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Neuroblastoma is the most common extracranial solid tumor in children,
accounting for 15% of cancer-related deaths. Despite improvements in diagnosis and
surgical techniques, neuroblastoma remains challenging to treat due to the
heterogeneity of the tumor, low neoantigen expression, immunosuppressive tumor
environment, and high recurrence rate. We have therefore engineered a
nanoimmunotherapy that combines the advantages of nanotechnology and
immunotherapy to combat the aforementioned challenges in treating neuroblastoma.
Specifically, our ensemble comprises of Prussian blue nanoparticles (PBNPs)
biofunctionalized with the immune adjuvant CpG-oligodeoxynucleotide (CpG). We
utilize PBNPs for photothermal therapy (PTT), which ablates tumor cells and releases
tumor antigens and adjuvants that increase tumor immunogenicity. Additionally, the
PBNPs are biofunctionalized with CpG (CpG-PBNPs) to serve as a depot for local

delivery of exogenous immune adjuvants that play an important role in breaking



tolerance to tumor antigens and improving tumor antigen presentation. We hypothesize
that this approach of targeting tumor cells, antigen presenting cells, and T cells, may
hold the key in converting a non-responsive “cold” tumor such as neuroblastoma into
a responsive “hot” tumor, leading to better treatments.

We first describe the synthesis and characterization of CpG-PBNPs using a
facile layer-by-layer coating scheme. The resultant nanoparticles exhibit monodisperse
size distributions, multiday stability, and are not cytotoxic. The strong, intrinsic
absorption of PBNPs in the CpG-PBNPs is leveraged to administer PTT (CpG-PBNP-
PTT) that triggers immunogenic tumor cell death releasing tumor antigens, which
increases tumor antigenicity. Simultaneously, the CpG coating functions as an
exogenous adjuvant that complements the endogenous adjuvants released by the CpG-
PBNP-PTT (e.g. ATP, calreticulin, and HMGBI1), increasing adjuvanticity. When
administered in a murine model of neuroblastoma, CpG-PBNP-PTT results in complete
tumor regression in a significantly higher proportion (70%) of treated animals relative
to controls. Further, the long-term surviving, CpG-PBNP-PTT-treated animals reject
tumor rechallenge suggesting that our nanoimmunotherapy generates immunological
memory. When we treat a synchronous model of neuroblastoma, 50% of
nanoimmunotherapy-treated mice show complete eradication of both tumors compared
to controls, which showed no survival efficacy. Our findings show the importance of
simultaneous cytotoxicity, antigenicity, and adjuvanticity in generating robust and
persistent antitumor immune responses. The strategies described in this dissertation
encompass novel examples of nanoimmunotherapies to be applied in the clinic for the

treatment of neuroblastoma.
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List of Figures

Figure 1.1: A) PBNPs consist of many repeating units of the iron (III) hexacyanoferrate
(II) lattice. B) UV-vis spectrum of the PBNPs showing broad NIR absorption that
enables photothermal heating upon irradiation by a NIR laser.

Figure 1.2. CpG oligodeoxynucleotide-coated Prussian blue nanoparticles (CpG-
PBNPs)-mediated nanoimmunotherapy for neuroblastoma. (A) CpG-PBNPs are
synthesized via a layer-by-layer coating strategy. (B) The synthesized CpG-PBNPs are
intratumorally injected into syngeneic neuroblastoma tumors and activated using a near
infrared (NIR) laser effecting photothermal therapy-based ablation of the tumors. (C)
The conditions utilized for tumor ablation elicits immunogenic cell death (ICD) in
dying tumor cells marked by increased antigenicity and adjuvanticity. (D) The CpG-
PBNPs-mediated cell death occurring concurrently with increased antigenicity and
adjuvanticity triggers long-term tumor regression and rejection of tumor-rechallenge,
suggestive of the generation of immunological memory as a result of the
nanoimmunotherapy.

Figure 1.3: Controllable sizes, morphologies, and degradation of PBNPs. A-B)
Cuboidal PBNPs synthesized using a one-pot synthesis scheme and by controlling
nanoparticle growth. C) pH 5.5 and D) pH 7.4, exhibiting PBNP stability at mildly
acidic pH (5.5), and decreased PBNP stability at mildly alkaline pH (7.4). Insets: PBNP
photographs on Day 7 at a pH of 5.5 and 7.5, respectively.

Figure 2.1. Size distribution, zeta potential, absorbance, multi-day stability, and
cytotoxicity of CpG-PBNPs. CpG-PBNPs, as well as the starting (PBNPs) and
intermediate nanoparticles (PEI-PBNPs), were characterized using: (A) Dynamic light
scattering (DLS), (B) Zeta potential measurements after each step of the synthesis
(Days 0 and 7), and (C) Vis-NIR spectra. TEM images of (D) PBNPs, (E) PEI-PBNPs,
and (F) CpG-PBNPs. Nanoparticle stability was measured over the course of a week
for the (G) PBNPs and (H) CpG-PBNPs using DLS. (I) Cytotoxicity of varying
concentrations (0.001 — 0.1 mg/mL) PBNPs and CpG-PBNPs on Neuro2a cells,
measured by a cell viability assay (n.s.; no statistical significant difference in viability
between both types of nanoparticles and concentrations; p > 0.05).

Figure 2.2. Photothermal properties of CpG-PBNPs. (A) Photothermal heating
curves (temperature-time profiles) of varying concentrations (0.025 — 0.5 mg/mL) of
CpG-PBNPs irradiated by an 808 nm NIR laser for 10 minutes at a power of 0.75 W

(1.875 W/cmz). (B) Photothermal heating of 1 mg/mL CpG-PBNPs using varying NIR
laser powers (0.25 - 1.25 W) for 10 minutes. (C) Temperature profiles during cyclic
heating of 1 mg/mL CpG-PBNPs using an 808nm NIR laser at 0.75 W (laser on/off
time: 10 minutes each). (D) Neuro2a cell viability in vitro post-treatment with vehicle
or varying doses of CpG-PBNPs (in the absence or presence of the NIR laser at 0.75

vii



W for 10 minutes), measured 24 h after treatment. (* significant difference, p < 0.001
compared with vehicle).

Figure 2.3. Release of CpG from CpG-PBNPs. (A) Fraction of CpG released from
CpG-PBNPs upon addition of ethidium bromide (EtBr) relative to equal concentrations
of free CpG added to EtBr (* significant difference, p < 0.05). (B) Percent normalized
CpG bound in the CpG-PBNPs as a function of time and pH. (C) Fraction of CpG
released from CpG-PBNPs after PTT at different laser powers (0.25 — 1.25 W) and
different concentrations (0.1 — 0.5 mg/mL). Etbr was added as described above.

Figure 2.4. Photothermal heating curves of CpG-PBNPs. (A) Photothermal heating
curves (temperature-time profiles) of varying concentrations (0.025 — 0.5 mg/mL) of
CpG-PBNPs irradiated by an 808 nm NIR laser for 10 minutes at a power of 0.75 W

(1.875 W/cmz). (B) Photothermal heating of 1 mg/mL CpG-PBNPs using varying NIR
laser powers (0.75 - 1.25 W) for 10 minutes.

Figure 3.1. Prussian blue nanoparticle-based photothermal therapy (PBNP-PTT)
generates a thermal window of immunogenic cell death (ICD). A) PBNPs that are
administered to tumors and illuminated with a near infrared light trigger tumor cell
death by PBNP-PTT. B) (Middle). When an optimal temperature range (thermal dose)
of PBNP-PTT is administered to tumors, the tumor cells undergo ICD marked by the
release of ATP, HMGBI, and increased expression of surface calreticulin. These
effects elicit a potent antitumor immune response that is associated with improved
therapeutic outcomes. If the thermal dose of PBNP-PTT is either too low (Bottom) or
too high (Top), the tumor cells may still be killed by the effects of PBNP-PTT, but the
dying cells do not trigger a favorable antitumor immune response because they do not
undergo bona fide ICD.

Figure 3.2. PBNP-PTT increases neuroblastoma cell temperature and triggers
their death in a temperature (thermal dose)-dependent manner in vitro and in vivo.
A-C) 50,000 Neuro2a cells were seeded in 96-well plates, treated with the listed
concentration of PBNPs, and subjected to ten minutes of illumination by an 808 NIR
laser at 1.5 W/cm?. Values represent means + standard deviation (SD); n = 3/group. A)
Temperature-time profiles of the varying PTT conditions as measured by a thermal
camera at one-minute intervals. B) Final average temperatures achieved by Neuro2a
cells after ten minutes as a function of varying PTT conditions. C) In vitro Neuro2a
cell viability post-treatment with vehicle or varying doses of PBNPs or PBNP-PTT,
measured 24 hours after treatment. *** p < 0.001 compared to Vehicle; # p < 0.05
compared to 0.05 mg/mL PBNP-PTT+ Laser. (D-E) Mice bearing ~Smm Neuro2a
neuroblastoma tumors were treated with varying doses of PBNP-PTT; low, medium,
and high PTT, administered by intratumoral injection of PBNPs followed by ten
minutes of NIR laser irradiation. Values represent means = SD; n > 4/group. D)
Average tumor temperatures attained by Neuro2a tumor-bearing mice treated with low
thermal dose PBNP-PTT (Low PTT; blue), medium thermal dose PBNP-PTT (Medium
PTT; orange), and high thermal dose PBNP-PTT (High PTT; red) as measured by
thermal camera. Listed numbers indicate the final average tumor temperatures attained.
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E) Survival of Neuro2a tumor-bearing mice treated with Vehicle (black), Low PTT
(blue), Medium PTT (orange), and High PTT (red).

Figure 3.3 Neuroblastoma tumor growth after no treatment or treatment with varied
levels (doses) of PBNP-PTT. Neuro2a tumor-bearing mice were: A) Untreated, or
treated with B) Low-dose PBNP-PTT (Low PTT), C) Medium-dose PBNP-PTT
(Medium PTT), and D) High-dose PBNP-PTT (High PTT). Each line represents the
tumor growth trajectory of an individual mouse (n>4 per group).

Figure 3.4. Neuro2a cells treated with PBNP-PTT in vitro exhibit an optimal
temperature range for increased expression of ICD markers. A) Temperature-time
profiles of samples containing 10 million Neuro2a cells treated 0.75 W laser, > 1 W
laser, 0.75 W laser + 0.05 mg/mL PBNP, 0.75 W laser + 0.1 mg/mL PBNP, and > 1 W
laser + 0.16 mg/mL PBNP. B) Intracellular ATP in the various treatment groups (as
a % of the vehicle-treated group). C) Intracellular HMGBI in the various treatment
groups (as a % of the vehicle-treated group). D) Surface calreticulin expression in the
various treatment groups (as a % of the vehicle-treated group). Red boxes indicated the
treatment temperatures ranges for which all three markers of ICD are expressed/present
(to varied degrees).

Figure 3.5. Effect of treatment with PBNPs only (no heat) on cellular expression
of ICD markers in vitro as measured by the three ICD hallmarks. Neuroblastoma
(Neuro2a) cells (10 million cells/mL in 1.7 mL tubes) were subjected to treatment with
vehicle and increasing concentrations of PBNPs, and markers of ICD were then
analyzed (ATP release (A), HMGBI release (B), and calreticulin exposure (C)).
Representative histograms of D) HMGBI1 and E) calreticulin, analyzed by flow
cytometry, are shown.

Figure 3.6. In vivo tumor growth after prophylactic vaccination with vehicle-,
PBNP-, laser-, or varied PBNP-PTT-treated neuroblastoma cells. Each line
represents the tumor growth trajectory of an individual mouse (n=3-9 per group).

Figure 3.7. Animals vaccinated with PBNP-PTT-treated Neuro2a cells within the
optimal temperature window (showing increased ICD markers) exhibit
significantly increased protection against subsequent Neuro2a challenge. A)
Temperature-time profiles of samples containing 10 million Neuro2a cells/mL treated
0.75 W laser, > 1 W laser, 0.75 W laser + 0.05 mg/mL PBNP, 0.75 W laser + 0.1
mg/mL PBNP, and > 1 W laser + 0.16 mg/mL PBNP that were vaccinated in naive A/J
mice (means =SD; n = 4 replicates/group). B) Survival of mice challenged with 1
million Neuro2a cells that were previously vaccinated with vehicle, PBNP-, laser-, or
PBNP-PTT-treated Neuro2a cells. n = 3-9/group; * p < 0.05 compared with all groups
except 0.05 mg/mL PBNP-PTT.

Figure 3.8. PBNP-PTT-treated Neuro2a cells exhibit a thermal “window” of ICD,
which is associated with improved protection against tumor challenge. A)
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Expression of ICD markers as a function of thermal dose described in terms of
cumulative equivalent minutes at 43 °C; a thermal dose parameter (CEM43)3®. The grey
shaded area represents the region of increased ICD elicited by PBNP-PTT B) %
Survival of mice (at 100 days) challenged with Neuro2a tumors that were vaccinated
with PBNP-PTT-treated Neuro2a cells. Improved long-term survival “mirrors” the
thermal dose window shown in panel A.

