The electrolyte composition also remained
stable after treatment. A minor adverse event in the studies was a modest erythrocytopenia
(Figure 29) that has been previously reported in an oral dosing study of a TLR7 agonist.[3]
This effect attenuated throughout the study.[3%] Although it was not statistically significant,
local NS-TLR7a treatment induced a net reduction of the white blood cells in circulation,
including lymphocytes, monocytes, neutrophils, eosinophils, and basophils (Figure 2h). In
Figure S2, the cell numbers of each subtype of white blood cell (neutrophils, eosinophils,
basophils, lymphocytes, and monocytes) were combined and averaged. The average number
was normalized to the average number of vehicle treated animals. Figure 2h and Figure S2
indicated that repeated NS-TLR7a therapy had a noticeable trend of reduction after NS-
TLR7a therapy compared to the vehicle group (p=0.0523 in Figure S2). These data are
consistent with other reports that low molecular weight TLR7a induce reversible
lymphopenia which is type | IFN-dependent and an on-target adverse effect of this therapy.
[311.32] Sjnce lymphopenia induced by TLR7a therapy is transient,[331.134] CBC was
performed 24 hrs post s.c. injection (Supplemtal Table S1). Neither NS-TLR7a nor TLR7a
treatment showed different counts of white blood cells or red blood cells compared to
vehicle group, which shows that local injection of NS-TLR7a and TLR7a had negligible
adverse effects on mice. Collectively, a repeated local injection, but not a local single
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injection of NS-TLR7a, has potential to induce erythrocytopenia and lymphopenia, which
suggests that further optimization of the dosing schedule will be necessary.

TIL analysis of combination therapy with NS-TLR7a, a-PD-1, and CTLA-4

TLR agonists, being strong immunostimulatory agents, can reverse the immuno-suppressive
microenvironment created by tumors.[351.36] Intratumoral treatment with TLR7a increases
the ratio of M1 (anti-tumor phenotype) to M2 (pro-tumor phenotype) tumor associated
macrophages.[36] TLR7a also causes rapid reduction of myeloid-derived suppressor cells
(MDSC) within the tumor microenvironment.[37! The combined TLR7a and PD-L1
blockade results in a reduced number of T regulatory cells in the tumor microenvironment.
[38] The above data (Figures 1 and Figure2) showed that NS-TLR7a therapy was safe and
reduced tumor progression; however, monotherapy with NS-TLR7a only resulted in partial
tumor remission. Given the known efficacy of anti-PD-1 (a-PD-1) and anti-CTLA4 (a-
CTLA-4) therapies and their ligand expression in this murine tumor type as well as human
colorectal cancer,[3%] a-PD-1 and a-CTLA-4 therapy were combined with NS-TLR7a
therapy. As single agents, both a-PD-1 and a-CTLA-4 are known to have modest therapeutic
effects; therefore, the potential treatment combinations were first screened by determining
the TIL population. Five treatment groups were used to study the cell population upon
combination therapy: (1) vehicle, (2) a-PD-1+a-CTLA-4, (3) NS-TLR7a + a-CTLA-4 + a-
PD-1 (triple theraapy), (4) NS-TLR7a + a-PD-1 and (5) NS-TLR7a + a-CTLA-4. Single
agent therapy was not chosen as a group because previous studies showed that single
blockade of a checkpoint pathway has limited efficacy on CT26 tumors.[40] The treatment
protocol is shown in Figure 3a: NS-TLR7a was i.t. injected and checkpoint inhibitors a-
PD-1 and/or a-CTLA-4 were injected via intraperitoneal (i.p.) routes. Both the directly
injected tumors (treated tumor) and the contralateral not directly injected tumors (untreated
tumors) were harvested on day 14 after the first treatment to study the TIL in the tumor
environment. The NS-TLR7a+a-PD-1+a-CTLA-4 (triple therapy) treated group showed a
greater infiltrated number of CD45" (leukocytes) and CD8* cells (cytotoxic T cells) in both
treated and untreated tumors (Figure 3b, c, f, and g) compared to the other therapy
combinations. About an hundred-fold increase in CD45*CD8" cells (p=0.0991 0.0094), in
CD45*CD8*IFN-y* cells (p=0.0083 and 0.005), and in CD45*CD8*granzyme B* cells
(p=0.0132 and <0.0001) was observed in both treated and contralateral tumors, respectively
following triple therapy. This shows that the TIL were activated (Figure 3d, e, h, and i). The
CD8*IFN-y* cells indicate activation of cytotoxic T cells to destroy tumor cells and the
CD8*granzyme B* cells can mediate apoptosis.[411:[421.[43] The increase of immune cells,
IFN-y* and granzyme B* cells, in both treated and contralateral tumors demonstrate that the
improvement of the immune response for the triple therapy is systemic, since only one flank
tumor site was injected with NS-TLR7a.

