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Abstract

A combination therapy using Prussian blue nanoparticles (PBNP) as photothermal therapy

(PTT) agents coated with CpG oligodeoxynucleotides, an immunologic adjuvant, as a
nanoimmunotherapy (CpG-PBNP-PTT) for neuroblastoma (NB) is described. NB driven by
MYCN amplification confers high risk and correlates with a dismal prognosis, accounting for

the majority of NB-related mortality. The efficacy of the CpG-PBNP-PTT nanoimmunotherapy

in a clinically relevant, TH-MYCN murine NB model (9464D) overexpressing MYCN is tested.
When administered to 9464D NB cells in vitro, CpG-PBNP-PTT triggers thermal dose-dependent
immunogenic cell death and tumor cell priming for immune recognition in vitro, measured by

the expression of specific costimulatory and antigen-presenting molecules. In vivo, intratumorally
administered CpG-PBNP-PTT generates complete tumor regression and significantly higher long-
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term survival compared to controls. Furthermore, CpG-PBNP-PTT-treated mice reject tumor
rechallenge. Ex vivo studies confirm these therapeutic responses result from the generation of
robust T cell-mediated immunological memory. Consequently, in a synchronous 9464D tumor
model, CpG-PBNP-PTT induces complete tumor regression on the treated flank and significantly
slows tumor progression on the untreated flank, improving animal survival. These findings
demonstrate that localized administration of the CpG-PBNP-PTT nanoimmunotherapy drives
potent systemic T cell responses in solid tumors such as NB and therefore has therapeutic
implications for NB.

Graphical Abstract

CpG-PBNP-PTT-based nanoimmunotherapy mediates thermal dose-dependent immunogenic cell
death and tumor cell priming in neuroblastoma tumor cells, leading to T cell activation and the
generation of T cell memory. These effects elicit long-term, tumor-free survival, and rejection of
tumor rechallenge in a single tumor model of TH-MYCN neuroblastoma and a potent abscopal
effect, leading to slower tumor progression of distal, untreated tumors in a synchronous tumor
model.
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Introduction

Neuroblastoma (NB) is a prevalent solid tumor of childhood with a 5-year survival rate of
approximately 40% despite intense multimodal treatment regimens. The survival rates are
particularly dismal for patients bearing a MYCN amplification that classifies them as high-
risk NB patients.[!: 2 The therapeutic resistance observed in high-risk NB is due to many
factors, including a complex tumor microenvironment (TME), which includes impaired

T cell activity, reduced immune cell infiltration, along with defective antigen processing
and presentation in NB cells.[3-71 Among immune cells, T cells are crucial players in
antigen-specific recognition and antitumor cytotoxicity, leading to tumor regression and
persistent disease remission. The success of T cell responses relies primarily on the ability
of T cells to act as effectors and generate long-term antigen-specific memory. However, if
tumor cells are able to evade T cell recognition for an extended period, the T cells can
become exhausted and no longer effectively recognize or target the tumor. Thus, it is critical
to develop therapeutic interventions that can reverse T cell exhaustion and optimize and
maintain T cell activity[® ! for better outcomes in high-risk NB patients.
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Here we expand upon our previous work using Prussian blue nanoparticles (PBNPs)

as agents of photothermal therapy (PTT; PBNP-PTT)[10-16] by investigating the

efficacy of PTT using PBNPs coated with unmethylated cytosine-phosphate-guanine
oligodeoxynucleotides (CpG) in a syngeneic, murine model of NB.[17 181 PBNPs are ideal
candidates for use as PTT agents, as they are biodegradable with limited toxicity,[13-15]

and are FDA approved.[2% We have previously reported that PBNP-PTT elicits efficient
conversion of near-infrared (NIR) wavelength light into heat by biocompatible PBNPs
causing local heating of the tumor and stimulating immunogenic cell death (ICD),[10. 13-16]
a favorable cell death phenotype that engages an antitumor immune response.[20. 211 This
triggers release of tumor-associated antigens as well as damage-related molecular patterns
from the dying tumor cells which then stimulates the activation of immune cells to target
nearby un-irradiated residual cancer cells in a system known as the “abscopal effect”.[22-25]
We and others have previously reported that using PTT in combination with immunotherapy
further improves the antitumor response of PTT compared to either therapy administered
alone, by boosting immunity of the treated subjects and extending long-term durable
protection against cancer recurrence.[13 15, 16]

CpG, the immunologic adjuvant that we have attached to PBNPs, is recognized by toll-like
receptor 9 (TLR9) and stimulates a cascade of innate and adaptive immune responses,
[26. 27] and has recently been approved for clinical use in a hepatitis B vaccine by

the FDA[28]. CpG has been previously studied in the context of NB.[13. 15, 16, 29, 30]
Also, Molenkamp et a/. demonstrated that intratumoral injection of CpG alone or in
combination with radiotherapy increases T cell immune response in cancer patients.[31]
However, CpG injected directly into a tumor is rapidly eliminated, thus restricting its
immunostimulatory benefits.[32: 33] By coating CpG onto the PBNPs (CpG-PBNPS), we
prevent its rapid clearance thus increasing its bioavailability in the local TME. We

have previously reported that CpG-PBNP-based photothermal therapy (CpG-PBNP-PTT)
stimulates antigen-presenting cells (APCs), such as dendritic cells (DCs), and helps to
overcome the immunosuppressive TME by triggering a T cell response in the Neuro-2a
model of NB.[15: 16]

However, most immunotherapeutic studies for NB, including our previous studies, use
C1300-derived cell lines such as Neuro-2a, which lack MYCN amplification and the
expression of the GD2 antigen, which is prominently expressed on the surface of high-risk
human NB tumors.[18. 34 Thus, to model high-risk NB patients, in the current study we
explore the potential of locally administered CpG-PBNP-PTT therapy in 9464D TH-MYCN
model. The 9464D TH-MY CN model (referred to as 9464D model hereafter) generated by
Weiss et al. is a transgenic model in which human MYCN is over expressed through a rat
tyrosine hydroxylase ( 7+) promoter.[17. 18. 341 This model shows strong histological and
genetic similarities with human NB including the expression of GD2, thus rendering it a
more clinically relevant model.[35. 36

Several nanoparticle-based platforms have been developed to administer treatments
including photodynamic therapy, chemotherapy, or developmental photoactivated
chemotherapy in combination with photothermal therapy, with encouraging results in
diverse cancer models. [24:37-42] The specific nanoparticle platform selected for treating
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a particular tumor indication depends, among other factors, on the biology of tumor

being treated and the ease of manufacture of the nanoparticles under consideration. To
address ease of manufacture, in the current study, we employ a simple and scalable layer-
by-layer coating scheme to generate stable PBNPs functionalized with CpG (CpG-PBNP)
for use in PTT (CpG-PBNP-PTT) as a minimally invasive method to trigger a robust
systemic antitumor immune response and potentially generate long-term antigen-specific

T cell memory culminating in robust and persistent disease remission in the 9464D

model of NB. The overall treatment scheme and hypothesized mechanism of action is
summarized in (Figure 1). We first test whether CpG-PBNP-PTT “primes” 9464D cells

for recognition by immune effector cells and elicits immunogenic cell death (ICD) as a
function of thermal dose, /n7 vitro. This thermal dose-dependent expression of costimulatory
and antigen-presenting molecules has not been previously studied for PTT. Subsequently, we
analyze the efficacy of CpG-PBNP-PTT to elicit complete tumor regression and robust long
term memaory on single tumor-bearing mice /7 vivo. We then conduct ex vivo co-cultures of
the splenocytes from any long-term surviving, rechallenge mice with 9464D cells to confirm
tumor-specific responses and immunological memory generation by the T cells. These ex
vivo studies involving T cells also represent a novel aspect of our study for PTT. Finally,
we assess the effects of our nanoimmunotherapy to generate a potent abscopal effect in a
synchronous tumor model. Through these studies, we seek to offer CpG-PBNP-PTT as a
potent anti-cancer nanoimmunotherapy leveraging the photothermal heating characteristics
of the PBNPs along with the immunostimulatory properties of both PBNP-PTT and CpG in
a clinically elevant 9464D NB model.