Figure 4.1. Immunostimulatory properties of CpG-PBNPs. (A) Activation of
dendritic cells (DCs) upon co-culture with CpG-PBNPs compared to free CpG, PBNPs,
and media controls measured by flow cytometry. CD80 (red) and CD86 (blue) MFI of
live CD11c+ positive cells (1 — 0.25 mg/mL). CpG concentrations are as follows: 40
pg/mL, 10 pg/mL, and 1 pg/mL. LPS concentration was 1 pg/mL (* significant
difference relative to media-treated DCs for both CD80 and CD86 expression, p <
0.05). (B) Percent proliferation of CD8+ T cells co-cultured with DCs activated with
CpG-PBNPs and controls (free CpG, PBNPs, and media) (1 — 0.25 mg/mL). Groups
were treated with and without the antigen Trp2 (1.25 ng/well). (* significant difference
relative to media-treated DCs in the presence of Trp2; p < 0.05; n.s., not significant
relative to media-treated DCs in the presence of Trp2, p > 0.05 )

Figure 4.2 Immunostimulatory properties of CpG-PBNPs. (A) CD40 MFI amongst
CDllc+ positive cells. (B) % live CDllc+ positive cells treated with varying
concentrations (1 — 0.25 mg/mL) CpG-PBNPs and controls (Free CpG, PBNPs. (C) %
live cells treated with varying concentrations (1x-4x; 1 —0.25mg/mL) CpG-PBNPs and
controls (Free CpG, PBNPs) with and without the antigen Trp2. (D) % CD8+ positive
cells treated with varying concentrations (1 — 0.25 mg/mL) CpG-PBNPs and controls
(media, free CpG, PBNPs).

Figure 4.3. Induction of immunogenic cell death (ICD) by CpG-PBNP-PTT in
vitro. (A) Intracellular ATP in the various treatment groups (as a % of the vehicle-
treated group) (* significant difference relative to vehicle; p < 0.05). (B) Surface
calreticulin expression in the various treatment groups (as a % of the vehicle-treated
group). (C) Intracellular HMGBI in the various treatment groups (as a % of the vehicle-
treated group). All groups had concentrations of nanoparticles at 0.05 mg/mL. PTT
groups were treated with a laser power of 0.75W for 10 minutes. Arrows denote the
treatment groups where all 3 markers of ICD are expressed/present. Panels B and C
were analyzed using flow cytometry and the trends in ICD markers were consistent
across at least three separate studies.

Figure 4.4. Effect of the CpG-PBNP-based nanoimmunotherapy on tumor
regression and long-term survival in the Neuro2a neuroblastoma mouse model.
(A) Overview of the treatments. Mice bearing ~5 mm diameter Neuro2a neuroblastoma
tumors were treated with CpG-PBNP-PTT and corresponding controls. The PTT-
treated groups received 50 pL of 1 mg/mL CpG-PBNPs or PBNPs intratumorally (i.t.),
and were irradiated by an 808 nm laser at 0.75 W for 10 minutes. Additionally, the



CpG-PBNP-PTT received two boosters with CpG-PBNP on Days 2 and 5. The CpG-
PBNP-treated groups received 2 ug of conjugated CpG per dose by i.t. injection (Days
0, 2, and 5). CpG-treated groups received 10 pg of free CpG per dose by i.t. injection
(Days 0, 2, and 5). (B) Temperature-time profiles of Neuro2a bearing mice treated
intratumorally with Img/mL CpG-PBNPs (red) or PBNPs (blue) and irradiated with a
NIR laser at 0.75 W for 10 minutes. (C) Kaplan-Meier survival plots of neuroblastoma
tumor-bearing mice that were treated with CpG-PBNP-PTT, PBNP-PTT, Free CpG-
PBNPs, Free CpG, or vehicle. Mice receiving CpG-PBNP-PTT showed significantly
higher long-term survival (>100 days) compared with mice in the other groups (*
significant difference compared to all other groups, p < 0.05, long-rank test,
n=10/group).

Figure 4.5. Tumor growth curves for individual mice in the various treatment
groups: (A) Vehicle, (B) CpG-treated, (C) CpG-PBNP-treated, (D) PBNP-PTT-treated,
(E) CpG-PBNP-PTT-treated. Each line represents tumor growth measured in one
mouse (numbers in parentheses in each panel A-E indicate number of long-term
surviving mice in each group i.e. >60 day survival).

Figure 5.1. Effect of the CpG-PBNP-based nanoimmunotherapy on Neuro2a
rechallenge of surviving mice. Long-term surviving mice rechallenged with Neuro2a
cells 60-90 days after treatment showed complete tumor rejection (* significant
difference compared to naive mice, p < 0.05, n>=7/group).

Figure 5.2. Effect of the CpG-PBNP-based nanoimmunotherapy on tumor
regression and long-term survival in the distal Neuro2a neuroblastoma mouse
model. (A) Overview of the treatments. Mice bearing ~5 mm diameter Neuro2a
neuroblastoma tumors were treated with CpG-PBNP-PTT + anti-CTLA-4 and
corresponding controls. The PTT-treated groups received 50 puL of 1 mg/mL CpG-
PBNPs or PBNPs intratumorally (i.t.), and were irradiated by an 808 nm laser at 0.75
W for 10 minutes. Additionally, the CpG-PBNP-PTT received two boosters with CpG-
PBNP on Days 2 and 5 i.t. (black arrows). The groups that received anti-CTLA-4 got
150 pg of antibody on days 1, 5, and 8 intraperitoneally (i.p) (pink arrows) (B)
Temperature-time profiles of Neuro2a bearing mice treated intratumorally with
Img/mL CpG-PBNPs or PBNPs and irradiated with a NIR laser at 0.75 W for 10
minutes. (C) Kaplan-Meier survival plots of neuroblastoma tumor-bearing mice that
were treated with PBNP-PTT, CpG-PBNP-PTT, PBNP-PTT + anti-CTLA-4, CpG-
PBNP-PTT + anti-CTLA-4, or vehicle. Mice receiving CpG-PBNP-PTT + anti-CTLA-
4 showed significantly higher long-term survival compared with mice in the other
groups. (D) Long-term surviving mice rechallenged with Neuro2a cells 65 days after
treatment showed complete tumor rejection (* significant difference compared to naive
mice, p < 0.05, n>=3/group).

Figure 5.3. Tumor growth curves for individual mice in the various treatment
groups: (A,B) Vehicle, (C,D) PBNP-PTT-treated, (E,F) CpG-PBNP-PTT-treated,
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(G,H) PBNP-PTT + anti-CTLA-4 - treated, (I,J) CpG-PBNP-PTT + anti-CTLA-4 -
treated. Each line represents tumor growth measured in one mouse

Figure 6.1. Heating capabilities of of PTT vs iPTT in vitro. Photothermal heating
curves (time-temperature profiles) of 200uL of 1 mg/mL PBNPs in water using NIR
laser powers at (A) 80 mW, (B) 140 mW, and (C) 200 mW. Laser power was delivered
using an 808 nm NIR laser (PTT; blue), or an 808 nm NIR laser through a spherical
diffuser (iPTT; red).

Figure 6.2. Schematic illustration of PTT vs iPTT in vivo pilot study.
Neuroblastoma tumor-bearing mice were intratumorally injected with 1 mg/mL PBNPs
and treated with PTT or iPTT using an 808 nm NIR laser at a power of 200 mW for 10
minutes.

Figure 6.3. Heating capabilities of PTT vs iPTT in vivo. Photothermal heating curves
(time-temperature profiles) of mice treated with iPTT or PTT. Mice bearing ~17 mm
Neuro2a neuroblastoma tumors were treated with iPTT or PTT for 10 minutes after
intratumoral (i.t) injection of PBNPs (50 uL of 1 mg/mL); laser power: 200 mV
(n=3/group).

Figure 6.4. Characterization of 9464D cells. A) Expression of neuroblastoma-
associated genes in the MYCN transgenic cell line 9464D. Total RN A was isolated and
reverse transcribed to cDNA. Quantitative expression was determined for h(MYCN (the
human MYCN cDNA transgene used in the TH-MYCN transgenic mouse), GD?2
synthase, survivin, SI10046, and ODC and related to the expression of the household
gene PBGD. B) GD2 is greatly expressed in 9464D cells compared to Neuro2a cells.

Figure 6.5. Heating capabilities of 9464D cells after PBNP-PTT. A) Photothermal
heating curves (temperature-time profiles) of 1.5 mg/mL PBNPs using varying NIR
laser powers (0.2 — 1.5 W) for 10 minutes. B) Thermal dose after PBNP-PTT described

in terms of cumulative equivalent minutes at 43 OC; a thermal dose parameter (CEM43).

Figure 6.6. Induction of immunogenic cell death (ICD) by PBNP-PTT in 9464D
cells. A) Intracellular ATP in the various treatment groups (as a % of the vehicle-treated
group). (B) Intracellular HMGBI in the various treatment groups (as a % of the vehicle-
treated group). (C) Surface calreticulin expression in the various treatment groups (as
a % of the vehicle-treated group). Vehicle groups were treated with 10 pL of distilled
water. All groups had concentration of nanoparticles of 1.5 mg/mL.

Figure 6.7. Effect of CpG-PBNP-based nanoimmunotherapy on tumor regression
and survival in the 9464D neuroblastoma mouse model. Mice bearing ~5 mm
diameter 9464D neuroblastoma tumors were treated with CpG-PBNP-PTT and
corresponding controls. The PTT-treated groups received 50 puL of 1 mg/mL CpG-
PBNPs or PBNPs intratumorally (i.t.), and were irradiated by an 808 nm laser at 0.75
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W for 10 minutes. Additionally, the CpG-PBNP-PTT received two boosters with CpG-
PBNP on Days 2 and 5 i.t. (A) Temperature-time profiles of 9464D bearing mice treated
intratumorally with Img/mL CpG-PBNPs or PBNPs and irradiated with a NIR laser at
0.75 W for 10 minutes. (B-D) Tumor growth curves for individual mice in the various
treatment groups. Each line represents tumor growth measured in one mouse (E)
Kaplan-Meier survival plots of 9464D tumor-bearing mice that were treated with
PBNP-PTT, CpG-PBNP-PTT, or left untreated. Mice receiving CpG-PBNP-PTT
showed significantly higher long-term survival compared with the other groups.
Ongoing study.

Figure 6.8: A hypothesized mechanism of action of the CpG-PBNP-PTT + anti-CLTA-
4 nanoimmunotherapy is presented. 1) PTT-based destruction of tumors in a minimally
invasive manner, 2) Release of tumor antigens and danger signals post-PTT providing
an immunostimulatory, multi-antigen local effect, and 3) the use of CpG-PBNPs that
improves the uptake and antigen presentation of DCs to T cells, activating them and
unleashing a potent antitumor immune response. 4) Lp (systemically) administered
anti-CTLA-4 reverses immunosuppression, unleashing the antitumor immune
responses of endogenous immune cells, particularly T cells. The above processes
combine to yield improved tumor responses and development of immunity against
tumor rechallenge and distal tumors in a mouse model of neuroblastoma.

Appendix 1: PBNPs work as effective PTT agents. A) Photothermal heating of varying
concentrations of PBNPs irradiated with a 808 nm NIR laser for 10 minutes at 1.875

W/cm2 showing heating of the nanoparticles. B) PTT with 0.05 mg/mL PBNPs + 1.875

W/em'’ laser fluence (using 808nm laser) results in significantly decreased proliferation
of Neuro2a cells relative to controls using nanoparticles alone, laser alone, and left
untreated (**p<0.01).

Appendix 2: Effect of PBNP-PTT on Neuro2a tumor growth. Representative
photographs of Neuro2a tumor-bearing mice treated with: A) PBNP-PTT and B)
remaining untreated. Representative, temporal images (Day 0, 2, and 6) of
bioluminescent Neuro2a tumor-bearing mice that are C) PBNP-PTT treated and D)

untreated (Scale bar = tumor bioluminescence intensity; p/s/cmz/sr). E) Normalized
tumor volume showing a marked reduction in Neuro2a tumor growth rate in PBNP-
PTT treated mice relative to Untreated and Laser alone controls (**indicates significant
decrease; p< 0.001).

Appendix 3. Immunostimulatory effects of PBNP-based PTT. Representative scatter
plots of CD45+ cells in tumors of: A) Untreated and B) PTT-treated mice. C) %CD45+
cells in the tumors of untreated and PTT-treated mice showing significantly higher
percentage of CD45+ cells in tumors of PTT-treated vs. untreated mice (p=0.0294).
Representative scatter plots of CD3+ cells in tumors of: D) Untreated and E) PTT-
treated mice. F) %CD3+ cells in the tumors of untreated and PTT-treated mice showing
significantly higher percentage of CD3+ cells in tumors of PTT-treated vs. untreated
mice (p=0.0424).
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Appendix 4. Effect of photothermal immunotherapy (PTT+anti-CTLA-4 therapy) on
tumor regression and long-term survival in the neuroblastoma mouse model. A)
Representative image of a long-term surviving mouse treated with PTT+anti-CTLA-4

showing complete tumor regression (scale bar = bioluminescent intensity; p/ s/cmz/sr).
B) Normalized tumor growth curves for tumor-bearing mice treated with PTT+anti-
CTLA-4 (violet) or left untreated (black). C) Kaplan-Meier survival plots of
neuroblastoma mice that were treated with PTT-+anti-CTLA-4, anti-CLTA-4 alone,
PTT alone, or untreated. Mice receiving photothermal immunotherapy showed
significantly higher long-term survival (> 100 days) compared with mice in the other
groups (log-rank test; p<0.05).