NS-TLR7a enhanced the efficacy of checkpoint inhibitors and improved survival rates

After determining that triple therapy with NS-TLR7a, a-PD-1, and a-CTLA-4 showed the
highest number of activated lymphocyte infiltration, the efficacy of triple therapy to suppress
tumor growth and promote long term survival was investigated in the CT26 model. The
combined checkpoint inhibitors (a-PD-1+a-CTLA-4) were reported to have promising
therapeutic treatment outcome,[4] and, therefore, this was chosen for comparison with triple
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therapy which consisted of NS-TLR7a, a-PD-1, and a-CTLA-4. To assess abscopal effects
by induction of systemic anti-tumor immune responses, only one (right side) of the two
flank tumors was injected with NS-TLR7a; the treatment protocol is shown in Figure 3a. As
shown in Figure 3j-p, the triple therapy with NS-TLR7a, a-PD-1 and a-CTLA-4 induced
complete remission at the treated right side tumor (complete remission rate: 80%) as well as
at the contralateral untreated tumor (complete remission rate: 60%). To the authors’
knowledge, this is the highest reported systemic remission rate for any two tumor murine
colon cancer model in which the starting tumor size is 100 mms3 that use nanoparticle-based
TLR7/8 agonists combined with checkpoint inhibitors.

A mechanism of combination therapy is proposed in Scheme 2 (supplementary information).
This work shows NS-TLR7a is retained at the tumor after injection and activates immune
cells. T lymphocytes also infiltrate into the tumors. The a-PD-1 and a-CTLA-4 antibodies
are known to block inhibitory pathways and restore cytotoxic activity of T cells. Several
previous studies have used nanoparticle-based TLR7/8 agonists combined with checkpoint
inhibitors or chemodrugs to treat cancer, as summarized in Table S2. Combination therapy
using polymer nanoparticles such as PLGA/PEG to deliver agonists demonstrated a delay in
tumor growth;[231.144] however, most studies employed a singe-tumor-bearing model, and
therefore, it is unknown if these treatments induced abscopal effect that triggers systemic
antigen-specific responses with the potential to treat metastatic tumors. Agonists loaded on
cyclodextrin combined with a-PD-1 showed excellent therapeutic outcome on a two-tumor
mouse model;[191 however, the study used the MC38 tumor model, which is intrinsically
responsive to PD-1/PD-L1 blockade.[14]

The earlier nanoparticle biodistribution study showed that locally injected nanoparticles
mainly stay at the injected site (Figure 1). This observation suggests that the tumor
inhibition effects observed for the contralateral tumor is due to a systemic adaptive immune
response and less likely due to the small amount of NS-TLR7a that traveled to the distant
tumor. To further validate that triple therapy induced tumor-specific adaptive immune
responses, the mice with tumor remission after triple therapy were implanted with CT26
cells on a non-treated flank site, and the growth of re-challenged tumors monitored. No
tumor growth was detected in the challenged mice (re-challenged mouse tumor free rate:
100%), proving that immune memory was produced during the initial treatment/remission.