2. Results

2.1. CpG-PBNPs function as effective PTT agents, upregulate molecules implicated in
driving T cell responses, and elicit ICD in 9464D cells in vitro

We employed a layer-by-layer coating techniquel43: 44 to synthesize CpG-PBNPs and
assessed the properties of the resultant CpG-PBNPs by measuring size distributions and zeta
potentials using dynamic light scattering (Figure S1A, B). We analyzed the photothermal
heating properties of the CpG-PBNPs /n vitro which demonstrated a laser power-dependent
increase (0.2 to 1.5 W) in temperature along with an increased thermal dose (expressed as
cumulative equivalent minutes at 43 °C; logy CEM43).145. 461 We observed a maximum
temperature of 77 °C (Figure S1C) and the corresponding thermal dose of 9.58 at a
concentration of 0.15 mg mL~1 CpG-PBNPs and laser power of 1.5 W (Figure S1D).

We further observed that PBNP-PTT- and CpG-PBNP-PTT-treated 9464D cells exhibited

a laser-power dependent thermal injury, as assessed by inverted phase contrast microscope
using Z0x magnification 24 h post treatment. (Figure S1E).

We also analyzed a cohort of 137 pediatric patients with NB via RNA-seq data from

the 2018 NCI TARGET study. We confirmed that high MYCN expression is restricted
to patients with high risk tumors and observed an inverse correlation with the expression
of MYCN and markers of immunogenicity, T cell infiltration and function, immune
suppression, and toll-like receptors (Figure S2A, B). Thus to understand the correlation
between MYCN and immune signatures, we leveraged the 9464D NB model which
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overexpresses MYCN to determine the baseline immunogenicity of these tumors, and assess
the effect of CpG-PBNP-PTT on these immune signatures.

We first measured the induction of MHC molecules which are critical for antigen
presentation to T cells.[47: 48] PBNP-PTT and CpG-PBNP-PTT at 1.5 W significantly
enhanced MHC | expression on 9464D cells as compared to vehicle (Figure 2A, B; Figure
S3A). MHC 11 expression was also significantly higher on 9464D cells treated with PBNP-
PTT at 1.5 W, or CpG-PBNP-PTT at 0.5 W, and 1.5 W, as compared to vehicle (Figure

2C, D; Figure S3B). Next, we examined the effect of CpG-PBNP-PTT on the expression of
costimulatory molecules CD80 and CD86, which play a pivotal role in T cell activation and
proliferation, and their absence can result in T cell anergy or apoptosis.[4%-52] We observed a
significant increase in the expression of CD80, and CD86 post 1.5 W PBNP-PTT, or 1.5 W
CpG-PBNP-PTT as compared to vehicle (Figure 2E-H; Figure S3C-D).

Next, we assessed the potential of CpG-PBNP-PTT to elicit ICD, which is important

to trigger tumor immunogenicity and strengthen therapeutic outcomes.[15: 161 We first
investigated the status of the biochemical correlates indicating ICD, which include cell
surface expression of calreticulin, along with extracellular release of ATP and high mobility
group box 1 (HMGB1).[14. 20. 211 Wwe observed a significant increase in surface calreticulin
after PBNP-PTT at 1.5 W or CpG-PBNP-PTT at 0.5 W and 1.5 W relative to the vehicle
(Figure 21, J; Figure S3E). Further, a decrease in intracellular HMGBL1 levels (suggestive of
HMGB1 release) was observed on treatment with PBNP-PTT at 1.5 W or CpG-PBNP-PTT
at 1.5 W as compared to the vehicle (Figure 2K, L; Figure S3F). Next, we observed a
significant decrease in intracellular ATP levels in cells treated with PBNP-PTT at 0.2 W, 0.5
W and 1.5 W or CpG-PBNP-PTT at 0.2 W, 0.5 W and 1.5 W as compared to vehicle; as well
as PBNPs or CpG-PBNPs treated groups, suggesting significant ATP release (Figure 2M;
Table 1). Finally, we observed that 9464D cells exhibited significantly enhanced cell death
in a laser power-dependent manner with PBNP-PTT at 0.5 W or 1.5 W or CpG-PBNP-PTT
at 0.5 W and 1.5 W (Figure 2N, O). Our /n vitro studies demonstrate that CpG-PBNP-PTT
nanoimmunotherapy is potent in increasing expression of molecules involved in antigen
presentation, costimulatory markers and triggering ICD in 9464D cells when administered at
a specific thermal dose (laser power of 1.5 W).

2.2. CpG-PBNP-PTT triggers complete tumor regression, long-term survival, and
rejection of tumor rechallenge in 9464D tumor-bearing mice

Encouraged by the induction of immune signaling markers and ICD /n vitro culminating

in tumor cell death, we next investigated the potential of CpG-PBNP-PTT to treat 9464D
tumors /n vivo. To study the effect of CpG-PBNP-PTT on the TME, we first established
9464D tumors in C57BL/6J mice and evaluated the phenotype of the resulting tumors

for human NB associated genes (Figure S4A). Most importantly, for the correlation to
human tumors, we observed the expression of GD2 synthase (one of the key enzymes in
the production of the disialoganglioside GD2) in 9464D cells, which is not expressed in
other NB mouse models.[28! Interestingly, our /7 vitro studies also showed significantly
upregulated expression of the GD2 antigen in 9464D cells treated with PBNP-PTT (1.5 W)
or CpG-PBNP-PTT (0.5 W and 1.5 W) (Figure S4B-D).
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Next, we tested the therapeutic efficacy of our nanoimmunotherapy. For these studies
9464D cells were inoculated in the mice (Day 0). Tumor-bearing mice (~ 5 mm tumors;
Day 18 were divided into three treatment groups (n=5/group); 1) Vehicle, 2) PBNP-PTT,
and 3) CpG-PBNP-PTT, and the treatments were conducted accordingly (Figure 3A). The
maximum temperature maintained during PTT was ~120 °C as measured by a thermal
imaging camera (Figure 3B). The corresponding thermal dose administered was ~23.5
(log (> CEMA43)) for both the PBNP-PTT or CpG-PBNP-PTT treated groups (Figure 3C).
Importantly, 100% of mice (5/5) treated with CpG-PBNP-PTT exhibited complete tumor
regression and survival on Day 80 post tumor inoculation compared to 60% (3/5) PBNP-
PTT-treated mice (Figure 3D). However 100% of vehicle treated mice (5/5) succumbed to
high tumor burden by Day 65 (median survival 38 days) (Figure 3D, E).

In order to elucidate whether CpG-PBNP-PTT generated immunological memory and
conferred protection against tumor recurrence, we rechallenged the surviving mice from
PBNP-PTT or CpG-PBNP-PTT groups with one million 9464D cells on Day 80. We
observed that 2 of 3 surviving mice in the PBNP-PTT-treated group survived tumor
rechallenge (Figure 3F). Remarkably, 4 of 5 CpG-PBNP-PTT treated mice exhibited
protection against the tumor rechallenge and continued to survive tumor-free for an
additional 45 days (Day 125 in the study) at which point they were sacrificed for
downstream analysis (Figure 3G). Thus, long-term survival after tumor inoculation and
rechallenge at Day 125 was 80% for tumor-bearing mice treated with CpG-PBNP-PTT, two-
fold higher than that observed in mice treated with PBNP-PTT (40%). Taken together, our
findings suggest CpG-PBNP-PTT is a robust therapy capable of inducing tumor regression,
long-term survival, and protection against tumor rechallenge in the 9464D NB model.