Appendix 5: Effect of PBNP-PTT+anti-CTLA-4 nanoimmunotherapy on tumor
regression and long-term survival in a mouse model of neuroblastoma. A) Kaplan-
Meier survival plots of Neuro2a tumor-bearing mice that were treated with PBNP-PTT
+ anti-CTLA-4, anti-CTLA-4 alone, PBNP-PTT alone, PBNPs alone, or untreated.
Mice receiving PBNP-PTT + anti-CTLA-4 showed significantly higher long-term
survival (<100 days) compared with mice in the other groups (log-rank test p<0.05,
n>=5 per group). B) Kaplan-Meier survival plots of Neuro2a tumor-bearing mice
depleted in CD4+ and CD8+ T cells. Depletion of CD4+ and CD8+ T cells (n=5 per
group) effectively abrogated the therapeutic responses of the PBNP-PTT + anti-CTLA-
4 nanoimmunotherapy (log-rank test, p<<0.005).

Appendix 6. Effect of tumor rechallenge in combination photothermal
immunotherapy-treated, long-term surviving mice. (A-B) Representative images
showing protection against tumor rechallenge in A) photothermal immunotherapy-
treated mice and B) tumor progression in naive, untreated mice (scale bars =

bioluminescent intensity; p/ s/em’/ sr). C) Tumor growth curves after challenge with 10°
Neuro2a cells in untreated mice (naive, black; n=3) and long-term surviving
photothermal immunotherapy-treated mice (rechallenged, blue ; n=3) showing
protection in the rechallenged group compared to progression in the naive group. D)
Kaplan-Meier survival plots showing significantly higher long-term survival in the
rechallenged group compared to naive mice (log-rank test, p<0.05).

Appendix 7: Representative image of an H&E stained tumor excised from a Neuro2a
tumor-bearing mouse. Inset: representative photograph of a tumor excised from a
tumor-bearing mouse. Both images demonstrate that the tumors are well vascularized
and not a loose collection of tumor cells.

Appendix 8: Synthesis and characterization of HMGB1-coated PBNPs. (A) Dynamic
light scattering (DLS). (B) HMGBI1 encapsulation onto the PBNPs, showing 81%
encapsulation efficiency. (C) Cytotoxicity of varying concentrations (0.001-0.1
mg/mL) PBNPs and HMGBI1-PBNPs on Neuro2a cells, measured by a cell viability
assay. (D) Cytotoxicity of 50,000 Neuro2a cells after PBNP-PTT or HMGB1-PBNP
(nanoparticle concentration was 0.05 — 0.1 mg/mL, 0.75 W laser, 10 minutes).
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Chapter 1: Introduction

1.1 Background and significance

1.1.1 Neuroblastoma is a significant pediatric health concern
Neuroblastoma is the third most common pediatric cancer and the most
common extracranial solid tumor in children accounting for 15% of cancer-related
deaths in the pediatric age group [1, 2]. More than 50% of neuroblastoma patients
present with regional or distant-stage disease at initial diagnosis [3]. Even though
progress has been made over the last 20 years in the management and treatment of low-
risk and intermediate-risk neuroblastoma patients, the prognosis for patients with high-
risk neuroblastoma has remained low [4]. The overall survival rate in this patient
population is at 30-40% [3, 5]. Various treatment modalities such as surgery,
chemotherapy, radiation therapy, retinoid therapy, and high dose radio/chemotherapy
with stem cell transplant have made incremental but limited progress in treating
patients with high-risk neuroblastoma [4]. Hence, there is an urgent need to develop

novel and effective therapies for patients with this resistant and advanced tumor.

1.1.2 Key challenges in treating neuroblastoma

Despite being a prevalent tumor, the etiology of neuroblastoma is not well
understood. There are no known risk factors and there is no clear genetic
predisposition for developing the disease. The low survival rate of
neuroblastoma is due to neuroblastoma’s characteristics of being heterogeneous
[4, 6, 7], immunosuppressive [8-10], exhibiting low neoantigen expression levels

[11, 12], and high relapse rates [13].



Tumor heterogeneity in neuroblastoma results in a diverse collection of
cells harboring distinct molecular signatures with differential levels of sensitivity
to treatment [ 14]. This heterogeneity might result in a no-uniform distribution of
genetically distinct tumor-cell subpopulations across and within disease sites or
temporal variations in the molecular makeup of cancer cells [7]. Heterogeneity
means that neuroblastoma presents with different characteristics from one patient
to another [14], making therapies that are one size fits all very inefficient for this
type of cancer.

Another main challenge in treating neuroblastoma is that it exhibits low
neoantigen expression [11]. Neoantigens are newly formed antigens that have
not been previously recognized by the immune system. They can arise from
altered peptides as a result of tumor mutations. Neoantigens can be recognized
by the immune system and elicit an immune response. Neoantigen-specific T
cells have been identified in several human cancers [15]. Therefore, tumors with
high neoantigen expression have been shown to be more sensitive to
immunotherapies [15]. Not only does neuroblastoma not express neoantigens,
making it “hide” from the immune system, but it is also a immunosuppressive
tumor [8]. Tumor cells that are targeted and destroyed are highly immunogenic,
meaning they have an antigenic profile that is easily visible to the immune
system [9]. Neuroblastoma cells which are poorly immunogenic may escape
extrinsic tumor suppression and enter a phase of equilibrium, in which the
immune system can control the growth of these cells without eliminating them

[16, 17].



Lastly, neuroblastoma is a cancer that has a high recurrence rate. Despite
improvements in diagnosis and surgical techniques, most deaths from
neuroblastoma are due to advanced cancers that have metastasized or are
resistant to conventional therapies [3, 13]. The continued challenges facing
treatments for this patient population highlight a need for better control over the
treatments and the immune responses they generate. Therefore, an ideal
treatment for neuroblastoma consists of one that can take advantage of the
heterogeneity of the disease, reverses its low neoantigen expression and
immunosuppressive nature, and is able to treat not only the primary tumor in an
effective way, but also introduce strategies to treat distal or metastatic tumors.
An important goal in this dissertation is to engineer a strategy that meets all
the design criteria for overcoming the challenges of treating neuroblastoma
using a combination treatment comprising of Prussian blue nanoparticles
(PBNPs) with immunotherapies. Prussian blue nanoparticles will be used for
photothermal therapy of tumors, which both reduces tumor burden through
ablation, and modifies the tumor cells to die in an immunogenic cell way,
reversing the low neoantigen expression and immunosuppressive tumor
environment by engaging the immune system. These effects will be further
complemented by immunotherapies, which further activate immune cell subsets
such as dendritic cells (DCs) and T cells, leading to antitumor memory effects
that can combat recurring or metastatic tumors. The therapeutic advantages of

combining photothermal therapy with immunotherapies can eliminate primary



tumors as well as upregulate an antitumor immune response that can overcome

the challenges of treating neuroblastoma.

1.1.3 Prussian blue nanoparticles as photothermal immunotherapy agents

Recent advances in nanotechnology have facilitated the synthesis of
multifunctional nanoparticles that exhibit properties that make them attractive
candidates for use in the treatment of neuroblastoma [18-23]. These properties, not
observed in the current therapies for neuroblastoma, include: 1) 10-200 nm size ranges
that enable them to extravasate into tumors with poorly differentiated vasculature and
lack of functional lymphatics via the enhanced permeability and retention (EPR) effect,
[24, 25] 2) High surface area-to-volume ratios for biofunctionalizing the nanoparticles
for long circulation, added immunotherapies, or for attaching ligands that target
receptors overexpressed on tumor cells, and 3) The ability to carry or be used
themselves as therapeutic agents at the tumor sites (e.g. photothermal therapies and
photothermal immunotherapies) [18-21, 23]. Motivated by the ideal properties of
nanoparticles for cancer therapies, we use Prussian blue nanoparticles as our choice of
photothermal immunotherapy agents.

Prussian Blue (PB) was one of the first synthetic pigments synthesized and is a
mixed-valence iron hexacyanoferrate with the general formula AFe'[Fe! (CN)¢].yH20
(where y = 1-5 and A is a monovalent cation such as K*, Na*, or NH4") [26]. PBNPs
have a lattice structure comprised of repeating units of the iron (III) hexacyanoferrate
(IT) lattice (Figure 1.1A) [18]. The UV—vis spectrum of the PB NPs shows a wide

absorption band from 650 — 900 nm (Amax = 705 nm), corresponding to the energy of



the metal-to-metal charge transfer between Fel and Fe!!' through the cyanide-bridge
(Figure 1.1B) [18, 27, 28]. On account of this strong near-infrared (NIR) absorption,

the PBNPs are photothermally heated when irradiated with an NIR laser.
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Figure 1.1: A) PBNPs consist of many
repeating units of the iron (III)
hexacyanoferrate (II) lattice. B) UV-vis
spectrum of the PBNPs showing broad
NIR absorption that enables
photothermal heating upon irradiation
by a NIR Ilaser.

PBNPs offer several advantages compared to other NP-based photothermal
agents (gold nanorods, copper sulfides, carbon nanotubes): They are easily synthesized
in a single, scalable step at low costs, they are already FDA approved for human oral
use (as Radiogardase)[29], and are easily and safely degraded in the body [19]. We
have previously demonstrated the successful use of PBNPs for PTT of tumors in vivo
and as multimodal imaging agents for in vitro and in vivo settings [27, 28, 30, 31]. PTT,
in which NIR light-responsive PBNPs are used to thermally ablate tumors, is an
appealing addition to cancer treatment regiments. This is because PTT offers unique

features such as the ability to locally ablate tumors in a minimally invasive manner [18,



19]. Furthermore, recent studies have demonstrated antitumor immune effects as a
result of stimulation by PTT [19-21, 23, 32]. Compared with other tumor shrinking
approaches including radiation therapy, RF ablation, oncolytic viruses, etc. that are
being investigated in combination with immunotherapie, nanoparticles offer the
potential to serve as a sone-stop platform for ablating tumors, capturing (and
stabilizing) the released antigens, and locally delivering immune adjuvants — effects
important for maximizing their therapeutic and abscopal effects. The immune
stimulation elicited by PTT has been a motivator to combine PTT-based cancer

therapies with immunotherapies, leading to more potent antitumor responses.

1.1.4 Cancer immunotherapies

Cancer immunotherapy — treatments that harness and enhance the innate
powers of the immune system to fight cancer — represent one of the most
promising new cancer treatments [33]. Immunotherapies have revolutionized the
treatment of cancer because they offer the potential to elicit robust and persistent
treatment responses [34]. The novelty of immunotherapy relies on the fact that it
aims to treat cancer in a completely different way- by targeting the immune
system, not the tumor itself. These therapies enable the immune system to
recognize, target, and eliminate cancer cells. Immunotherapy is an effective
treatment for patients with certain types of cancer that have been resistant to
chemotherapy and radiation treatment, and has also been approved as a first line
of treatment in several cancers [35-38]. It may be given alone or in combination

with other cancer treatments.



Several types of immunotherapy are currently being used or studied to treat
cancer. Checkpoint inhibitors marked the beginning of increased enthusiasm for cancer
immunotherapies due to their increased and continuous success in treating cancer
patients [35, 36, 38, 39]. Checkpoint inhibitors use monoclonal antibodies to target key
immune checkpoints such as CTLA-4 and PD-1 in order to reverse immune
suppression, unleashing potent antitumor immune responses by activating endogenous
immune cells (e.g. T cells) [40-43]. Adoptive cell therapies have also burgeoned to the
field of cancer therapeutics as a therapy strategy that has dramatically influenced cancer
patient care [44, 45]. It involves an initial phase of obtaining and enriching a population
of patient-derived effector cells ex vivo, followed by subsequent re-infusion of the
expanded cells into the patient in order to target and kill cancer cells [46]. Cancer
vaccines are also currently being studied as powerful immunotherapies. Cancer
vaccines aim to treat cancer by upregulating the immune system to recognize and attack
tumor cells. These vaccines can be made from dead cancer cells, proteins or peptides
from cancer cells, or immune system cells [11, 47]. Finally, immune adjuvants such as
toll-like receptors agonists (TLRs) have gradually emerged as potential targets for
newer immunotherapies. TLR agonists target TLRs on the surface of immune cells
such as DCs and enhance their antigen presentation and activation [48-50].