Conclusion

In this study, the therapeutic efficacy of TLR7a conjugated to silica NS was described when
used as monotherapy and as combination therapy with checkpoint inhibitors. Conjugating
TLR7a onto NS lengthened the TLR7a retention at the locally injected tumor. As shown in
the biodistribution study, i.t injected NS-TLR7a was retained 175x higher in the tumor and
15x lower in the liver when compared to i.v. injected NS-TLR7a. When i.t. NS-TLR7a was
combined with checkpoint inhibitor therapy to treat a colorectal cancer model (CT26) that
only has modest responses to checkpoint inhibitor immunotherapy, a 10-100x increase in
tumor infiltrating lymphocytes and complete tumor remission was observed; treated and
contralateral (untreated) tumors had complete remission rates of 80% and 60%, respectively.
Triple therapy induced abscopal effects on distant tumors and the cured treated mice that

Adv Ther (Weinh). Author manuscript; available in PMC 2021 June 01.
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were re-challenged with CT26 cells rejected the implanted cells, indicating that the triple
therapy induced tumor antigen-specific systemic immune response. In summary, i.t.
injection of NS conjugated TLR7a may provide a method to induce a safe and more robust
anti-tumor immune response to checkpoint inhibitor immunotherapy, against cancer types
that are less responsive to checkpoint inhibitor treatments.

Diethylenetriamine (DETA, Cat. No. D93856), Tetramethyl orthosilicate (TMOS),
trimethoxy(phenyl)silane (TMPS), N-hydroxysuccinimide (NHS, Cat. No. 130672), N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide (EDC), and organic solvents were purchased
from Sigma Aldrich (St. Louis, MO). 100 nm polystyrene templates were purchased from
Polysciences Inc. (Warrington, PA). 2-(4-1sothiocyanatobenzyl)-
diethylenetriaminepentaacetic acid (DTPA) was purchased from Macrocyclics (Dallas, TX).
111InCl; was purchased from Covidien (Mansfield, MA). 4-[6-Amino-2-(2-
methoxyethoxy)-8-oxo-7H-purin-9(8H)-yllmethylbenzoic acid (1V209) was synthesized as
previously described.[45] Anti-mouse PD-1 (CD279) antibodies (clone RMP1-14, Cat. No.
BP0146) or anti-mouse CTLA-4 (CD152) antibodies (clone 9D9, Cat. No. BP0164) were
purchased from BioXcell (West Lebanon, NH). Roswell Park Memorial Institute (RPMI)
medium 1640 (Cat. No. 11875-093, Gibco) and Dulbecco's Modified Eagle's Medium
(DMEM, Cat. No. 15-013-CV, Corning) were supplemented with 10% fetal bovine serum
(Cat. No. 35-011-CV, Corning) and 100 U/ml penicillin, 100 ug/ml Streptomycin, 292 pg/ml
Glutamine (Cat. No. 10378-016, Thermo Fisher Scientific) to prepare complete media
(RPMI-10 or DMEM-10).

Animals and Tumor Model:

Mouse colon cancer cell line CT26 (Cat. No. CRL-2638) was purchased from American
Type Culture Collection (ATCC). Six-8 week old female BALB/c mice were purchased from
The Jackson Laboratory. 108 cells/50 pL in PBS were s.c. injected into the right and left
flanks, and treatment was started at a tumor size of approximately 100 mm3. Tumor volume
was determined by caliper with the modified ellipsoidal formula: volume (mm3) = (width x
width x length)/2.[461 pain and distress in tumor-bearing mice were closely monitored.
Procedures causing more than momentary or slight pain or distress must be performed with
appropriate anesthesia. If a tumor becomes ulcerated or necrotic, or if a single subcutaneous
tumor exceeds 2 cm in diameter, immediate euthanasia is performed. For multiple
subcutaneous tumors, when the combined volume of tumors exceeds 4 cm3, euthanasia is
performed. All procedures and protocols were approved by the UC San Diego Institutional
Animal Care and Use Committee (IACUC).

Histological Analysis:

Tissue samples were fixed in 10% formalin (1 part of stock formaldehyde (37-40%) and 9
parts of water) and transferred to 70% ethanol before paraffin block processing and
sectioning. Immunohistochemistry used rat anti-CD3 antibody (1:200, Cat. No. ab11089,
Abcam). Images were obtained using a 10x dry objective on a SP8 Leica confocal
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microscope. A minimum of 8 fields were examined per section and at least 3 sections per
sample. Cell count analysis was performed using ImageJ and Leica proprietary software.