2.3. Tcells isolated from long-term surviving, PTT-treated mice exhibit long-term memory
and a tumor-specific T cell response ex vivo

In order to elucidate the antitumor effects triggered by CpG-PBNP-PTT, we analyzed the
levels of T cells in the spleens of the long-term surviving, rechallenged mice on Day 125. In
this study, as a treatment-naive control group (control), we used age-matched mice that were
inoculated with one million 9464D cells. When tumors in these animals reached ~15 mm,
we sacrificed mice from treatement naive, control group (n = 4), PBNP-PTT-treated (n = 2)
and CpG-PBNP-PTT-treated (n = 4) groups on the same day (Day 125 for the rechallenged
mice) for downstream analysis.

We observed a significant increase in CD3+ lymphocytes in the spleens of PBNP-PTT and
CpG-PBNP-PTT rechallenged mice; compared to the spleens of mice in the control group
(Figure 4A, B). However, there were no statistically significant differences in the numbers of
CDA4+ or CD8+ T cells between treatment groups (Figure 4C-E). Development of long-term,
antigen-specific memory is a hallmark of the adaptive immune system.[53. 541 Expression of
the adhesion molecule CD44 is observed on memory cells distinguishing it from the naive

T cells.153] Further, CD69 is a key marker found on the tissue-resident memory T cells,

and is prominently expressed on memory T cells both in humans and mice at various sites
including, lymph nodes, liver, skin, intestines, and lungs.[]

Adv Nanobiomed Res. Author manuscript; available in PMC 2022 August 01.
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We observed a significant increase in the CD3+ CD44+ memory cells in the spleens of
PBNP-PTT and CpG-PBNP-PTT rechallenged mice as compared to mice in the control
group (Figure 4F, G). We also observed a significant increase in the CD69 expressing CD4+
T cells in PBNP-PTT and CpG-PBNP-PTT rechallenged mice as compared to control mice
(Figure 4H, I).

Memory T cells can be further classified into central memory T cells (T¢p) and

effector memory T cells (Tgp) depending on their proliferative capacity, effector

function, and migration potential. While protective memory is mediated by Tgp that

display immediate effector function, Tcp cells home to secondary lymphoid organs and
provide reactive memory by readily proliferating and differentiating to effector cells

upon antigenic stimulation.[37: 571 Therefore, to understand the T cell responses driving

the rejection of 9464D tumor rechallenge, we measured the proportions of both T
(CD3+CD62L+CD44+) and Tgp (CD3+CD62L-CD44+) cells for the CD4+ and CD8+
populations in the spleens of the various treatment groups. We observed that the percentage
of CD4+ Ty and CD4+ Tgy cells was significantly higher in PBNP-PTT or CpG-PBNP-
PTT rechallenged mice as compared to mice in the control group (Figure 5A-C). We
observed no significant difference in the percentage of CD8+ T\ cells, however the
percentage of CD8+ Tgp cells was significantly increased in the PBNP-PTT or CpG-PBNP-
PTT treated rechallenged groups compared to control (Figure 5D-F), indicating that a robust
immunologic memory is elicited by PTT-based treatments.

Building on these observations, we performed an ex vivo study using isolated splenic T cells
from the PBNP-PTT (n = 2) or CpG-PBNP-PTT (n = 4) rechallenged or treatment-naive
control mice (n = 4; same animals/treatment groups used in Figure 4) and co-cultured them
with 9464D cells to confirm the establishment of a 9464D cell-specific immunological
memory post-rechallenge. T cells isolated from the spleens of control, PBNP-PTT, or CpG-
PBNP-PTT rechallenged mice were cultured for four days in the presence of IL-2, anti-CD3,
and anti-CD28 (Figure S5A), following which we co-cultured them with 9464D cells for
two days. Importantly, we observed a significant decrease in the percentage of CD4+ T
cells and a significant increase in the percentage of both CD4+ and CD8+ Tgy cells in

the PBNP-PTT and CpG-PBNP-PTT rechallenged mice as compared to the control mice
(Figure 5G-L). These data support the idea that tumor-specific memory T cells can become
reactivated upon re-exposure to 9464D cells.

We further analyzed the tumor-specific memory developed by our nanoimmunotherapy by
evaluating the percentage of live GD2+ 9464D cells in the co-culture (Figure S5B). We
observed a significant decrease in live GD2+ 9464D cell population in the PBNP-PTT

or CpG-PBNP-PTT rechallenged mice compared to control mice (Figure 5M, N). These
data suggest that our nanoimmunotherapy generated a potent tumor-specific cytotoxicity,
as decreased GD2+ staining in the co-culture is suggestive of T cell-mediated 9464D cell
killing. Important to note here that although we do not observe a statistically significant
difference in the magnitude of responses (e.g. %CD3+CD44+ or %CD4+ effector memory
cells) between the PBNP-PTT and CpG-PBNP-PTT treatments for the assays/analyses in
Figures 4 and 5, which may suggest that the CpG coating does not provide any benefit over
PBNP-PTT. Importantly we must take into account that the PBNP-PTT group comprised
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of 2 out of 5 mice that were able to survive the rechallange where as 3 of the 5 mice had
already succumbed to the tumor burden. However CpG-PBNP-PTT treatment significant
improved the therapeutic outcomes and comprised of 4 out of 5 mice (2-fold increase in
long-term survival, Figure 3), suggesting the importance of the CpG coating for treatment
outcomes.

2.4. CpG-PBNP-PTT eradicates primary tumors, slows secondary tumor growth, and
improves survival in synchronous 9464D tumor-bearing mice

To determine the PTT-based T cell response in a disseminated tumor model, we established
a synchronous tumor model, where one million 9464D cells each were simultaneously
inoculated in both flanks of mice. Synchronous (two) tumor-bearing mice were randomly
divided into five treatment groups (n=5/group): 1) Vehicle (PBS), 2) PBNP, 3) CpG-PBNP
(no laser irradiation), 4) PBNP-PTT, and 5) CpG-PBNP-PTT (Figure 6A, B). For these
studies, the tumor that reached a size of 5 mm (~60 mm3) first (i.e. the larger tumor) was
designated as the “primary” tumor (4.5-5mm) and treated with the treatments in groups
1-5. The contralateral tumors in these groups (designated “secondary” tumor), which were
generally slightly smaller(4—4.7mm), were left untreated to evaluate the abscopal effect

of the treatments. A maximum tumor temperature of ~120 °C was maintained attained
during PTT (Groups 4 and 5), which was measured using a thermal imaging camera
(Figure 6C) and the corresponding thermal doses were ~24.4 log (3 CEM43) (Figure

6D). Both PBNP-PTT and CpG-PBNP-PTT generated complete regression of primary
tumors in 100% of mice, compared to 0% of vehicle-treated, PBNP-treated, and CpG-
PBNP-treated mice (Figure 6E (a-e); Figure 6G; Table 2). Additionally, mice treated with
either PBNP-PTT or CpG-PBNP-PTT exhibited significantly delayed tumor progression

of secondary tumors, compared to mice in the vehicle-treated and PBNP-treated groups
(Figure 6F (a-¢); Figure 6H; Table 2). The tumor progression in secondary tumors of the
PBNP-PTT-treated or CpG-PBNP-PTT-treated mice at day 50 was significantly delayed
with respect to CpG-PBNP-treated mice demonstrating the abscopal effect elicited by

our PTT-based nanoimmunotherapy (Figure S6; Table 2). In line with these findings, we
observed that un-irradiated PBNPs or CpG-PBNPs was unable to extend survival benefits to
the tumor-bearing mice relative to vehicle-treated mice. However, all animals irradiated with
PTT (PBNP-PTT or CpG-PBNP-PTT) exhibited significantly increased survival relative to
vehicle-treated and PBNP-treated controls (Figure 6H; Table 3). There was also a significant
increase in the survival of the CpG-PBNP-PTT treated mice relative to the CpG-PBNP-
treated mice (p < 0.05). Although there was no statistically significant difference in survival
between the CpG-PBNP-PTT or PBNP-PTT treated groups, the median survival was higher
for the CpG-PBNP-PTT-treated group (62 days) versus the PBNP-PTT-treated group (59
days), which can likely be attributed to the presence of the CpG coating on the CpG-PBNPs
used for PTT. Based on these findings, we conclude that this nanoimmunotherapy potently
eradicated the primary tumors and generated an abscopal effect on contralateral tumors

as evident by the significantly delayed tumor progression, and increased survival relative

to vehicle-treated and PBNP-treated groups for PBNP-PTT, and all others groups for CpG-
PBNP-PTT; except CpG-PBNP-PTT vs. PBNP-PTT where there was a slight increase in
median survival.
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3. Discussion