Despite advances in immunotherapies, clinical responses have been restricted
to modest subsets of patients [51]. The heterogeneity of responses to immunotherapies
observed in patients suggests the existence of additional immunomodulatory
mechanisms employed by tumors. More specifically, tumors evade the immune system

by a variety of mechanisms including loss of immunogenicity, loss of antigenicity, and



maintenance of an immnosuppressive tumor environment [9, 10]. Therefore the key to
improving therapeutic outcomes for immunotherapies is developing strategies to
circumvent these immune evasion mechanisms. To this end, we have designed an
ensemble nanoimmunotherapy that combines state-of-the-art advances in the field of
nanotechnology  with immunotherapies for treating neuroblastoma. Our
nanoimmunotherapy comprises various components: 1) Prussian blue nanoparticles, 2)
immune adjuvants, specifically TLR agonists, and 3) immune checkpoint inhibitors,
specifically anti-CTLA-4. This combination nanoimmunotherapy approach offers the
potential for a robust and persistent therapeutic, which can be applied to different

cancers.

1.1.5 Nanoimmunotherapies

The term nanoimmunotherapy refers to an emerging niche field that combines
the multifunctional capabilities of nanoparticles with immune-based therapies. The aim
of nanoimmunotherapies is to apply and further nanotechnology to solve the limitations
encountered in immunotherapy [52]. Nanoparticles can be used for immune functions
such as deliver cancer vaccine antigens and adjuvants to DCs, stimulate T cells directly
as artificial APCs, concentrate stimulatory compounds in the immunosuppressive
tumor environment, or deliver drugs to T cells in circulation [52]. In this dissertation,
we have designed a nanoimmunotherapy comprised of PBNPs coated with a TLR for
photothermal tumor ablation, local delivery of antigens and adjuvants, and an

upregulation of an antitumor immune response.



The robustness of this combination therapy as an engineering strategy is based
on its customizable nature across multiple nanoparticle and immunotherapy platforms.
By using a customizable nanoimmunotherapy, the nanoparticle element can be adjusted
accordingly, to target the features of the disease that the immunotherapeutic alone
cannot achieve. Our group and others have demonstrated the advantages of combining
nanoparticle-based PTT with immunotherapies for the treatment of cancers. The
synergistic therapeutic effects of nanoparticles and immunotherapies continue to show
improved therapeutic effects than each component alone.

The therapy strategy pursued in this dissertation (CpG-coated PBNPs) builds
on my Master of Science thesis work [19] where we demonstrated that PBNP-PTT can
be used for effective tumor ablation in a syngeneic mouse model of neuroblastoma
(Appendix 1). We show that PBNP-PTT is not only able to ablate tumors (Appendix
2), but also cause an upregulation of an immune response marked by the infiltration of
lymphocytes and T cells to the local tumor area (Appendix 3). We also demonstrated
that PBNP-PTT combined with anti-CLTA-4 therapy resulted in complete tumor
regression (Appendix 4) and long-term survival in a majority (56%) of Neuro2a tumor-
bearing mice compared to either single therapy by itself and untreated mice (Appendix
5). Further, long-term surviving, PBNP-PTT + anti-CTLA-4-treated mice exhibited
protection against tumor rechallenge suggesting the development of immunological
memory (Appendix 6). Our work shows that nanoimmunotherapies comprising of PTT
and immunotherapies are able to act synergistically to ablate tumors and increase the
antitumor immune effects elicited by PTT using checkpoint inhibitors, leading to better

treatments and long-term immune memory against tumors.



We build on these findings by engineering nanoimmunotherapies using PBNPs
that can be combined with immunotherapies that target not only T cells (anti-CTLA-
4), but also dendritic cells (DCs) (CpGQ). It is well known that tumor cells usually do
not induce potent antitumor immune responses because of their ineffective expression
of molecules important for antigen processing and presentation. PBNP-PTT tumor cell
death, on the other hand, can release tumor antigens into the local environment.
Furthermore, immunoadjuvants for cancer immunotherapy promote antigen uptake and
presentation by professional antigen-presenting cells, thus triggering specific antitumor
immunity. Therefore, PTT can act synergistically with immunotherapies such as CpG
to enhance immune responses, rendering the tumor residues and metastasis more

susceptible to immune-mediated killing.

1.1.6 CpG-PBNP-PTT as a novel nanoimmunotherapy

In this dissertation, we address the limitations of existing therapeutics and
develop a nanoimmunotherapy treatment modality that is applicable for the
treatment of neuroblastoma. We aim to use PBNP-PTT in combination with
immune signals to improve the potency of PTT. Specifically, in this body of
work we use nanoimmunotherapy techniques that combine PBNPs coated with
a molecular adjuvant, CpG oligodeoxynucleotides (CpG-PBNPs) to increase the
antigenicity and adjuvanticity of treated neuroblastoma tumors. PBNP-PTT can
be combined with several different immune signals and adjuvants. However, we
have used CpG based on the ground-breaking findings of Carpentier et al. that

shows that CpG can induce rejection of neuroblastoma in mice [53].
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Toll-like receptors (TLRs) have gradually emerged as potential targets of
newer immunotherapies [49, 50]. TLR-9 is preferentially expressed on
endosome membranes of B-cells and DCs, and it is known for its ability to
stimulate specific immune reactions through the activation of inflammation-like
immune responses [54]. Several synthetic CpG oligonucleotides (CpG-ODNss,
CpG) have been developed as TLR-9 agonists with the aim of enhancing cancer
immune surveillance [53]. In many preclinical models, CpG found to suppress
tumor growth and proliferation both in monotherapy and in addition to
chemotherapies [49, 50, 55-60]. These agents showed good tolerability and
usually met activity endpoints in early phase trials. However, they have not yet
been demonstrated to significantly impact survival, neither as single agent
treatments, nor in combination with chemotherapies or cancer vaccines.

We utilize the PBNPs in CpG-PBNPs for PTT of tumors leveraging their
inherent absorption in the near infrared (NIR) spectrum [18, 61]. PBNP-PTT not
only elicits tumor cell death but increases antigenicity by releasing antigens from
dying tumor cells[62]. The CpG oligodeoxynucleotides coated on the CpG-
PBNPs are TLR-9 agonists that function as adjuvants to enhance the CpG-
PBNPs-based nanoimmunotherapy [48, 53, 55, 60]. PTT using CpG-PBNPs
(CpG-PBNP-PTT) therefore serves as a dual treatment modality, wherein tumors
are killed by PTT and a robust antitumor immune response is elicited through
the release of tumor antigens in the presence of exogenously administered

adjuvant (Figure 1.2).
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Figure 1.2. CpG oligodeoxynucleotide-coated Prussian blue nanoparticles (CpG-
PBNPs)-mediated nanoimmunotherapy for neuroblastoma. (A) CpG-PBNPs are
synthesized via a layer-by-layer coating strategy. (B) The synthesized CpG-PBNPs are
intratumorally injected into syngeneic neuroblastoma tumors and activated using a near
infrared (NIR) laser effecting photothermal therapy-based ablation of the tumors. (C)
The conditions utilized for tumor ablation elicits immunogenic cell death (ICD) in dying
tumor cells marked by increased antigenicity and adjuvanticity. (D) The CpG-PBNPs-
mediated cell death occurring concurrently with increased antigenicity and adjuvanticity
triggers long-term tumor regression and rejection of tumor-rechallenge, suggestive of
the generation of immunological memory as a result of the nanoimmunotherapy.
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1.2 Innovation

The innovative aspects of our nanoimmunotherapy, which combines
biofunctionalized PBNPs with a TLR agonist to treat neuroblastoma tumors in

syngeneic mouse models of disease include:

1.2.1 The use of PBNP-PTT for tumor eradication and to elicit an O

vaccine effect

PBNP-PTT is a minimally invasive in situ method for destroying
(ablating) cancer cells and reducing tumor burden. In this treatment modality,
NIR light-absorbing PBNPs are injected into tumors and irradiated with a low-
power NIR laser, resulting in rapid heating of the nanoparticles and destruction
of the tumor. In this dissertation, we leverage the property of PBNPs to be used
as PTT agents to eradicate Neuro2a neuroblastoma tumors by ablation. We have
the ability to synthesize PBNPs with controllable sizes (from as low as 10 nm to
200-300 nm), porosities (solid vs hollow), surface biofunctionalization
(uncoated, layer-by-layer coated, etc), and biodegradability (Figure 1.3) [18, 19,
27,28, 30, 31, 63, 64]. This biodegradability mitigates concerns associated with
the long-term fate and toxicity of these nanoparticles within the body, a feature
not offered by other types of nanoparticles used for PTT [18, 27]. Further, PBNPs
can be easily synthesized in a single, scalable step at extremely low costs, and
are already FDA approved for human oral consumption (to treat radioactive

poisoning)[29], which suggests the potential safety of using this PBNP platform
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for PTT of tumors. Additionally, the release of key tumor antigens and “danger
signals” by PBNP-PTT-based destruction of tumor cells is expected to provide
an immunostimulatory, multi-antigen “PTT vaccine” effect without the need for
knowledge of specific tumor antigen targets, as required for standard vaccines.
This PTT vaccine is expected to play a role in triggering ICD, which is important

for eradicating tumors, conferring immunity, and preventing relapse.
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Figure 1.3: Controllable sizes, morphologies, and degradation of
PBNPs. A-B) Cuboidal PBNPs synthesized using a one-pot synthesis
scheme and by controlling nanoparticle growth. C) pH 5.5 and D) pH
7.4, exhibiting PBNP stability at mildly acidic pH (5.5), and decreased
PBNP stability at mildly alkaline pH (7.4). Insets: PBNP photographs
on Day 7 at a pH of 5.5 and 7.5, respectively.
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1.2.2 The use of PBNPs as a depot for immune adjuvants

Several reports have conclusively demonstrated the benefits of using
nanoparticle depots to locally administer immune adjuvants compared to direct
intratumoral injection or systemic administration [20, 21, 23]. We conducted
electrostatic coating of PBNPs with a potent TLR agonist, CpG, to play a key
role in breaking tolerance to tumor antigens and improving tumor antigen
presentation. From this perspective, PBNP-PTT offers advantages over other
tumor ablation technologies such as high-intensity focused ultrasound,
radiofrequency ablation, and cryoablation [32, 65, 66], because the nanoparticles
themselves are modified to carry the immunostimulatory molecules [20, 58] as
compared to the other ablation technologies which would necessitate the

administration of the immune adjuvants separately.

1.3 Overview of thesis work

In this dissertation, we addressed the limitations of existing therapies and
challenges in treating neuroblastoma, and engineer a novel therapy comprising
of PBNPs and immunotherapies. By focusing on the key challenges in treating
neuroblastoma (low neoantigen expression, heterogeneity, immunosuppression,
high recurrence rate), we utilize nanotechnological and immunological based
solutions to develop enhanced nanoimmunotherapies. Nanoimmunotherapy
refers to the marriage of nanomedicine and immunotherapy approaches in order
to promote the development of a robust and persistent therapeutic. In principle,

a successful nanoimmunotherapy should allow the therapeutic efficacies of each
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treatment modality to persist, all while supplementing and overcoming the
limitations of each platform alone. Through both PBNP-based photothermal
therapy and combination with toll like-receptor agonists and checkpoint
inhibitors, we have demonstrated multiple approaches to developing an
enhanced therapeutic, that is capable of robust antitumor efficacy against
neuroblastoma.

The overall objective of this dissertation is to successfully engineer a

combination therapy to treat neuroblastoma using PBNPs in combination

with immunotherapies. We hypothesize that by biofunctionalizing PBNPs

with CpG., our nanoimmunotherapy (CpG-PBNP-PTT) elicits

immunogenic cell death (ICD) and improved antigen presentation, which

combines with immune checkpoint inhibition to effectively eradicate

neuroblastoma tumors, prevent relapse, and trigger antitumor effects

against disseminated disease.

To accomplish this, our first objective was to synthesize and characterize
PBNPs biofunctionalized with CpG. In Chapter 2, the properties of CpG-
PBNPs were characterized for size, stability, absorption spectrum, and
cytotoxicity compared to PBNPs to confirm that layer-by-layer coating with
CpG was not affecting the intrinsic properties of PBNPs. We then present the
photothermal heating characteristics of the nanoparticles as well as their
immunostimulatory properties in vitro and ex vivo to ensure that CpG-PBNPs

are suitable for administration of PTT.
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Chapter 3 describes a thermal “window” of immunogenic cell death (ICD)
elicited by PTT in an animal model of neuroblastoma. We demonstrate tunable
immune responses to heat generated by PBNP-PTT, which should be critically
engaged in the administration of PTT for maximizing its therapeutic effects.
After characterizing CpG-PBNPs, as well as their ability for PTT and eliciting
ICD, we tested the ability of our nanoimmunotherapy to upregulate an immune
response by activating DCs and T cells in vitro (Chapter 4). We then evaluated
the efficacy of CpG-PBNP in treating a syngeneic mouse model of
neuroblastoma.

An effective nanoimmunotherapy for neuroblastoma should be capable of
treating both primary tumors as well as preventing recurrence, and treat
disseminated disease. In Chapter 5 we therefore tested the ability of our therapy
in protecting long-term surviving mice from neuroblastoma rechallenge, as well
as the ability of our therapy to treat a disseminated model of neuroblastoma.
Finally, in Chapter 6, we discuss future studies to continue the improvement of

PBNP-based nanoimmunotherapies for the treatment of neuroblastoma.
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Chapter 2: Layer-by-layer coating of PBNPs with CpG yield
stable and functional CpG-PBNPs!