RNA extraction and RT-qPCR expression analysis:

CT26 derived tumor tissues from the /n vivo studies were collected and flash frozen to
—80°C for storage. Tissue lysates were prepared with a Next Advance NA-01 tissue
homogenizer, in isolation buffer (sucrose (MW 342.3) 70 mM; mannitol (MW 182.2) 190
mM; HEPES pH 7-8, 20 mM; EDTA pH 8, 0.2 mM) supplemented with protease and
phosphatase inhibitors (1:100 dilution; Cat. No. 535140, P5726, Sigma-Aldrich) and
RNASE-free homogenization beads (Cat. No. SSB14B and SSB32, Next-Advance). Total
RNA was extracted from cells and/or tissues lysates using the Quick-RNA Miniprep Kit
(Cat. No. 11-328, Zymo Research), according to manufacturer’s instructions, and reverse
transcribed using the iScript cDNA Synthesis Kit (Cat. No. 170-8891, Bio-Rad). gPCR was
done using SYBR Green and results were analyzed using the AACq method!#7] and
normalized to housekeeping genes 18S and GAPDH. Primer sequences were designed using
NCBI’s Primer BLAST and spanned exon-exon junctions. A list of primer sequences used is
presented in Supplemental Table S2.

Biodistribution:

NS-TLR7a was prepared as previously described.[16] 1 mL of 3 mg/mL of NS-TLR7a was
functionalized with 2 pL of 1 mg/mL DTPA and pulse-vortexed for 24 hrs. Functionalized
NS-TLR7a was washed and re-suspended in 0.1M citrate buffer (pH = 6) to 2 mg/mL
solution. 2 mg of the NS were incubated with ~100 pCi of indium-111 chloride for 30
minutes. Radiolabeled NS-TLR7a was washed twice with buffer and twice with MilliQ
purified water. During the wash procedure, the In111-labeled NS and the supernatant were
measured by dose calibrator to track the In!11 retention. After washing, In111-NS-TLR7a
was resuspended to 4 mg/mL in MilliQ purified water for /n vivo injection. 100 uL of In11l-
NS-TLR7a was injected into two-tumor-bearing mice i.v. or i.t. Mice were imaged via planar
scintigraphy immediately, and then 8, 24, 48, and 72 hrs post-injection. After 72 hrs, mice
were sacrificed. Spleen, lung, heart, right tumor (treated), left tumor (untreated), kidney, and
liver were collected and the gamma intensity counted.

Toxicology Analysis:

(1) Sera Cytokine Analysis: Female BALB/c bearing one CT26 tumor were i.t. injected with
single doses of TLR7a (50 nmol/mouse), NS-TLR7a (50 nmol TLR7a; 1.8 mg NS), NS (1.8
mg/mouse) or vehicle (n=4/group). Blood samples were collected at 0, 2, and 24 hrs after
treatment, and sera were isolated. Luminex bead assays were used to determine the systemic
cytokine levels of IL-6, IL-12, IP-10, and MCP-1, and were measured with the use of a
MAGPIX® machine (Luminex Corporation). (2) Repeated dose toxicology assessment:
Female BALB/c mice (n= 4-5/group), each bearing two CT26 tumors on the right and left
flanks, were i.t. injected with NS-TLRa or vehicle every other day for a total of 6 doses.
Whole blood and sera were collected on day 14 post-treatment for CBC and biochemistry
analysis. For CBC analysis, ~50 pL of whole blood was collected in BD microtainer®
ethylenediaminetetraacetic acid (EDTA) tubes (Cat. No. 365974, BD Vacutainer® Labware
Medical). The tubes were flicked immediately after filling and inverted several times to
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distribute the anticoagulant. For biochemistry analysis, the test requires a minimum of 120
uL of sera in lithium heparin tubes (Cat. No. 22040104, Fisher Scientific). Both CBC and
biochemistry analyses were performed by UCSD Murine Hematology and Coagulation Core
Laboratory. (3) Single dose toxicology assessment: Four to five BALB/c mice per group
were subcutaneously (s.c.) injected with one dose of TLR7a (12.5 nmol/injection), NS-
TLR7a (12.5 nmol TLR7a; 0.44 mg silica nanoshells/injection), silica NS (0.44 mg/
injection), or PBS. ~50 uL of whole blood were collected in the BD microtainer® EDTA
tubes. The tubes were flicked immediately after filling and inverted several times to
distribute the anticoagulant. CBC analysis was performed by UCSD Murine Hematology
and Coagulation Core Laboratory.