Here we illustrated a CpG-PBNP-PTT-mediated nanoimmunotherapy that triggered systemic
antitumor immune responses, leading to long-term antigen-specific T cell memory,
providing robust and persistent tumor remission in a clinically relevant syngeneic, 9464D
model of NB. Our previous studies in Neuro-2a NB suggest that PBNP-PTT triggers ICD.
[14. 15] Further, CpG-PBNPs were also observed to activate DCs which then culminates

in T cell activation.[X> 16] To mechanistically define the role of the T cell response of

our novel nanoimmunotherapy in a clinically relevant MYCN overexpressing NB model,
we first focused on T cell activation. T cell activation relies on the MHC I/MHC Il and

T cell receptor (TCR) interaction. While MHC | molecules are known to be expressed

by most nucleated cells, MHC Il molecules were initially believed to be expressed only

by professional antigen-presenting cells. However, recent reports suggest the expression of
MHC Il and components related to its pathway on a variety of human tumor cells, including
many solid tumors like melanoma, breast cancer, prostate cancer, glioma, colorectal cancer,
where they play a pivotal role in T cell activation.[48: 58-65]1 Fyrther studies in multiple
tumor types have reported an association between MHC Il expression on tumor cells and

a favorable prognosis.[44] Our /n vitro studies revealed that PTT mediates increases in both
MHC I and MHC 11 on 9464D cells at a specfic thermal dose (Figure 2D-G), suggestive of
engaging the first step in T cell activation (antigen presentation).

The MHC:TCR crosslinking is the initial step in T cell activation, followed by the
crosslinking of costimulatory molecules with this complex that initiates T cell proliferation
and survival.[5] Thus, we next investigated the expression of costimulatory molecules CD80
and CD86, which are known to interact with CD28 to activate both naive and memory T
cells.[48. 51, 66] Fyrther, the paucity of these costimulatory molecules is linked to T cell
anergy,[591 and their overexpression on tumor cells enhances antitumor immune response,
which has been explored in several cancer immunotherapy clinical trials.[4% 51. 671 our
findings revealed significantly higher expression of CD80 and CD86 in high thermal dose
PTT-treated groups as compared to controls (Figure 2H-K), suggesting that PTT primes
these cells for immune recognition at this thermal dose. Non-immunogenic “cold” tumor
cells, like NB, have typically downregulated or lost their antigen-presenting capabilities,
along with low expression of costimulatory molecules.[50. 68,691 Here, we have shown that
PBNP-PTT or CpG-PBNP-PTT can reverse this downregulation and elicit expression of
both costimulatory molecules and markers involved in antigen presentation. Thus our /in
vitro findings illustrate that our nanoimmunotherapy has the potential to prime the tumor
cells for immune cell recognition by upregulating MHC I, MHC |1, CD80, and CD86. It

can further trigger the immunogenic responses by causing ICD (Figure 2L-R), findings
consistent with earlier studies by our group that show PBNP-PTT leading to cytotoxicity
and ICD generation in another NB model.[14. 131 Interestingly, we also observed significantly
higher GD2 expression on 9464D cells after treatment with 1.5 W PBNP-PTT or CpG-
PBNP-PTT. The current standard treatment for high-risk NB involves anti-disialoganglioside
GD2 monoclonal antibody that targets GD2 on neuroblasts.[70: 711 Therefore3, the PTT-
mediated enhanced GD2 expression observed here may offer an improved response to this
current treatment modality (Figure S4B, C).
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Another critical feature of a robust T cell response is the generation of long-term
immunological memory. To investigate whether PBNP-PTT or CpG-PBNP-PTT could
confer immunological protection against relapse, we rechallenged the long-term surviving
PBNP-PTT or CpG-PBNP-PTT treated mice with one million 9464D cells on Day 80.
80% of mice in the CpG-PBNP-PTT treatment group rejected rechallenge, compared to
40% in the PBNP-PTT treatment group, indicating the development of a robust antitumor
immunological memory generated by CpG-PBNP-PTT based nanoimmunotherapy (Figure
3D-G).

To further illustrate a robust T cell memory suggested by the rechallenge studies, we first
analyzed the infiltration of T cells in the spleens of rechallenged mice. T cells play a critical
role in eliciting immune responses and influencing the clinical outcome against various
diseases, including autoimmune diseases, infection, allergic diseases, and cancer.[52: 721 We
found significantly higher infiltration of CD3+ cells (Figure 4A-B) along with a significant
increase in CD3+ CD44+ memory cells in the spleens of PBNP-PTT and CpG-PBNP-PTT
treated mice that survived rechallenge, compared to treatment-naive, control mice (Figure
4F, G). Further there was a significant increase in the CD69 expression on CD4+ T cells,
which is a key marker for tissue resident memory T cells both in humans and micel>¢]

( Figure 4H, I).

We also found an increase in CD4+ central and effector memory along with CD8+

effector memory T cells in the spleens of the surviving CpG-PBNP-PTT and PBNP-PTT
rechallenged mice compared to the treatment-naive, control mice (Figure 5A-F). Central
memory T cells are responsible for long-term memory and usually reside in the T cell niche
of secondary lymphoid organs, however on antigenic stimulation they readily proliferate
and differentiate into effector memory T cells which then elicit immediate effector function.
[73. 74] Building upon our /n vivo study, we validated the generation of a long-term antigen-
specific T cell memory response in the ex vivo co-culture analysis. Importantly, we observed
a decrease in the CD4+ central memory and an increase in the CD4+ and CD8+ effector
memory upon co-culturing the T cells with 9464D cells, suggesting the generation of
antigen-specific memory in the T cells, critical to the rejection of tumor rechallenge (Figure
5G-L). Further, we observed a T cell mediated 9464D tumor cells killing upon co-culture,
suggestive of tumor-specific memory (Figure 5M, N), a key criteria for therapeutic success.

Finally, we evaluated the potential of CpG-PBNP-PTT to elicit an abscopal effect in a
synchronous tumor model (Figure 6). This aspect is particularly important as approximately
70% of NB cases present with metastatic disease at initial diagnosis.[”>] Thus, an effective
robust treatment should be able to extend its effects to more distant sites of tumor
dissemination. Induction of abscopal effect is shown to involve activation of a systemic
antitumor immune response against tumor antigens.[?4. 251 Qur results indicated complete
tumor regression on the PTT-treated flank (Figure 6E (a-€)) and a significantly slower
tumor progression on the untreated flank of PBNP-PTT- and CpG-PBNP-PTT-treated mice
compared to vehicle-treated nice(Figure 6F (a-e)), with significantly enhanced long-term
survival in the PBNP-PTT- and CpG-PBNP-PTT-treated mice compared to vehicle treated
mice thus extending its abscopal effect to the secondary tumor site. Although we were
unable to observe a statistically significant difference in survival between PBNP-PTT
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and CpG-PBNP-PTT in the synchronous tumor model with CpG-PBNP-PTT yielding
only a modest increase in median survival compared to PBNP-PTT, we are investigating
combinations of CpG-PBNP-PTT with other immunotherapies checkpoint inhibitors or
immune effector cell therapies to better exploit any therapeutic advantage offered by the
CpG coating (as observed in the single tumor model).