2.1 Abstract

Nanoparticle-based photothermal therapy (PTT) has been widely investigated
in cancer therapy as a rapid and minimally invasive tumor ablation technique. An
emerging area of interest is the effect of PTT on the immune system during tumor
therapy, since PTT not only causes tumor cell death, but can also release tumor antigens
and endogenous adjuvants under certain conditions. We describe biofunctionalized
PBNPs as an enhanced photothermal immunotherapy wherein PBNP-based PTT is
used for tumor ablation and in situ vaccine effects, complemented by adjuvant CpG
biofunctionalization that increases antigen-processing and presentation. Here, we
describe the synthesis and characterization of CpG oligodeoxynucleotide-coated
Prussian blue nanoparticles (CpG-PBNPs) that function as a nanoimmunotherapy for
neuroblastoma, a common childhood cancer. These CpG-PBNPs increase the
antigenicity and adjuvanticity of treated tumors, ultimately driving robust antitumor
immunity through a multi-pronged mechanism. CpG-PBNPs are synthesized using a
facile layer-by-layer coating scheme resulting in nanoparticles that exhibit
monodisperse size distributions and multiday stability without cytotoxicity. The strong,
intrinsic absorption of PBNPs in the CpG-PBNPs enables ablative photothermal

therapy (CpG-PBNP-PTT) that triggers tumor cell death, as well as release of tumor

! This chapter was adapted from Cano-Mejia, J. et al, Prussian blue nanoparticle-based antigenicity
and adjuvanticity trigger robust antitumor immune responses against neuroblastoma. Biomaterials
Science, 2019. doi: 10.1039/c8bm01553h
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antigens to increase antigenicity. Lastly, the high encapsulation efficiency and tightness
of CpG bound to PBNPs allows for a more bioavailable antigen in the local tumor
environment. CpG-PBNPs are therefore effective nanoimmunotherapy agents for
photothermal immunotherapy of cancers. PTT-elicited cell death combined with
released antigens and added adjuvants will result in a stronger engagement of an

antitumor immune response.

2.2 Introduction

Treatments that recruit the immune system have emerged as attractive options
for cancer as they offer the potential for more specific and persistent antitumor effects.
As a representative immunotherapy method, nanoimmunotherapies show tremendous
potential in cancer immunotherapy owing to the antigen-specific immune responses
and the long-term immunological memory induced by them [67]. Among them,
protein- or peptide- based vaccines show more advantages in terms of safety, stability,
specificity, or reproducibility[ 68-71]. Nevertheless, the insufficient immunogenicity of
some of these treatments leads to the difficulty of eliciting robust immune effects for
immune clearance. With the development of adjuvants, co-delivery of antigens and
adjuvants can significantly promote the effectiveness of cancer treatments and even
overcome the body’s immune tolerance. Reports have indicated that sustained release
of the antigen and adjuvant from a delivery system can generate an “antigen reservoir”
effect that further enhances tumor-specific cytotoxic T lymphocyte responses [72]. Co-
delivery of antigens and adjuvants has achieved a positive role for cancer

immunotherapy [22]. The application of carrier systems for co-delivery of antigens and
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adjuvants would provide a suitable strategy for further enhancing the tumor therapy
effect [59, 60, 68-70]. To this end, we have designed an ensemble nanoimmunotherapy
that combines state-of-the art advances in the field of nanotechnology with
immunotherapy for treating advanced tumors such as neuroblastoma. Specifically, our

ensemble comprises: 1) PBNPs biofunctionalized with 2) the immune adjuvant CpG.

We utilize the PBNPs for photothermal therapy (PBNP-PTT) by irradiating
them with a low power, NIR laser. PBNP-PTT serves as a method for tumor ablation
and decreasing tumor burden[18, 19]. In addition, PBNP-PTT releases tumor antigens
and endogenous adjuvants particularly damage-associated molecular patterns
(DAMPS) such as ATP and HMGBI that can increase tumor immunogenicity [62].
Therefore PBNP-PTT functions as an in sifu vaccine. An advantage of using PBNP-
PTT is that it can elicit a multi-antigen vaccination effect without the need for a priori
knowledge of the tumor antigens, which may be difficult to acquire for less
immunogenic tumors[6, 7]. Additionally, an in situ vaccine obviates the need for
synthesis, purification, and processing steps for exogenous vaccines, which can be

complex, time-consuming, and costly.

The PBNPs also function as a depot for immune adjuvants, improving antigen
presentation and processing. Synthetic oligodeoxynucleotides (ODNs) containing the
unmethylated cytosine-phosphate-guanine (CpG) motif are potent stimulants of the
innate immune system [50]. These sequences bind to TLR-9 in the endosome of antigen
presenting cells (APCs), this promoting the expression of co-stimulatory molecules,
and the development of CD8+T cell responses[9]. As a result, CpG has shown great

promise as a monotherapy and vaccine adjuvant for the treatment of cancer. Our
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motivation for employing a depot approach for administering the immune adjuvants is
premised on several published reports that have conclusively demonstrated the benefits
of using nanoparticle depots to deliver immune adjuvants compared with direct
injection of these agents [20, 21, 23]. Direct injection at the tumor site causes rapid
clearance of the adjuvants, and systemic administration is associated with non-specific
immune activation/toxicity effects. Additionally, PBNPs serve as a source for in situ
vaccination and a depot for immune adjuvants using a single platform that is easily
assembled, a clear advantage over other techniques to co-administer these agents. A
co-delivery system including PBNP-PTT and CpG introduces the antigen and adjuvant
to the local tumor environment and its surrounding and infiltrating immune cells,
executing a dual function of antigen by means of the dying tumor cells, as well as the
CpG adjuvant. PTT using CpG-PBNPs (CpG-PBNP-PTT) will serve as a dual
treatment modality, where tumors are killed by ablation and enhancement of the
immune response through the delivery of both antigens and adjuvants locally.
Photothermal immunotherapy using CpG-PBNPs therefore have the potential of
greatly improving the treatments and responses of cancers.

We present a layer-by-layer scheme for the generation of the CpG-PBNPs,
leveraging our expertise in generating polyelectrolyte multilayers. The properties of the
resultant CpG-PBNPs were characterized for size, stability, absorption spectrum, and
cytotoxicity. Next, we present the photothermal heating characteristics of the
nanoparticles as well their immunostimulatory properties in vitro and ex vivo to ensure
that the CpG coating is not affecting the intrinsic characteristics and properties of

PBNPs, and the CpG-PBNPs are suitable for administration of PTT.
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2.3 Materials and Methods

2.3.1 Materials and chemicals

All synthesis procedures were conducted using ultrapure water obtained from a
Milli-Q system (Millipore Corporation, Billerica, MA) with resistivity of 18.2 MQ-cm.
Potassium hexacyanoferrate (I) trihydrate (Mw 422.39; K4[Fe(CN)s]-3H20), iron (III)
chloride hexahydrate (Mw 270.3; Fe(Cl);-6H20), and citric acid were purchased from
Sigma-Aldrich (St. Louis, MO, USA), and were used as supplied. Acetone, ethanol,
and ethidium bromide (EtBr) solution were obtained from Sigma-Aldrich.
Poly(ethylenimine) (PEI, Mw 2,000, Mn 1,800, 50% w/v in H,O) was purchased from
Sigma-Aldrich, and diluted in acetate buffer (pH 5.2, Sigma-Aldrich). Murine CpG
oligodeoxynucleotide (CpG) TLRO ligand (ODN 1585; Class A)) was purchased from

InVivoGen (San Diego, CA, USA).

2.3.2 Cells and cell culture

The murine neuroblastoma cell line Neuro2a was obtained from ATCC
(Manassas, VA, USA) and cultured in Eagle’s Minimum Essential Medium (EMEM)
(Gibco, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS, Gibco) and 1%

penicillin/streptomycin (Sigma-Aldrich).
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2.3.3 Synthesis of PBNPs

PBNPs were synthesized using a one-pot synthesis scheme as previously
described by us with minor modifications [18, 19, 31, 64]. Briefly, an aqueous
solution of 1.0 mM FeClz-6H>0 and 0.5 mmol citric acid in 20 mL of MilliQ
water was added under vigorous stirring to an aqueous 20 mL solution containing
1 mM K4Fe(CN)s-3H20 and 0.5 mmol citric acid at 60 °C. After stirring for 1
minute, the solution was allowed to come to room temperature, and the
precipitate containing PBNPs was isolated by the addition of equal volumes of
acetone followed by centrifugation (10,400 xg for 10 minutes). The collected
PBNPs were rinsed and resuspended by sonication for 5 s using a Q500 sonicator
(QSonica LLC, Newton, CT, USA) at high power in Milli-Q water. The isolation
and rinsing steps were repeated 3x before the stock nanoparticles were finally
resuspended by sonication in Milli-Q water. The concentration of the PBNPs was
determined by measuring the absorbance of the nanoparticle suspensions at 680
nm using a calibration curve plotting ODsgo versus concentration of PBNPs in
mg/mL. These calculations were confirmed by weighing a known volume of the

PBNPs before and after drying in an oven.

2.3.4 Synthesis of CpG-PBNPs

To generate the CpG-PBNPs, we adopted a layer-by-layer coating
strategy where PEI was first coated on to the PBNPs. PBNPs at a concentration
of (3 mg/mL) were contacted with equal volumes of PEI (12 mg/mL) in acetate

buffer (pH 5.2) at room temperature for 1 hour on an orbital shaker. The resultant
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PEI-coated PBNPs (PEI-PBNPs) were collected by centrifugation at 10,400 xg
for 10 minutes with the addition of equal volumes of ethanol. After 4 washes
with the 50%-50% Milli-Q water-ethanol mixture, the PEI-PBNPs were
resuspended by sonication in Milli-Q water. The concentration of the PEI-
PBNPs was determined as described above. Next, CpG was assembled on the
PEI-PBNPs. Accordingly, 300 pL of an aqueous solution of CpG (containing
100 pg CpG in endotoxin-free water) was added to 500 pL of the above PEI-
PBNP suspension (at a concentration of 2 mg/mL) under stirring at room
temperature for 15 minutes. The mixture was centrifuged at 21,000 xg for 15
minutes to collect the CpG-PBNPs. The amount of CpG loaded on to the
nanoparticles was calculated by measuring the difference in absorbance (at 260
nm) between the CpG added to the nanoparticles and the CpG detected in the
nanoparticle-free supernatant, using a NanoDrop spectrophotometer (Thermo
Fisher Scientific). Based on these measurements, we calculated the entrapment
efficiency (%EE) = (Amount of CpG added — Amount of CpG measured in the

supernatant)/(Amount of CpG added).

2.3.5 Nanoparticle characterization

The size (hydrodynamic diameter) and charge (zeta potential)
distributions of PBNPs, PEI-PBNPs and CpG-PBNPs were measured using
dynamic light scattering (DLS) on a Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK). The visible-NIR (Vis-NIR) absorbance spectra of the

nanoparticles were measured on the Genesys 10S spectrophotometer using the
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VISIONIite software (Thermo Fisher Scientific). Transmission electron
microscopy (TEM) images of the PBNPs, PEI-PBNPs, and CpG-PBNPs were
prepared by loading 5 pL of the nanoparticle suspensions on to formvar carbon
coated copper grids (Ted Pella, Inc., Reading CA) and dried overnight. The
samples were imaged in a Talos F200X Transmission Electron Microscope
(TEM) (Thermo Fisher) at 200 KV. The Velox software (Thermo Fisher)
captured images at 200X magnification with a Ceta 4k x 4k camera. Multiday
stability of the nanoparticles in ultrapure water was assessed by measuring their
hydrodynamic size distributions, zeta potentials, and Vis-NIR spectra every 24

hours over 7 days.

2.3.6 Release of CpG from CpG-PBNPs

To quantify if CpG is tightly bound on the layer-by-layer-assembled
CpG-PBNPs, EtBr was added to CpG-PBNPs or dose-matched free CpG ata 1:5
mass ratio and allowed to equilibrate for 1 hour. Fluorescence was measured on
a Gemini XPS plate reader (Molecular Devices LLC, San Jose, CA, USA) at an
excitation wavelength of 520 nm and an emission wavelength of 590 nm. The
intensity ratio was calculated by comparing the fluorescence of the CpG-PBNPs
with EtBr to the fluorescence of CpG and EtBr alone. To determine the multi-
day release of CpG from the nanoparticles at varying physiological pHs (4.6, 7.0,
and 8.0), the appropriate amounts of mild acid or base were added to the CpG-
PBNP suspensions (0.8 mg/mL) in Milli-Q water until the desired, stable pH was

obtained. The amount of CpG released was measured using a NanoDrop
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spectrophotometer. To determine the amount of CpG released from the particles,
PTT was conducted as a function of concentration (0.1 mg/mL and 0.5 mg/mL)
at a fixed laser power of 0.75 W for 10 minutes. The PTT capabilities were also
tested as a function of laser power (0.25, 0.75, and 1.25 W) by irradiating CpG-
PBNPs at a fixed concentration of 1 mg/mL. EtBr was added to the nanoparticles

after PTT or dose-matched free CpG as described above.