Analysis of Tumor-Infiltrating Immune Cells:

Each mouse had two CT26 tumors on the right and left flanks. 100 pg of checkpoint
inhibitor, a-PD-1 and/or a-CTLA-4 antibodies were injected i.p. three times weekly (day 0,
3,6,9,12,14).12.5 nmol of NS-TLR7a in 50 L PBS were injected i.t. every other day for a
total of 6 doses (day 1, 3, 5, 7, 9, 11). Day 0 was defined as the day of first treatment. Mice
were sacrificed on day 14 for tumor infiltrating lymphocyte analysis. Tumors were
dissociated into cell suspension using a mouse tumor dissociation kit with use of the
gentleMACS Octo Dissociator according to the manufacturer’s protocol (Miltenyi Biotec).
Cell suspensions were incubated and stained with cocktails of anti-mouse CD45 (Cat. No.
103114, BioLengend) and anti-mouse CD8 (Cat. No. 48-0081, Invitrogen) antibodies at 4°C
for 30 minutes. Fixation/Permeabilization Solution kits were used for intracellular IFN-y
staining (Cat. No. 17-7311, BD Biosciences) and granzyme B (Cat. No. 515403,
BioLegend). The stained cells were analyzed by flow cytometry (MACS Quant, Miltenyi
Biotec).

Statistical analysis:

The data were pooled from 2-4 rounds of experiments and presented as means with SEM. To
determine the significance between the means of two groups, a t test with Welch’s correction
was performed. One-way ANOVA was used with a Bonferroni post hoc test to compare
means of two or more samples. Statistical comparisons of continuous variables between
groups was performed using two-way ANOVA followed by a Bonferroni post hoc test. For
TIL data, a Kruskal-Wallis test was performed with Dunn’s multiple comparisons test. n.s.
indicates not significant and analyses are indicated as * (p<0.05), ** (p<0.01),
***(p<0.001), and ****(p<0.0001). GraphPad Prism software 8.3.1 version was used for all
statistical analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Locally injected NS-TLR7aretained at tumor and enhnaced the immune response.
Figure (a)-(b): biodistribution of NS-TLR7a. Indium!1 labeled NS-TLR7a were i.t. and i.v.

injected into CT26 tumor bearing mice (n=5/group). Each mouse had two tumors in the right
and left flanks to observe the particle distribution. (a) Scintigraphy images of NS-TLR7a i.t.
and i.v. injected mice. Pure Indium!11 was placed in a tube at the scintigraphic plane as a
positive control (green arrow). Red arrow pointing to the left flank tumor that was not
injected with nanoparticles (b) i.t. (blue) and i.v. (red) injected mice were sacrificed and each
organ was harvested for gamma counting at 72 hrs after NS-TLR7a injection. Numbers
above bars indicate mean values, and ~0 when value is smaller than 0.1. Note that the
gamma counts were divided by grams of tissue so the sum is not 100%. Data shown are
means +/— standard error of the mean (SEM) of five mice in the representative of two
independent experiments showing similar results. Data were analyzed with two-way
ANOVA using Bonferroni post hoc test. Figure (c)-(h): tumor growth regression in mice
treated with i.t. NS-TLR7a monotherapy or controls. BALB/c mice were implanted with
CT26 cells and treatment began when tumors reached 100 mm3. Mice (n=5/group) were
randomized and treated i.t. every other day with vehicle (PBS), silica NS, unconjugated
TLR7a, or NS-TLR7a. Tumor tissues were collected on day 8 post treatment for analysis. (c)
Experimental protocol. (d) Average tumor growth curves. (e and f) Immunohistochemistry
(IHC) images of CD3* cells infiltrating into the tumor environments for (e) unconjugated
TLR7a or (f) NS-TLR7a locally injected tumor. Representative IHC images are shown. ()
Quantified CD3* T cells from 30-46 random IHC images/group. (h) IFN-y gene expression
level in tumor samples for vehicle, NS, TLR7a, and NS-TLR7a treated groups (n=4-5/
group). Data shown are mean +/— SEM of the representative of two independent experiments
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showing similar results. One-way ANOVA with Bonferroni post hoc test was used for
statistical significance analysis indicated as * = p<0.05, ** = p<0.01, *** = p<0.001, and
n.s. indicates not significant.
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Figure 2. Neglibile systemic toxicity by i.t. injection of NS-TLR7a.
(a) Single doses of TLR7a (50 nmol/mouse), NS-TLR7a (50 nmol TLR7a; 1.8 mg NS), NS