Overall, we observed that CpG-PBNP-PTT nanoimmunotherapy potently triggered strong
antitumor immune responses with abscopal effects driven by T cell activation and long-term
robust tumor-specific T cell memory. We elucidated that the antitumor effects CpG-PBNP-
PTT are mediated by direct killing of cancer cells by PTT, along with generation of ICD and
upregulation of immunostimulatory molecules, which ultimately leads to T cell activation
and generation of tumor-specific T cell memory that prevents tumor relapse. As we tested
our nanoimmunotherapy in a syngeneic preclinical NB model, there is potential to build
upon these promising results for clinical translation.

4. Experimental Section

4.1.

4.2.

Materials

Nanoparticles were synthesized using DI water, Potassium hexacyanoferrate (1)

trihydrate (MW 422.39; K4[Fe(CN)g]-3H,0), iron (111) chloride hexahydrate (MW 270.3;
Fe(Cl)3:6H,0), Poly (ethylenimine) (PEI, MW 2,000, Mn 1,800, 50% w/v in H,0), acetate
buffer (pH 5.2), citric acid, acetone, and ethanol obtained from Sigma-Aldrich (St. Louis,
MO, USA). Murine CpG oligodeoxynucleotide (CpG) TLR9 ligand (ODN 1585; Class

A) was purchased from InVivoGen (San Diego, CA, USA). Fluorescent antibodies against
HMGB1 (EPR3507) and calreticulin (FMC75) were purchased from Abcam (Cambridge,
UK). Dulbecco’s Modified Eagle Media, non-essential amino acids, antibiotic/antimitotic,
and B-Mercaptoethanol were purchased from Thermo Fisher (Waltham, Massachusetts).
Fetal bovine serum (FBS) was purchased from Atlanta Biologicals (Flowery Branch, GA).
CD28 (37.51) and CD3e (145-2C11) antibodies were purchased from eBioscience (San
Diego, CA). TexMACS Medium and mouse Pan T Cell Isolation Kit Il were purchased from
Miltenyi Biotec (Bergisch Gladbach, Germany).

Pediatric NB analyses

The results published here are based upon data generated by the Therapeutically Applicable
Research to Generate Effective Treatments (TARGET, https://ocg.cancer.gov/programs/
target) initiative, (NB, phs000467). The data used for this analysis are available at https://
portal.gdc.cancer.gov/projects. Data from the NB (TARGET, 2018) study was obtained
through Pediatric cBioPortal, downloaded in June 2020[73-75]. MYCN expression in NB
risk groups was compared using one-way ANOVA. The heat map was generated through
Pediatric cBioPortal. 139 patients annotated with RNA-seq data from TARGET 2018 study
were chosen for this analysis, but patients TARGET-30-PASSWW, TARGET-30-PARGKK
were excluded as their transcriptomes were not complete.
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4.3. Nanoparticle synthesis and characterization

PBNPs were synthesized using a one-pot synthesis system as previously described,[1°]
where an aqueous solution of 1.0 mM FeCl3-6H,0 and 0.5 mM citric acid in 20 mL of

DI water was mixed with 20 mL aqueous solution containing 1 mM K4Fe(CN)g-3H,0 and
0.5 mM citric acid with vigorous stirring. The resulting precipitate containing PBNPs was
isolated by adding equal volumes of acetone and centrifuging at (10,400 xg for 10 minutes)
at room temperature (RT). The collected PBNPs were rinsed three times and resuspended
in Milli-Q water by sonication for 5 s using a Q500 sonicator (QSonica LLC, Newton, CT,
USA) at high power (amplitude = 40 %).

CpG-PBNPs were synthesized using a layer-by-layer coating approach[1%], where PBNPs
(3 mg mL~1) were contacted with equal volumes of PEI (12 mg mL™1) in acetate buffer

(pH 5.2) at RT for 1 h on an orbital shaker. PEI-coated PBNPs (PEI-PBNPs) were washed
four times in 50 mL ethanol and centrifuged at 10,400 xg for 10 minutes and resuspended
by sonication in Milli-Q water. We further coated 500 uL PEI-PBNPs (2 mg mL™1) with
300 pL of an aqueous solution of CpG (containing 100 ug CpG in endotoxin-free water)
under stirring at RT for 15 minutes. The resultant CpG-coated PEI-PBNPs (CpG-PBNPs)
were collected by centrifuging the mixture at 21,000 xg for 15 minutes. Dynamic light
scattering on a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) was used to measure
the stability of the nanoparticles by measuring the size (hydrodynamic diameter) and charge
distributions (zeta potential) of the PBNPs, PEI-PBNPs, and CpG-PBNPs.

4.4. In vitro cell culture

The transgenic murine NB cell line 9464D, derived from spontaneous tumors from TH-
MYCN transgenic mice on C57BL/6J background, were provided by Dr. Carol Thiele
(Pediatric Oncology Branch, NIH, Bethesda). 9464D cells were cultured in DMEM
containing 10% FBS, 1% non-essential amino acids, 0.5% antibiotic/antimycotic, and 0.05%
B-mercaptoethanol. All cells and were tested negative for mycoplasma contamination.

4.5. Invitro PTT experiments

Five million 9464D cells were exposed to varying degrees of laser power (0.2 W cm=2

to 1.5 W cm™2) for 10 minutes with a fixed concentration (0.15 mg mL~1) of PBNPs or
CpG-PBNPs using an 808 nm NIR continuous wave, collimated diode laser (Laserglow
Technologies, Toronto, ON, Canada) in 1.5 mL tube. A power meter (Thorlabs, Newton, NJ)
was used to confirm the laser power administered in each study. Time-based temperature
measurements were captured using an i7 thermal imaging camera (FLIR, Arlington, VA,
USA) at 1 minute interval for 10 minutes. 9464D cells were plated in 6-well plate and
incubated at 37 °C under 5% CO2 post treatment, and visualized under the inverted phase
contrast microscope (Leica DMil Inverted Microscope, Leica Microsystems) post 24 h

for morphological changes using 10X magnification. The cells were further analyzed for
viability using the CellTiter-Glo assay (Promega Corporation, Madison, WI) according to
manufacturer’s instruction. Briefly, CellTiter-Glo reagent was added to the wells (50 pL

and 50 pL media) and incubated at room temperature for 10 min in the dark and then the
luminescence was recorded using SpectraMax i3x (Molecular Devices, LLC. San Jose, CA).
Blank wells (media alone) were measured for luminescence and subtracted from the values
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in experimental wells. Results were expressed as a percentage of vehicle treated control
cells. For flow cytometric analysis 24 h post treatment, cells were blocked using TruStain
FcX (anti-mouse CD16/32) Antibody (101320) and then stained with PE/Cy7 anti GD2
(357308), APC/Fire 750 anti MHC | (114618), Alexa Fluor 488 anti MHC 11 (116410),
Brilliant Violet 605 anti CD80 (104729), Pacific Blue anti CD86 (105022), and Zombie
Violet Fixable Viability Dye (423114) purchased from BioLegend (San Diego, CA). Alexa
Fluor 647 anti HMGB1 (ab195011) and PE anti calreticulin (ab83220) were purchased
from Abcam (Cambridge, UK); all antibodies were used at 1:100 dilution. Stained cells
were visualized on the BD Celesta Cell Analyzer (BD Biosciences Franklin Lakes, NJ) and
analyzed using FlowJo (Ashland, OR) software and only live single cells were gated for
analysis (Figure S7). All jn vitro experiments were conducted in triplicate.

In vivo studies

All animal studies were approved by the Institutional Animal Care and Use Committee
(IACUC) at the George Washington University, Washington, DC, USA (Protocol # A396).
Humane care of the animals was ensured in accord with IACUC guidelines. For all /n

vivo studies, five-week-old female C57BL/6J mice purchased from Jackson Laboratory (Bar
Harbor, ME, USA) and acclimated for a week. The tumor sizes were measured twice a
week using a digital caliper, and the tumor volume was estimated by calculation as Volume
(mm?3) = (length x width?) / 2. Animals were euthanized through cervical dislocation after
CO, narcosis when tumor sizes reached 15 mm diameter in any dimension or ulcerations
occurred. If the animals displayed any signs of distress they were immediately euthanized.