2.3.7 Cell viability assavs

Intrinsic and PTT-induced cytotoxicity of the CpG-PBNPs in vitro was
measured using the murine neuroblastoma cell line Neuro2a. Briefly, Neuro2a
was seeded in a 96-well plate at a cell density of 50,000 cells per well, and
incubated with either vehicle or varying concentrations of nanoparticles (0.001-
0.5 mg/mL) with or without laser irradiation using an 808 nm NIR continuous
wave, collimated diode laser (Laserglow Technologies, Toronto, ON, Canada)
at 1.5 W/cm? for 10 minutes. Twenty-four hours after the treatment, cell viability
was assessed using the CellTiter-Glo luminescent cell viability assay (Promega
Corporation, Madison, WI, USA). Each treatment was conducted with at least

three replicates.

2.3.8 In vitro PTT

The photothermal capabilities of CpG-PBNPs were tested in vitro as a
function of concentration by varying the concentration of the nanoparticles from

0.025 mg/mL to 0.5 mg/mL at a fixed laser power of 0.75 W for 10 minutes. The

26



PTT capabilities were also measured as a function of laser power (0.25W —
1.25W) by irradiating CpG-PBNPs at a fixed concentration of 1 mg/mL for 10
minutes. The stability of the nanoparticles as a photothermal agent was assessed
by a cyclic heating/cooling study where 1 mg/mL CpG-PBNPs were irradiated
by the NIR laser at 0.75 W (laser on/off times = 10 minutes each). The laser
power administered in each study was confirmed using a power meter (Thorlabs,
Newton, NJ, USA). Temporal temperature measurements were taken using an i7

thermal imaging camera (FLIR, Arlington, VA, USA).

2.4 Results

2.4.1 Lavyer-bv-layer coating vields CpG-PBNPs with stable, monodisperse size

distributions that retain the absorption properties of PBNPs and are not cytotoxic

We employed a layer-by-layer coating scheme to generate the CpG-PBNPs
by sequentially coating the PBNPs with PEI and then CpG. Using this coating
scheme, the yield of PEI-PBNPs was 92% on a mass/mass basis (gram of PEI-
PBNPs obtained per gram PBNPs used in the coating) and the yield of CpG-
PBNPs was 99.5% (gram of CpG-PBNPs obtained per gram of PEI-PBNPs used
in the coating) resulting in an overall process yield of approximately 91.5% (g
CpG-PBNP/g PBNP). We measured the size, zeta potential, and Vis-NIR
spectrum of the resultant CpG-PBNPs to assess their properties relative to
unmodified PBNPs and PEI-PBNPs, to ensure that coating PBNPs with CpG did
not affect the intrinsic characteristics of PBNPs. DLS measurements yielded

CpG-PBNP size distributions that were similar to PBNPs and intermediate PEI-
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PBNPs (mean diameter ~ 190 nm; Figure 2.1A). Further, we were able to verify
that the layer-by-layer coating was able to successfully coat the PBNPs with PEI
and then CpG using zeta potential measurements (Figure 2.1B). Specifically, the
intrinsic negative charge of PBNPs (average zeta potential -34 mV) changed to
a net positive charge upon addition of positively charged PEI (+42 mV) and then
back to a net negative charge after subsequent addition of the negatively charged
CpG (-32 mV). The Vis-NIR spectrum of CpG-PBNPs demonstrated an
absorption band between 650 and 900 nm (Amax = 705 nm; Figure 2.1C), which
is similar to the absorption band of unmodified PBNPs [18, 19, 61]. This
absorption band corresponds to the energy of the metal-to-metal charge transfer
between Fe" and Fe' through the cyanide bridge and confers photothermal
heating capabilities to the nanoparticles (upon NIR laser irradiation). TEM
images of PBNPs, PEI-PBNPs, and CpG-PBNPs showed the characteristic
cuboidal morphology of PBNPs (Figure 2.1D). In contrast, the crystallinity of
the PEI-PBNPs and CpG-PBNPs were less well-defined and diffuse compared
with PBNPs. This could be attributed to the presence of the polymer layers on
the PEI-PBNPs and CpG-PBNPs that were likely affected and/or damaged by
exposure to the electron beam during the TEM imaging (Figures 2.1E and F).
Using these synthesis conditions, the entrapment efficiency (%EE) for CpG in
the CpG-PBNPs was approximately 25%, which corresponded to approximately
40 pg CpG/mg of nanoparticles.

We conducted a temporal DLS study to assess nanoparticle size distributions

as a function of time. The nanoparticles (PBNPs, PEI-PBNPs, and CpG-PBNPs)
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were stable over 7 days as measured by consistent size distributions over the
study (Figures 2.1G, 2H). The addition of varying concentrations of PBNPs,
PEI-PBNPs, or CpG-PBNPs (0.001-0.1 mg/mL) to Neuro2a cells did not
significantly affect their cellular viability (Figures 2.1I), indicating
biocompatibility of the nanoparticles within these concentration ranges. These
results demonstrate that our synthesis scheme yields stable CpG-PBNPs with
monodisperse size distributions that retain the Vis-NIR absorption properties and

biocompatibility of uncoated PBNPs.

29



Intensity (%)

_ ——CpG-PBNPs

—— PEI-PBNPs
——PBNPs

10

100 1000 10000

Hydrodynamic Diameter (nm)

60

40

20

Zeta potential (mV)
o

G '8 7——PBNPsDAY0 H 14 -
16 {=——PBNPs DAY 7
12 A
14 -
=12 - 10 4
X X
>10 <8
= =
887 56 -
£ 6 =
4
4
2 J 21
0 ; N SR 0 -
1 10 100 1000 10000 1
Hydrodynamic diameter (nm)
n.s.

-
N
o

Viability (% vehicle) _,

o
o

©
o

D
o

N
o

N
o

10
Hydrodynamic Diameter (nm)

(@)

Absorbance

100

Vehicle 0.001 0.005 0.01

EPBNPs mCpG-PBNPs

mg/mL nanoparticles

30

0.05

0.1

e
o

——CpG-PBNPs
31 ——PBNPs
2.5 -
2 |
15 -
.
05 -
0 . ; .
400 600 800 1000

Wavelength (nm)

——CpG-PBNPs DAY 0
——CpG-PBNPs DAY 7

1000 10000



Figure 2.1. Size distribution, zeta potential, absorbance, multi-day stability, and
cytotoxicity of CpG-PBNPs. CpG-PBNPs, as well as the starting (PBNPs) and intermediate
nanoparticles (PEI-PBNPs), were characterized using: (A) Dynamic light scattering (DLS),
(B) Zeta potential measurements after each step of the synthesis (Days 0 and 7), and (C) Vis-
NIR spectra. TEM images of (D) PBNPs, (E) PEI-PBNPs, and (F) CpG-PBNPs.
Nanoparticle stability was measured over the course of a week for the (G) PBNPs and (H)
CpG-PBNPs using DLS. (I) Cytotoxicity of varying concentrations (0.001 — 0.1 mg/mL)
PBNPs and CpG-PBNPs on Neuro2a cells, measured by a cell viability assay (n.s.; no
statistical significant difference in viability between both types of nanoparticles and
concentrations; p > 0.05).

2.4.2 CpG-PBNPs retain the photothermal therapv capabilities of PBNPs after

CpG coating

To assess the effect of the CpG coating on the photothermal heating
properties of the resultant CpG-PBNPs, we conducted photothermal heating
studies in vitro as a function of nanoparticle concentration, laser power, and
cyclic heating (Figure 2.2). The photothermal heating effect was concentration-
dependent (Figure 2.2A) and laser power-dependent (Figure 2.2B). The
temperatures increased with increasing CpG-PBNP concentrations (0.025 to 0.5
mg/mL CpG-PBNPs) reaching a maximum temperature around 80 °C at 10
minutes at a concentration of 0.5 mg/mL CpG-PBNPs (laser power 0.75 W). The
photothermal heating effect was also dependent on incident laser power, and was
observed to increase with increasing laser powers (0.25 to 1.25 W) reaching a
maximum temperature around 80 °C (for I mg/mL CpG-PBNPs) at 1.25 W at 10
minutes. Furthermore, we demonstrated the stability of CpG-PBNPs as PTT
agents through a cyclic heating study (1 mg/mL CpG-PBNPs, 0.75 W laser
power). CpG-PBNPs showed consistent photothermal heating tracing similar
heating-cooling curves over three consecutive heating and cooling cycles

indicating stability of the CpG-PBNPs as PTT agents (Figure 2.2C). To test the
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efficacy of CpG-PBNPs to induce Neuro2a killing, we tested cell viability at
different concentrations of CpG-PBNPs with and without laser. Neuro2a cell
viability significantly decreased as temperatures induced by CpG-PBNP-PTT
increased (Figure 2.2D). These results show that coating PBNPs with CpG does
not affect their photothermal heating abilities and indicate their suitability for use

at PTT agents.
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Figure 2.2. Photothermal properties of CpG-PBNPs. (A) Photothermal heating curves
(temperature-time profiles) of varying concentrations (0.025 — 0.5 mg/mL) of CpG-PBNPs

irradiated by an 808 nm NIR laser for 10 minutes at a power of 0.75 W (1.875 W/cmz). (B)
Photothermal heating of 1 mg/mL CpG-PBNPs using varying NIR laser powers (0.25 - 1.25
W) for 10 minutes. (C) Temperature profiles during cyclic heating of 1 mg/mL CpG-PBNPs
using an 808nm NIR laser at 0.75 W (laser on/off time: 10 minutes each). (D) Neuro2a cell
viability in vitro post-treatment with vehicle or varying doses of CpG-PBNPs (in the absence
or presence of the NIR laser at 0.75 W for 10 minutes), measured 24 h after treatment. (*

significant difference, p <0.001 compared with vehicle).
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2.4.3 CpG-PBNPs contain tightly bound CpG and exhibit pH-dependent CpG

release

We conducted studies to quantify the release of CpG from CpG-PBNPs
because the release (or retention) of this immunological adjuvant from the
nanoparticles directly impacts tumor adjuvanticity. An EtBr assay conducted to
determine the binding affinity of CpG and the PBNPs demonstrated that only
6.75% of bound CpG in the CpG-PBNPs could complex with EtBr when
compared with equivalent concentrations of free CpG (Figure 2.3A). This
finding suggests that greater than 93% of CpG is tightly bound in the CpG-

PBNPs post-synthesis.
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Figure 2.3. Release of CpG from CpG-PBNPs. (A) Fraction of CpG released from CpG-
PBNPs upon addition of ethidium bromide (EtBr) relative to equal concentrations of free CpG
added to EtBr (* significant difference, p < 0.05). (B) Percent normalized CpG bound in the
CpG-PBNPs as a function of time and pH. (C) Fraction of CpG released from CpG-PBNPs
after PTT at different laser powers (0.25 — 1.25 W) and different concentrations (0.1 — 0.5
mg/mL). Etbr was added as described above.
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Complementary to these studies, we assessed the percentage of CpG that
remained bound on the CpG-PBNPs as a function of varying pH and duration of
contact. This is because we administer the CpG-PBNPs intratumorally for PTT
and both tumor insterstitia and endosomal compartments - potential loci for the
nanoparticles after intratumoral injection - exhibit mildly acidic pH compared to
neutral, physiological pH observed in the serum and cytosol [73, 74]. At a neutral
pH (7.0), the percent of bound CpG remained constant for up to 4 days and then
decreased slightly (to 74.5%; Figure 2.3B). At a mildly acidic pH (4.6), the
percent of bound CpG decreased slightly to 88.6% by Day 4 and down to 54.3%
by Day 7. In contrast, at a mildly basic pH (8.0), the bound CpG decreased
rapidly to 31.4% by Day 4 and was almost completely released by Day 7 at this
pH. We can attribute this CpG release at mildly basic pHs to the well-described
attack of the characteristic Fe''-CN-Fe!"! bonds of PBNPs (and CpG-PBNPs) by
the slight excess of hydroxyl ions, previously described by us and others [19, 75,
76]. To test the fraction of CpG released from the nanoparticles after PTT, we
conducted PTT at varying laser powers (0.25 W — 1.25 W), as well as different
concentrations (0.1 mg/mL — 0.5 mg/mL), reaching final temperatures of around
40°C, 60°C, and 80°C (Figure 2.4). EtBr was added as described above. Our
results showed that CpG remained bound to the nanoparticles after PTT,
regardless of temperatures attained under the various PTT conditions suggesting
that heat did not cause the de-complexation of CpG from the nanoparticles
(Figure 2.3C). Together, these studies demonstrate that CpG in the CpG-PBNPs,

as synthesized, is tightly bound and remains tightly bound in the pH 4.6-7.0 range
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for up to 4 days, and after PTT, thus establishing the conditions for the retention

of this adjuvant after intratumoral administration.
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Figure 2.4. Photothermal heating curves of CpG-
PBNPs. (A) Photothermal heating curves
(temperature-time profiles) of varying
concentrations (0.025 — 0.5 mg/mL) of CpG-PBNPs
irradiated by an 808 nm NIR laser for 10 minutes at

a power of 075 W (1.875 W/cmz). (B)
Photothermal heating of 1 mg/mL CpG-PBNPs
using varying NIR laser powers (0.75 - 1.25 W) for
10 minutes.
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2.5 Discussion

We have described a novel CpG-PBNPs nanoimmunotherapy that triggers
robust antitumor immune responses in a syngeneic model of neuroblastoma by
combining the effects of nanoparticle-based photothermal therapy with increased
tumor antigenicity and adjuvanticity. We employed a layer-by-layer coating scheme to
generate stable, monodisperse, and biocompatible CpG-PBNPs wherein CpG was

tightly bound to the nanoparticles (Figures 2.1 and 2.3A).