(1.8 mg/mouse) or vehicle were i.t. administered (n=4/group). Blood was collected at 0, 2,
and 24 hrs and sera were isolated. Cytokine levels for of (b) IL-6, (c) IL-12, (d) IP-10, and
(e) MCP-1 were measured using Luminex beads assays. Each dot indicates an individual
animal and horizontal and vertical bars are means +/-= SEM. One-way ANOVA compared to
vehicle group with Bonferroni post hoc test was used for assessing statistical significance.
(f)-(h) toxicicology investigation of NS-TLR7a. (f) Female BALB/c mice (n= 4 —5/group)
each bearing two tumors on the right and left flanks were i.t. injected with NS-TLRa or
vehicle every other day for a total of 6 doses. Whole blood and sera were collected on day
14 post-treatment for complete blood count and biochemistry analyses. The investigation
includes: (g) red blood cells, white blood cells, and platelets. (h) leukocyte sublet. n.s.
indicates not significant and analysis indicated as * (p<0.05), ** (p<0.01), ***(p<0.001),
and ****(p<0.0001).
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Figure 3. TIL analysisand tumor progression curve following the combination therapy.
Figure (a)-(i): TIL analysis of NS-TLR7a combination therapy. CT26 colon tumor cells were

s.c. implanted into female BALB/c mice (4-5 mice/group) at right and left flanks. NS-
TLR7a, a-PD-1, and a-CTLA-4 were combined to treat CT26 tumor-bearing mice and the
immune cell populations in the tumor microenvironment were investigated. (a) Experimental
protocol. Day 0 is defined as the day of the first treatment; NS-TLR7a was i.t. injected into
one flank tumor (treated tumor) and checkpoint inhibitors were i.p. injected. In the treated
tumor, (b) CD45%, (c) CD45*CD8*, (d) CD45*CD8*IFN-y™, and (e) CD45*CD8*granzyme
B* cells were enumerated. The same analyses were done on the untreated contralateral flank
tumors (f)-(i). Immune cell populations in treated and untreated tumors were compared.
Each dot indicates an individual animal and vertical and horizontal bars are means +/- SEM
of two independent pooled experiments showing similar results. Data were analyzed by the
Kruskal-Walls test using Dunn’s multiple comparisons post hoc test. Figure (j)-(p):
suppression of tumor growth and survival rates with combination therapy. CT26 colon
tumor-bearing mice (8-10 mice/group) were treated with vehicle, combined checkpoint
inhibitors (a-PD-1+a-CTLA-4), and checkpoint inhibitors combined with NS-TLR7a (a-
PD-1+a-CTLA-4+NS-TLR7a). The progressions of both (j)-(l) treated tumors and (m)-(0)
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untreated tumors were monitored. The treatment protocol is shown in (a). Checkpoint
inhibitors (100 pg; a-PD-1 and a-CTLA-4) were injected i.p. three times per week. 12.5
nmol NS-TLR7a was i.t injected every other day. Mice were sacrificed when tumors reached
2,000 mm? or ulceration occurred as required by the UCSD IACUC guideline (policy 9.04).
Data were pooled from two independent experiments, which showed similar results. (p)
Survival was monitored until day 90 and a Logrank test was used for significance. * means
p<0.05, ** means p<0.01, *** means p<0.001, and ****means p<0.0001.
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