In vivo NB model

The 9464D model was established by subcutaneously inoculating one million 9464D cells in
100 pL PBS in 5-6 week old female C57BL/6J mice (The Jackson Laboratory, Bar Harbor,
ME), as described by Kroesen et a/[18] Mice were treated when tumors reached a diameter
of at least 5 mm (~60 mm3). For the synchronous tumor model, one million 9464D cells
were inoculated in both flanks of mice simultaneously. The tumor that reached a size of

5 mm (~60 mm3) first (i.e. the larger tumor) was designated as the “primary” tumor and
treated. The contralateral tumors (generally slightly smaller; designated as the “secondary”
tumor ) were left untreated to evaluate the abscopal effect of the treatments.

To confirm the establishment of the model, total RNA was extracted from the mice tumor
cells using the RNeasy Mini Kit (Cat# 74104) following the manufacturer’s instructions
(Qiagen, Hilden, Germany) and quantified using ND-1000 NanoDrop Spectrophotometer
(NanoDrop Technologies, Inc., Wilmington, DE). The cDNA was synthesized using

iScript cDNA synthesis kit (Bio-Rad, 1708891), and mRNA was quantified using MyIQ
single-color real-time PCR detection system (Bio-Rad, Hercules, CA) and iQ SYBR

green Supermix (Bio-Rad, 1708882). Primers (Table 4) were customized from Invitrogen
(Waltham, Massachusetts, USA) and checked for correct amplification and dissociation of
the PCR products. mRNA expression was determined relative to PBGD expression using the
method described by Kroesen et a/[18]
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In vivo PTT

For single tumor studies, mice were randomly divided into 3 groups when tumors reached

a diameter of at approximatley 5 mm (~60 mm3) (n=5/group): 1) Vehicle (intratumoral

(i.t.) injection of 50 pL PBS on day 0), 2) PBNP-PTT (i.t. injection of 50 pL of 1 mg

mL~1 PBNPs and irradiated with NIR laser to temperature of 120°C for 10 minutes), and

3) CpG-PBNP-PTT nanoimmunotherapy (i.t. injection of 50 uL of 1 mg mL~1 CpG-PBNP
with 2 pg bound CpG, irradiated with NIR laser to reach a maximum temperature of 120°C
for 10 minutes, 50 uL CpG-PBNP boosts were administered at the initial site of tumor
(without PTT) on days 2 and 5 ). Surviving mice were rechallenged with one million 9464D
cells ~80 days post tumor-free survival to assess the immunological memory.

Synchronous tumor-bearing mice were randomly divided into five groups (n=5/group): 1)
\ehicle (injected i.t. with 50 pl PBS on day 0), 2) PBNP (i.t. injection of 50 puL of 1 mg
mL-1 PBNP), 3) CpG-PBNP (i.t. injection of 50 uL of 1 mg mL-1 CpG-PBNP with 2 ug
bound CpG (without PTT) on days 0, 2, and 5), 4) PBNP-PTT (i.t. injection of 50 uL of

1 mg mL-1 PBNPs and irradiated with NIR laser to temperature of 120°C for 10 minutes),
and 5) CpG-PBNP-PTT (i.t. injection of 50 uL of 1 mg mL-1 CpG-PBNPs with 2 ug
bound CpG, irradiated with NIR laser to temperature of 120°C for 10 minutes, CpG-PBNPs
boosts were administered at the initial site of tumor (without PTT) on days 2 and 5). The
tumor that reached a size of 5 mm (~60 mm3) first (i.e. the larger tumor) was designated
as the “primary” tumor and treated. The contralateral tumors (generally slightly smaller;
designated as the “secondary” tumor) were left untreated to evaluate the abscopal effect of
the treatments.

Mice were anesthetized during the procedure using 2-5% isoflurane. Temperatures attained
during PTT treatment were monitored using the i7 FLIR camera. Tumor growth of the mice
was monitored following inoculation and treatments by routine caliper measurements.

Ex vivo T cell studies

T cells were isolated from the spleens of either treatement naive, control group or PBNP-
PTT- /CpG-PBNP-PTT-treated mice (125 days post tumor inoculation and rechallenge for
these PTT-treated groups) using a Pan T Cell Isolation Kit Il (Miltenyi Biotec). For the
treatement naive, control group we used age-matched mice that were inoculated with one
million 9464D cells and euthanized when their tumors reached ~15 mm diameter. This was
scheduled so that we were able to acquire spleens of mice from the treatement naive, control
group, PBNP-PTT- and CpG-PBNP-PTT-treated groups on the same day for downstream
analysis. T cells were expanded /n vitro for 4 days using TexXMACS medium supplemented
with 100 U mouse Recombinant IL-2 (STEMCELL Technologies) in the presence of
anti-CD3 and anti-CD28 antibodies. Subsequently, 9464D cells were co-cultured with the
T cells for 2 days, after which the cells were blocked using TruStain FcX (anti-mouse
CD16/32) antibody and then stained with fluorescent antibodies APC anti CD3, Brilliant
Violet 421 anti CD4, Alexa Fluor 488 anti CD8, APC/Cy7 anti CD44, Brilliant Violet 650
anti CD62L, and PE/Cy7 anti GD2 and Zombie Violet Fixable Viability Dye; all antibodies
were used at 1:100 dilution. Stained cells were visualized on the BD Celesta Cell Analyzer
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(BD Biosciences Franklin Lakes, NJ). Flow cytometry results were analyzed using FlowJo
(Ashland, OR) software and only live single cells were gated for analysis.

4.10. Statistical analysis

1. Pre-processing of data: Normalization was used in this study to represent flow cytometry
count data (normalized to mode) and the expression of intracellular ATP levels in the
various treatment groups (as a percentage of the vehicle-treated group). All animal studies
were performed in a non-blinded fashion, and mice that attained similar average volumes

of the primary tumors were randomized into the various treatment groups. All other data
acquired in this study were presented as acquired without any transformation or exclusion of
outliers. 2. Data presentation: results obtained in this study are expressed as mean + standard
deviation. 3. Sample size (n) for each statistical analysis: All in vitro studies had a sample
size of n = 3. All in vivo studies had a sample size of n = 5. For the ex vivo studies, sample
sizes were as follows; treatment-naive group (n = 4), PBNP-PTT (n = 2), CpG-PBNP-PTT
(n = 4) for spleen samples and treatment-naive group (n = 4), PBNP-PTT (n = 2), CpG-
PBNP-PTT (n = 3) for co-culture samples. 4. Statistical methods: To assess statistically
significant differences between treatment groups, a one-way or two-way ANOVA followed
by Tukey’s multiple comparison tests were performed. To assess statistical differences in
animal survival post-treatment, log-rank (Mantel-Cox) tests were performed. Data were
approximated as normally distributed assuming variance was similar between the treatment
groups. Statistical significance throughout the study is indicated as *p < 0.05, **p < 0.01,
***n < 0.001, and ****p < 0.0001. 5. Software used for statistical analysis: analysis was
performed using the Prism 8.1.1 software (GraphPad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of the mechanism of action of the CpG-PBNP-PT T-based
nanoimmunotherapy in the TH-MYCN model of neuroblastoma (NB).