CpG-PBNPs exhibited inherent pH-dependent stability (Figure 2.3B) where
they are stable at an acidic pH mimicking conditions observed in the tumor interstitium,
and exhibited incipient degradation at higher pHs mimicking the blood/lymph. The pH-
dependent stability of CpG-PBNPs suggest their potential use in delivering tumor-
specific therapies, where the nanoparticles remain intact intratumorally, while rapidly
degrading when they enter the bloodstream or lymphatic system. This pH-dependent
stability also minimizes potential toxicities associated with the long-term persistence
of the nanoparticles in vivo- an important consideration in the field of nanomedicine

for clinical translation.

The CpG-PBNPs retained the PTT properties of PBNPs (Figure 2.2), which is
important for eliciting ICD in treated Neuro2a cells, and an upregulation of an immune
response. CpG-PBNPs heat up in a concentration-dependent (Figure 2.2A) and laser
power-dependent (Figure 2.2B) manner, allowing for precise control of temperatures
reached during PTT. Furthermore CpG-PBNPs are able to undergo cyclic heating

(Figure 2.2C), alluding to the stability of the crystal structure after PTT. This
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phenomenon is further demonstrated through the lack of release of CpG from the CpG-
PBNPs after PTT at different temperatures (Figure 2.3C). This is an important
characteristic of our therapy, since the PBNP stability post-PTT allows for a multi-
treatment strategy of tumor cell death to occur via: 1) local tumor heating, 2) release of
tumor neoantigens, 3) ICD of neuroblastoma cells, 4) infiltration of immune cells, and
5) activation of a tumor-specific immune response that is upregulated through the 6)
local bioavailability of CpG. The upregulation of tumor antigenicity and adjuvanticity
via the CpG-PBNP-PTT nanoimmunotherapy is therefore a crucial step in the design

of functional nanoparticles for the treatment of neuroblastoma.

Layer-by layer assembly has been used to coat a wide range of substrates with
polyelectrolyte multilayers consisting of antigens, adjuvants, or both antigen and
adjuvant.[69, 77-82] Similarly, the synthesis and coating scheme described here can
be easily modified to coat PBNPs with other immune signals consisting of tumor
antigen, immunological adjuvants, and/or other antigen-adjuvants combinations. This
tripartite PTT-based cell death-antigenicity-adjuvanticity can, in principle, be applied
for the treatment of other solid tumors that employ similar immune evasion

mechanisms.
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Chapter 3: Photothermal therapy generates a thermal
window of immunogenic cell death in neuroblastoma’

3.1 Abstract

We describe a thermal “window” of immunogenic cell death (ICD) elicited by
nanoparticle-based photothermal therapy (PTT) in an animal model of neuroblastoma.
In studies using PBNPs to administer photothermal therapy (PBNP-PTT) to established
localized tumors in the neuroblastoma model, we observed that PBNP-PTT conformed
to the “more is better” paradigm, wherein higher doses of PBNP-PTT generated higher
cell/local heating and thereby more cell death, and consequently improved animal
survival. However, in vitro analysis of the biochemical correlates of ICD (ATP,
HMGBI, calreticulin) elicited by PBNP-PTT demonstrated that PBNP-PTT triggered
a thermal window of ICD. ICD markers were highly expressed within an optimal
temperature (thermal dose) window of PBNP-PTT (63.3-66.4 °C) as compared with
higher (83.0-83.5 °C) and lower PBNP-PTT (50.7-52.7 °C) temperatures, which both
yielded lower expression. Subsequent vaccination studies in the neuroblastoma model
confirmed our in vitro findings wherein PBNP-PTT administered within the optimal
temperature window resulted in long-term survival (33.3% at 100 days) compared with
PBNP-PTT administered within the higher (0%) and lower (20%) temperature ranges,

and controls (0%). Our findings demonstrate a tunable immune response to heat

2 This chapter was adapted from Sweeney EE, Cano-Mejia J, and Fernandes R, Photothermal therapy
generates a thermal window of immunogenic cell death in neuroblastoma. Small, 2018. doi:
10.1002/smll.201800678
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generated by PBNP-PTT, which should be critically engaged in the administration of

PTT for maximizing its therapeutic benefits.

3.2 Introduction

Nanoparticle-based photothermal therapy (PTT) has been widely investigated
in cancer therapy as a rapid and minimally invasive tumor ablation technique [19, 83].
In this treatment modality, the intrinsic photothermal conversion property of
synthesized nanoparticles is used for tumor control [18, 30, 84]. This property allows
the conversion of incident light into heat, which generates cell temperature increases,
thereby killing cancer cells in contact with the nanoparticles. Over the past two decades,
several reports utilizing nanoparticles for PTT of diverse tumor types in vitro and in

vivo have been described [18, 30, 64, 85-94].

An emerging area of interest is the effect of PTT on the immune system during
tumor therapy, since PTT not only causes tumor cell death, but can also release tumor
antigens and endogenous adjuvants (e.g. heat shock proteins, DAMPs) under certain
conditions [21, 23]. These endogenous adjuvants have the potential to increase tumor
immunogenicity, which can result in improved therapeutic responses. Engaging the
immune system during PTT is favorable as if offers the potential for persistent
treatment responses and immunological memory. Earlier studies have described the use
of PTT in combination with immunotherapies such as checkpoint inhibitors and
adoptively transferred T cells [19, 21, 23], and studies wherein the nanoparticles

themselves were modified to deliver immune adjuvants (e.g. TLR agonists) [20, 57, 59,
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95]. While these findings suggest that PTT engages the immune system, both by itself
and/or in combination with immune adjuvants/immunotherapies, it is still unclear if
PTT elicits bona fide ICD [96] - a cell death phenotype that engages the immune
response and is associated with favorable therapeutic implications. Further, the effect

of increasing levels of heat, specifically through PTT, on ICD is still unclear.

In this study, we seek to answer whether nanoparticle-based PTT elicits ICD.
ICD is associated with several endogenous biochemical correlates including (but not
limited to) the release of ATP and high-motility group box 1 (HMGB1) from dying
cells, and increased exposure of surface calreticulin on the surface of dying cells [96-
100]. We use these molecular markers to indicate ICD, but we further confirm its
presence by demonstrating the effect on immunological memory through a vaccination
model. It is important to note that the ICD markers may be present without bona fide
ICD; a cytotoxic component is required in order for both benefits of ICD, the cell killing
and immune cell engagement, to occur [101-103]. Additionally, we determine if PTT
elicits ICD under all temperature regimes (thermal doses), or if ICD occurs under only

certain favorable conditions of PTT.

To answer these questions, we utilize PBNPs for PTT (PBNP-PTT) (Figure
3.1A). PBNPs are biodegradable, FDA-approved nanoparticles [26, 104, 105] that we
have previously used for photothermal therapy of tumors, both alone [18] and in
combination with chemotherapy [64] and immunotherapies [19, 106]. Specifically, we
administer varying thermal doses of PBNP-PTT to tumor cells in vitro and in vivo by
varying the PBNP concentrations and the laser power. For in vivo studies, we use

Neuro2a cells in a hard-to-treat, syngeneic animal model of neuroblastoma [107-109]
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- the third leading cause of cancer-related death in children in the United States [2,
110]. Neuroblastoma evades the immune system as it typically exhibits a lower
neoantigen load [ 11] and therefore serves as a suitable model to test the effect of PBNP-
PTT on generating ICD. Our findings demonstrate a tunable immune response to heat
generated by PBNP-PTT, which has important implications for eliciting potent and
persistent antitumor immune responses for maximizing its therapeutic benefits (Figure

3.1B).
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Figure 3.1. Prussian blue nanoparticle-based photothermal therapy (PBNP-PTT)
generates a thermal window of immunogenic cell death (ICD). A) PBNPs that are
administered to tumors and illuminated with a near infrared light trigger tumor cell death by
PBNP-PTT. B) (Middle). When an optimal temperature range (thermal dose) of PBNP-PTT is
administered to tumors, the tumor cells undergo ICD marked by the release of ATP, HMGBI,
and increased expression of surface calreticulin. These effects elicit a potent antitumor immune
response that is associated with improved therapeutic outcomes. If the thermal dose of PBNP-
PTT is either too low (Bottom) or too high (Top), the tumor cells may still be killed by the
effects of PBNP-PTT, but the dying cells do not trigger a favorable antitumor immune response
because they do not undergo bona fide 1CD.
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3.3 Materials and Methods

3.3.1 Cells

The murine neuroblastoma cell line Neuro2a was originally obtained from
American Type Culture Collections (ATCC, Manassas, VA) and cultured under
recommended conditions. Cells were subcultured in DMEM (Gibco, Carlsbad, CA)
containing 10% fetal bovine serum (FBS, Gibco, Carlsbad, CA) and 1%

penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO).

3.3.2 Animals

Four-to-five-week old female A/J mice were purchased from Jackson
Laboratory (Bar Harbor, ME). The animals were acclimated for 3-4 days prior to any
injections. All procedures were approved by the Institutional Animal Care and Use
Committee of Children’s National Health System (CNHS), Washington, DC (Protocol
# 00030439), and are in accordance with the humane care of research animals. Tumor
volumes were monitored every other day by caliper measurement. A tumor size of 15
mm diameter in any dimension, or 13 mm if two tumors were present, was designated
as the endpoint and mice were euthanized at that time. Euthanasia was achieved
through cervical dislocation after CO; narcosis. If the tumor impaired mobility of the
animal, became ulcerated or appeared infected, or if the mice displayed signs of distress

by sick mouse posture, the mouse was euthanized.
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3.3.3 PBNP svynthesis

PBNPs were synthesized using a scheme as described previously [18, 27, 31,
111]. Briefly, an aqueous solution of 6.8 mg FeCl3-6H2O (2.5 x 107> mol) in 5 mL of
Milli-Q water was added under vigorous stirring to an aqueous solution containing 10.6
mg of K4Fe(CN)s-3H20 (2.5 x 107> mol) in 5 mL of Milli-Q water. After stirring for
15 min, the precipitate was isolated by centrifugation (20,000g for 10 min) and rinsed
by sonication (5 s, high power) in Milli-Q water. The isolation and rinsing steps were
repeated three times before the particles were resuspended by sonication in Milli-Q
water. All synthetic procedures were conducted using ultrapure water obtained from a
Milli-Q system (Millipore Corporation, Billerica, MA) with resistivity of 18.2 MQ-cm.
Potassium hexacyanoferrate (II) trihydrate (MW 422.39; K4[Fe(CN)¢]-3H20), iron (III)
chloride hexahydrate (MW 270.3; Fe(Cl);-6H20), were all purchased from Sigma-

Aldrich (St. Louis, MO).

3.3.4 In vitro PBNP-PTT

In vitro PBNP-PTT was performed using an 808 nm NIR laser from Laserglow
Technologies (Toronto, ON, Canada). Either 50,000 Neuro2a neuroblastoma cells were
seeded overnight in 96-well plates, or ten million Neuro2a cells were suspended in 1
mL PBS in a 1.7 mL microcentrifuge tube. Varied concentrations of PBNPs were added
to the cells, and the cells were then illuminated by the NIR laser. Power was confirmed
by a power meter (Thorlabs, Newton, NJ). Temporal temperature measurements were

taken using a thermal camera (FLIR, Arlington, VA).
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3.3.5 In vivo PBNP-PTT

1 million Neuro2a cells in 100 pL PBS were subcutaneously injected into the
backs of previously shaved A/J mice. Treatment began when tumor volumes reached
~60 mm?. Visual as well as histological examination of the tumors excised from these
tumor-bearing mice confirmed that the tumors are well vascularized and not a loose
collection of cells (Appendix 7). Mice were anesthetized prior to treatment using 5%
isoflurane. They were then intratumorally injected with 50 pL of PBNPs (varied
concentrations). After injection, tumors were irradiated with NIR light (808 nm) from
Laserglow Technologies (Toronto, ON, Canada) (varied power) for 10 minutes. Their
eyes were covered with opaque black cardboard during treatment to avoid eye damage.
Temperatures reached during PBNP-PTT were measured using a FLIR thermal camera

(Arlington, VA).