The CpG-PBNP-PTT-based nanoimmunotherapy mediates tumor cell priming along with
immunogenic cell death (ICD) administered at a specific thermal dose, leading to T cell
activation and generation of potent T cell memory, which can elicit long-term, tumor-free
survival, and rejection of tumor rechallenge in a TH-MYCN model of NB. Further, the
nanocimmunotherapy generates a potent abscopal effect, which slowers the progression of
distal, untreated tumors enhancing the survival in the TH-MYCN NB model.
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Figure 2. CpG-PBNP-PTT-induced immune modulation and ICD in 9464D NB cells in vitro.
9464D NB cells cultured /n vitro were treated with vehicle (PBS), laser (1.5 W), PBNPs

(0.15 mg mL™1), CpG-PBNPs (0.15 mg mL™1), PBNP-PTT (0.15 mg mL~1 at 0.2, 0.5,

and 1.5 W), or CpG-PBNP-PTT (0.15 mg mL~1 at 0.2, 0.5, and 1.5 W), and analyzed

24 h post PTT. (A-B) Surface MHC | expression levels in the various treatment groups
analyzed by flow cytometry represented as (A) histograms, and (B) MFI (mean fluorescence
intensity). (C-D) Surface MHC Il expression levels in the various treatment groups analyzed
by flow cytometry represented as (C) histograms, and (D) MFI. (E-F) Surface CD80
expression levels in the various treatment groups analyzed by flow cytometry represented

as (E) histograms, and (F) MFI. (G—H) Surface CD86 expression levels in the various
treatment groups analyzed by flow cytometry represented as (G) histograms, and (H) MFI.
(1-J) Surface calreticulin expression levels in the various treatment groups analyzed by

flow cytometry represented as (1) histograms, and (J) MFI. (K-L) Intracellular HMGB1
expression levels in the various treatment groups analyzed by flow cytometry represented as
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(K) histograms, and (L) MFI. (M) Intracellular ATP levels in the various treatment groups
(as % of the vehicle-treated group) analyzed by CellTiter-Glo luminescent cell viability
assay. (N-O) Quantification of cell death in the various treatment groups analyzed by flow
cytometry represented as (N) histograms, and (O) as % of the vehicle-treated group. Results
are expressed as mean = std. deviation (n=3); *p < 0.05, **p < 0.01, ***p < 0.001, ****p<
0.0001 (ANOVA). FMO (fluorescence minus one control).
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Figure 3. Effect of CpG-PBNP-PTT on tumor regression and long-term survival in a primary;,
9464D model of NB.

(A) Schematic of the treatments. (Left) Mice bearing ~5 mm diameter 9464D tumors were
treated with vehicle (PBS), PBNP-PTT or CpG-PBNP-PTT,. (Right) The vehicle group
received 50 pL of PBS intratumorally (i.t.), The PTT-treated groups received 50 L of 1
mg mL~1 PBNPs or CpG-PBNPs i.t., and were irradiated with an 808 nm laser for 10
minutes at a temperature maintained at 120 °C. Additionally, the CpG-PBNP-PTT group
received two boosters with CpG-PBNPs on days 2 and 5. The dosage of CpG for this
group was 2 pug of CpG conjugated onto PBNP on days 0, 2, and 5 i.t.. (B—C) Temperature
versus time profiles (B) and thermal doses administered expressed in cumulative equivalent
minutes at 43 °C (log(3 CEM43)) (C) of 9464D tumor-bearing mice treated i.t. with 50 pL
of 1 mg mL~1 CpG-PBNPs or PBNPs and irradiated with a NIR laser at 120°C for 10
minutes. (D) Kaplan—Meier survival plots of 9464D tumor-bearing mice that were treated
with CpG-PBNP-PTT, PBNP-PTT, or vehicle (PBS) on Day 18 and rechallenged on Day
80. (E-G) Individual tumor growth curves of 9464D tumor-bearing mice receiving vehicle
(PBS) (E), PBNP-PTT (F), or CpG-PBNP-PTT (G). Results are expressed as mean + std.
deviation; (n=5); *p < 0.05, **p < 0.01 (ANOVA).
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Figure 4. Immunostimulatory effects of CpG-PBNP-PTT on long-term surviving rechallenged
mice.

(A) Representative histograms of CD3+ cells in the spleens of PBNP-PTT and CpG-PBNP-
PTT rechallenge mice compared to age-matched, treatment-naive control mice. (B) %CD3+
cells in the PBNP-PTT and CpG-PBNP-PTT rechallenged mice as compared to mice

in the control group. (C) Representative scatter plots of CD4+ and CD8+ cells (gated

on CD3+ cells) in the splenocytes of rechallenged mice compared to control mice. (D)
%CDA4+ cells in the PBNP-PTT and CpG-PBNP-PTT rechallenged mice as compared to
control mice. (E) %CD8+ cells in the PBNP-PTT and CpG-PBNP-PTT rechallenged mice
as compared to control mice. (F) Representative scatter plots of CD3+ CD44+ memory
cells in the splenocytes of PBNP-PTT and CpG-PBNP-PTT rechallenged mice compared
to control mice. (G) %CD3+ CD44+ memory cells in the PBNP-PTT and CpG-PBNP-PTT
rechallenged mice as compared to control mice. (H) Representative scatter plots of CD4+
CD69+ memory cells in the splenocytes of rechallenged mice compared to control mice.

(1) %CD4+ CD69+ cells in the PBNP-PTT and CpG-PBNP-PTT rechallenged mice as
compared to control mice. Results are expressed as mean + std. deviation; Treatment-naive
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control (n=4), PBNP-PTT (n=2), CpG-PBNP-PTT (n=4); *p < 0.05, **p < 0.01, ***p <
0.001 (ANOVA).
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Figure 5. Long-term immune memory effects of CpG-PBNP-PTT.
(A) Representative scatter plots of central memory (Tcpn) and effector memory (Tgm)

lymphocytes in the CD4+ subset of T cells isolated from the spleens of PBNP-PTT

and CpG-PBNP-PTT rechallenged mice compared to age-matched, treatment-naive control
mice. (B) %CDA4+ central memory (Tcnm) in the PBNP-PTT and CpG-PBNP-PTT
rechallenged mice as compared to mice in the control group. (C) %CD4+ effector memory
(Tem) in the PBNP-PTT and CpG-PBNP-PTT rechallenged mice as compared to control
mice. (D) Representative scatter plots of central memory (Tcp) and effector memory
(Tem) lymphocytes in the CD8+ subset of T cells isolated from the spleen of PBNP-PTT
and CpG-PBNP-PTT rechallenged mice as compared to control mice. (E) %CD8+ central
memory (Tcp) in the PBNP-PTT and CpG-PBNP-PTT rechallenged mice as compared to
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control mice. (F) %CD8+ effector memory (Tgp) in the PBNP-PTT and CpG-PBNP-PTT
rechallenged mice as compared to control mice. (G) Representative scatter plots of central
memory (Tcp) and effector memory (Tgnm) lymphocytes in the CD4+ subset of T cells
isolated from the spleen of PBNP-PTT and CpG-PBNP-PTT rechallenged mice upon co-
culture with 9464D cells ex vivo as compared to control mice. (H) %CD4+ central memory
(Tcn) in the PBNP-PTT and CpG-PBNP-PTT rechallenged mice upon co-culture with
9464D cells ex vivo as compared to control mice. (I) %CD4+ effector memory (Tgp) in
the PBNP-PTT and CpG-PBNP-PTT rechallenged mice upon co-culture with 9464D cells
ex vivo as compared to control mice. (J) Representative scatter plots and histograms of
central memory (Tcn) and effector memory (Tgpm) lymphocytes in the CD8+ subset of T
cells isolated from the spleen of PBNP-PTT and CpG-PBNP-PTT rechallenged mice upon
co-culture with 9464D cells ex vivoas compared to control mice. (K) %CD8+ central
memory (Tcp) in the PBNP-PTT and CpG-PBNP-PTT rechallenged mice upon co-culture
with 9464D cells ex vivo as compared to control mice. (L) %CD8+ effector memory (Tgm)
in the PBNP-PTT and CpG-PBNP-PTT rechallenged mice upon co-culture with 9464D
cells ex vivo as compared to control imce. (M) Representative scatter plots of GD2+ live
9464D cells from co-cultures with splenic T cells from PBNP-PTT and CpG-PBNP-PTT
rechallenged mice as compared to control mice. (N) %GD2+ cells from co-cultures with
splenic T cells from PBNP-PTT and CpG-PBNP-PTT rechallenged mice as compared to
control mice. Results are expressed as mean = std. deviation; treatment-naive control (n=4),
PBNP-PTT (n=2), CpG-PBNP-PTT (n=4) for spleen samples and CpG-PBNP-PTT (n=3)
for co-culture samples; *p < 0.05, **p < 0.01, ***p < 0.001, ****p< 0.0001 (ANOVA).
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Figure 6. Effect of CpG-PBNP-PTT on tumor regression and long-term survival in a
synchronous, 9464D tumor-bearing mice.

(A-B) Schematic of the treatments. (A) Mice bearing two, contralateral ~5 mm diameter
9464D tumors were treated on one tumor (designated “primary” tumor) with either vehicle
(PBS), PBNP, CpG-PBNP, PBNP-PTT or CpG-PBNP-PTT and the contralateral tumor
(designated “secondary” tumor) was left untreated. (B) The the vehicle group received 50
uL of PBS i.t., the PBNP-treated group received 50 pL of 1 mg mL~1 PBNPs i.t, the
CpG-PBNP-treated group received 50 pL of 1 mg mL™1 CpG-PBNPs i.t, the PTT-treated
groups received 50 uL of 1 mg mL~1 PBNPs or CpG-PBNPs i.t., and were irradiated with
an 808 nm laser for 10 minutes at a temperature maintained at 120 °C. Additionally, the
CpG-PBNP and CpG-PBNP-PTT groups received two boosters with CpG-PBNP on days
2 and 5. The dosage of CpG for these two groups was 2 g of CpG conjugated onto

Adv Nanobiomed Res. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shukla et al.

Page 28

PBNP on days 0, 2, and 5 i.t. (C-D) Temperature versus time profiles (C) and thermal

doses administered expressed in cumulative equivalent minutes at 43 °C (log(} CEM43))
(D) of 9464D tumor-bearing mice treated i.t. with 50 pL of 1 mg mL~1 CpG-PBNPs or
PBNPs and irradiated with a NIR laser at 120°C for 10 minutes. 0.15 mg mL~1. (E) Tumor
growth curves of “primary” tumors of 9464D tumor-bearing mice that were treated with

(@) PBS, (b) PBNP, (c) CpG-PBNP, (d) PBNP-PTT, or () CpG-PBNP-PTT. (F) Tumor
growth curves of “secondary” tumors of 9464D tumor-bearing mice that were treated with
(@) PBS, (b) PBNP, (c) CpG-PBNP, (d) PBNP-PTT, or (¢) CpG-PBNP-PTT. (G) Aggregated
tumor growth curves of primary tumors of 9464D TH-MYCN murine model of NB that
were treated with PBS, PBNP, CpG-PBNP, PBNP-PTT, or CpG-PBNP-PTT on the primary
tumor side. (H) Aggregated tumor growth curves of secondary tumors of 9464D TH-MYCN
murine model of NB that were treated with PBS, PBNP, CpG-PBNP, PBNP-PTT, or CpG-
PBNP-PTT on the primary tumor side.(l) Kaplan-Meier survival plots of 9464D tumor
bearing mice that were treated with CpG-PBNP-PTT, PBNP-PTT, PBNP, CpG-PBNP or
vehicle (PBS). Results are expressed as mean + std. deviation; (n=5); *p < 0.05 (with respect
to CpG-PBNP), **p < 0.01, ****p < 0.0001 (ANOVA).
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List of p-values for the /n vitro intracellular ATP release study (Figure 2)

Table 1:

Tukey’s multiple comparisons test

Adjusted p-value

PBNPs vs. PBNP-PTT at 0.2 W <0.0001
PBNPs vs. PBNP-PTT at 0.5 W <0.0001
PBNPs vs. PBNP-PTT at 1.5 W <0.0001
PBNPs vs. CpG-PBNP-PTT at 0.2 W <0.0001
PBNPs vs. CpG-PBNP-PTT at 0.5 W <0.0001
PBNPs vs. CpG-PBNP-PTT at 1.5 W <0.0001
CpG-PBNPs vs. PBNP-PTT at 0.2 W <0.0001
CpG-PBNPs vs. PBNP-PTT at 0.5 W <0.0001
CpG-PBNPs vs. PBNP-PTT at 1.5 W <0.0001
CpG-PBNPs vs. CpG-PBNP-PTT at 0.2 W | <0.0001
CpG-PBNPs vs. CpG-PBNP-PTT at 0.5 W | <0.0001
CpG-PBNPs vs. CpG-PBNP-PTT at 1.5 W | <0.0001
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Page 30

List of p-values for effect of the CpG-PBNP-PTT on tumor progression in a synchronous, 9464D TH-MYCN
murine model of NB (Figure 6; Supplementary Figure. 6)

Tukey’s multiple comparisons test Adjusted p-value
Primary Tumor Day 43

\ehicle vs. PBNP 0.0001
Vehicle vs. CpG-PBNP <0.0001
\ehicle vs. PBNP-PTT (120) <0.0001
Vehicle vs. CpG-PBNP-PTT (120) <0.0001
PBNP vs. CpG-PBNP 0.3497
PBNP vs. PBNP-PTT (120) 0.0010
PBNP vs. CpG-PBNP-PTT (120) 0.0010
CpG-PBNP vs. PBNP-PTT (120) 0.2159
CpG-PBNP vs. CpG-PBNP-PTT (120) 0.2159
PBNP-PTT (120) vs. CpG-PBNP-PTT (120) | >0.9999
Secondary Tumor Day 43

Vehicle vs. PBNP 0.0043
\fehicle vs. CpG-PBNP 0.0001
\ehicle vs. PBNP-PTT (120) <0.0001
Vehicle vs. CpG-PBNP-PTT (120) <0.0001
PBNP vs. CpG-PBNP 0.8977
PBNP vs. PBNP-PTT (120) 0.0407
PBNP vs. CpG-PBNP-PTT (120) 0.0139
CpG-PBNP vs. PBNP-PTT (120) 0.3010
CpG-PBNP vs. CpG-PBNP-PTT (120) 0.1476
PBNP-PTT (120) vs. CpG-PBNP-PTT (120) | 0.9960
Secondary Tumor Day 50

CpG-PBNP vs. PBNP-PTT (120) <0.0001
CpG-PBNP vs. CpG-PBNP-PTT (120) <0.0001
PBNP-PTT (120) vs. CpG-PBNP-PTT (120) | 0.9201
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Table 3:

Page 31

List of p-values for the Kaplan—Meier survival plots of synchronous, 9464D tumor-bearing mice that were

treated with CpG-PBNP-PTT, PBNP-PTT, PBNP, CpG-PBNP or vehicle (PBS).

Log-rank (Mantel-Cox) test

Adjusted p-value

\ehicle vs. PBNP-PTT 0.0023
\ehicle vs. CpG-PBNP-PTT 0.0023
PBNP vs. PBNP-PTT 0.0116
PBNP vs. CpG-PBNP-PTT 0.0031
CpG-PBNP vs. PBNP-PTT 0.2249
CpG-PBNP vs. CpG-PBNP-PTT | 0.0490
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Table 4:

Primer sequences used in this study

Gene hame Species | Primer sequence

PBGD Mouse | CCTACCATACTACCTCCTGGCTTTAC
TTTGGGTGAAAGACAACAGCAT

survivin Mouse CTGCTTTAAGGAATTGGAAGGCT
CTGACGGGTAGTCTTTGCAGT

S100A6 Mouse | TGGCTCCAAGCTGCAGG
CCCAGGAAGGCGACATACTC

obDC Mouse | GCACATCCAAAGGCAAAGTTG
CAAACTTAACACTGAGGCGACAGA

hMYCN Mouse | CGACCACAAGGCCCTCAGTA
CAGCCTTGGTGTTGGAGGAG

GD2-synthase | Mouse CCAAGGAGCCGAGTACAACAT

GTAGGGTAAAAGCGTCGGATG
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