3.3.6 ICD marker analysis

In vitro PBNP-PTT was performed as described above. Cell suspensions were
then washed and stained with fluorescent antibodies against HMGBI (intracellular) and
calreticulin (extracellular) and flow cytometry was performed. Antibodies were
purchased from Abcam (Cambridge, UK), flow cytometry was performed on the BD
Biosciences FACSCaliber (Franklin Lakes, NJ), and analysis was done using FlowJo
(Ashland, OR) software. For intracellular ATP presence, cells were washed after in
vitro PBNP-PTT and the ATP-based CellTiter-Glo (Promega, Madison, WI)

Luminescent Cell Viability Assay was performed.
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3.3.7 Vaccination model

In vitro PBNP-PTT was performed as described above in the 1.7 mL
microcentrifuge tube. Resulting cell/nanoparticle suspensions (1 million cells in 100
uL per mouse) were injected subcutaneously into the right side of the backs of
previously shaved A/J mice. Four days later, this was repeated. Three days later (seven
days from first injection), mice were subcutaneously inoculated with 1 million Neuro2a
cells in 100 uL PBS into the backs on the opposing (left) side. Tumor growth was

measured by calipers, and survival was analyzed over time.

3.3.8 CEM43 calculations

Thermal doses administered to the various groups was expressed in terms of
CEM43 (cumulative equivalent minutes at 43 °C). CEM43 was calculated using the

equation described by Sapareto and Dewey:[112]

CEMA43 = At x R#3~D)

Where At signifies summation over the length of exposure, T is the average temperature

during time interval t, and R is a constant equal to 0.25 for T<43°C and 0.5 for T>43°C.

3.3.9 Statistical analysis

Statistical significance was determined from a two-tailed Student’s 7 test and

values with p<0.05 qualified as statistically significant. Survival results were analyzed
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according to a Kaplan-Meier curve. The log-rank test was used to determine

statistically significant differences in survival between the various groups.
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3.4 Results

3.4.1 Higher doses of PBNP-PTT results in improved tumor eradication and

survival for mice with localized focal Neuro2a tumors

To begin PBNP-PTT dosage studies, we first demonstrated PBNP
concentration-dependent temperature increases of Neuro2a neuroblastoma cells in vitro
(Figure 3.2A-B). We show that cell viability significantly decreases as temperatures
induced by PBNP-PTT rise above ~48 ‘C (Figure 3.2C). As a step toward illustrating
the effects of varied doses of PBNP-PTT on primary neuroblastoma tumors, we
conducted studies on local Neuro2a tumor eradication. Specifically, Neuro2a tumor-
bearing mice (~ 5 mm tumor sizes; n > 4/group) were treated with: 1) vehicle (PBS),
2) low-dose PBNP-PTT (low PTT; attaining an average tumor temperature < 40 ‘C), 3)
medium-dose PTT (medium PTT; average tumor temperature < 60 ‘C), and 4) high-
dose PTT (high PTT; average tumor temperature ~ 90 "C) (Figure 3.2D). Our studies
demonstrate that for a localized tumor, higher PTT was more effective in tumor
eradication as evidenced by slower tumor growth (Figure 3.3) and 100% survival at 40
days, compared with medium PTT (50% survival), low PTT (20% survival), and
vehicle treated controls (0% survival) (Figure 3.2E). These results demonstrate that
higher-dose PBNP-PTT generates the highest cell heating and is most effective for

localized tumor eradication in vitro and in vivo.
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Figure 3.2. PBNP-PTT increases neuroblastoma cell temperature and triggers their death
in a temperature (thermal dose)-dependent manner in vitro and in vivo. A-C) 50,000
Neuro2a cells were seeded in 96-well plates, treated with the listed concentration of PBNPs,
and subjected to ten minutes of illumination by an 808 NIR laser at 1.5 W/cm?. Values represent
means =+ standard deviation (SD); n = 3/group. A) Temperature-time profiles of the varying
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PTT conditions as measured by a thermal camera at one-minute intervals. B) Final average
temperatures achieved by Neuro2a cells after ten minutes as a function of varying PTT
conditions. C) In vitro Neuro2a cell viability post-treatment with vehicle or varying doses of
PBNPs or PBNP-PTT, measured 24 hours after treatment. *** p <0.001 compared to Vehicle;
# p <0.05 compared to 0.05 mg/mL PBNP-PTT+ Laser. (D-E) Mice bearing ~Smm Neuro2a
neuroblastoma tumors were treated with varying doses of PBNP-PTT; low, medium, and high
PTT, administered by intratumoral injection of PBNPs followed by ten minutes of NIR laser
irradiation. Values represent means = SD; n > 4/group. D) Average tumor temperatures attained
by Neuro2a tumor-bearing mice treated with low thermal dose PBNP-PTT (Low PTT; blue),
medium thermal dose PBNP-PTT (Medium PTT; orange), and high thermal dose PBNP-PTT
(High PTT; red) as measured by thermal camera. Listed numbers indicate the final average
tumor temperatures attained. E) Survival of Neuro2a tumor-bearing mice treated with Vehicle
(black), Low PTT (blue), Medium PTT (orange), and High PTT (red).
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Figure 3.3 Neuroblastoma tumor growth after no treatment or treatment with varied levels
(doses) of PBNP-PTT. Neuro2a tumor-bearing mice were: A) Untreated, or treated with B)
Low-dose PBNP-PTT (Low PTT), C) Medium-dose PBNP-PTT (Medium PTT), and D) High-
dose PBNP-PTT (High PTT). Each line represents the tumor growth trajectory of an individual
mouse (n>4 per group).
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3.4.2. Neuro2a cells treated with PBNP-PTT in vitro exhibit an optimal

temperature range for increased expression of ICD markers

In the context of engaging a robust antitumor response needed for treating
locally advanced or disseminated tumors (as is typically seen in high-risk
neuroblastoma), we sought to determine if the “more is better” trend observed for local
tumor eradication held for engaging a robust antitumor immune response. Accordingly,
we treated Neuro2a cells in vitro with varying thermal doses of PBNP-PTT and
assessed the effects of temperature on the tumor cells (Figure 3.4A). Specifically, we
looked at the expression of ICD markers (ATP release, HMGBI release, and surface
calreticulin expression) on the PBNP-PTT-treated Neuro2a cells (based on consensus
guidelines previously described by Kepp ef al.)[99] (Figure 3.4B-D). Briefly, in order
to suggest that the treated cells are undergoing ICD, intracellular ATP and HMGBI
should be decreased, and surface calreticulin expression should be increased, when
compared to untreated controls. All three markers should be present in order to classify
the cells are undergoing ICD. Here, in terms of ATP secretion and surface calreticulin
expression, all temperatures/thermal doses above 50 °C showed notably lower
intracellular ATP and higher surface calreticulin expression as compared to controls.
However, in terms of HMGBI release, only the 50.7 “C group and 61.1 ‘C group
exhibited > 30% change in intracellular HMGB1 compared with untreated controls.
Cells heated to 84.3 °C did not exhibit a marked decrease in intracellular HMGB1
suggesting that this higher temperature may not elicit ICD when compared to the lower
temperature groups (i.e. the 50.7 °C and 61.1 °C groups). PBNP alone-treated cells did

not show induction of ICD (Figure 3.5). These observations suggest that PBNP-PTT-
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treated Neuro2a cells exhibit a window of ICD, i.e. ICD increases as temperature rises
to an average temperature of ~60 ‘C, and then it decreases as temperature rises further
to 80 'C and higher (Figure 3.4). This indicates that more is not necessarily better in
this context, and that an optimal temperature window exists for eliciting ICD by PBNP-

PTT.
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Figure 3.4. Neuro2a cells treated with PBNP-PTT in vitro exhibit an optimal temperature
range for increased expression of ICD markers. A) Temperature-time profiles of samples
containing 10 million Neuro2a cells treated 0.75 W laser, > 1 W laser, 0.75 W laser + 0.05
mg/mL PBNP, 0.75 W laser + 0.1 mg/mL PBNP, and > 1 W laser + 0.16 mg/mL PBNP. B)
Intracellular ATP in the various treatment groups (as a % of the vehicle-treated group). C)
Intracellular HMGBI in the various treatment groups (as a % of the vehicle-treated group). D)
Surface calreticulin expression in the various treatment groups (as a % of the vehicle-treated
group). Red boxes indicated the treatment temperatures ranges for which all three markers of

ICD are expressed/present (to varied degrees).
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Figure 3.5. Effect of treatment with PBNPs only (no heat) on cellular expression of ICD
markers in vitro as measured by the three ICD hallmarks. Neuroblastoma (Neuro2a) cells
(10 million cells/mL in 1.7 mL tubes) were subjected to treatment with vehicle and increasing
concentrations of PBNPs, and markers of ICD were then analyzed (ATP release (A), HMGB1
release (B), and calreticulin exposure (C)). Representative histograms of D) HMGBI and E)
calreticulin, analyzed by flow cytometry, are shown.
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3.4.3 Animals vaccinated with PBNP-PTT-treated Neuro2a cells within the

optimal temperature window (showing increased ICD markers) exhibit

significantly increased protection against subsequent Neuro2a challenge

We next tested if our observations of a window of ICD in vitro and had
implications for engaging an immune response in vivo. Therefore, we performed a
vaccination study wherein Neuro2a cells were treated with different doses of PBNP-
PTT (0.05-0.16 mg/mL PBNP + 0.75-1 W laser) and controls (0.75 laser alone or 0.16
mg/mL PBNP alone) in vitro and then injected into naive A/J mice (2%, 7 days apart).
Vehicle-treated mice were given PBS alone (no cells). Subsequently, these
“vaccinated” animals were challenged with 1 million Neuro2a cells and tumor growth
and animal survival was monitored. Our studies demonstrate that animals vaccinated
with PBNP-PTT-treated Neuro2a cells within the thermal window of ICD resulted in
slower tumor progression (Figure 3.6) and higher long-term survival compared to
animals in the other treatment groups (Figure 3.7). Specifically, animals in the 65.3 °C
and 52.3 °C average final temperature groups exhibited higher long-term survival than
animals in the higher (83.3 °C) and lower (32.5 “C) average final temperature groups.
The group showing the most dramatic ICD markers, the 65.3 “C group, showed
significantly longer survival than all groups except the 52.3 °C group. This suggests
that at the optimal thermal dose, ICD is present and effective in Neuro2a cell killing
and endogenous adjuvant release, causing immune cell engagement and thus

neuroblastoma tumor challenge rejection.
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Figure 3.6. In vivo tumor growth after prophylactic vaccination with vehicle-, PBNP-,
laser-, or varied PBNP-PTT-treated neuroblastoma cells. Each line represents the tumor
growth trajectory of an individual mouse (n=3-9 per group).
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Figure 3.7. Animals vaccinated with PBNP-PTT-treated Neuro2a cells within the optimal
temperature window (showing increased ICD markers) exhibit significantly increased
protection against subsequent Neuro2a challenge. A) Temperature-time profiles of samples
containing 10 million Neuro2a cells/mL treated 0.75 W laser, > 1 W laser, 0.75 W laser + 0.05
mg/mL PBNP, 0.75 W laser + 0.1 mg/mL PBNP, and > 1 W laser + 0.16 mg/mL PBNP that
were vaccinated in naive A/J mice (means £SD; n = 4 replicates/group). B) Survival of mice
challenged with 1 million Neuro2a cells that were previously vaccinated with vehicle, PBNP-,
laser-, or PBNP-PTT-treated Neuro2a cells. n = 3-9/group; * p < 0.05 compared with all groups
except 0.05 mg/mL PBNP-PTT.

3.4.4 PBNP-PTT-treated Neuro2a cells exhibit a thermal “window” of ICD,

which is associated with improved protection against tumor challenge

Based on our findings, we calculated the expression of ICD markers (Figure
3.8A) and long-term survival (% survival at 100 days post-treatment) (Figure 3.8B) as
a function of thermal dose expressed as CEM43 (cumulative equivalent minutes at 43
°C) [112, 113]. CEM43 analysis allows for a generalizable comparison of biological
effect across different thermal therapies and serves as an objective metric for thermal
injury [112]; it has been used extensively in the literature for measuring the effects of
heat on different tissues [114-116]. Our results demonstrate that PBNP-PTT exhibits a

thermal window of ICD between 3.3 and 5.6 log(CEM43) (Figure 3.8A) wherein the
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ICD markers of interest, decreased intracellular ATP and HMGBI1 and increased
surface calreticulin, were most highly expressed. We found this thermal window (3.3
— 5.6 log(CEM43)) to be associated with improved protection against tumor challenge
compared to animals in other sub-optimal treatment groups (Figure 3.8B). The thermal
dose maximizing ICD correlates (5.6 log(CEM43)) resulted in the highest long-term
survival (33.3%), suggesting the importance of ICD in generating an antitumor immune
response and the requirement of the three biochemical correlates in eliciting ICD and

subsequent immune effects.
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Figure 3.8. PBNP-PTT-treated Neuro2a cells exhibit a thermal “window” of ICD, which
is associated with improved protection against tumor challenge. A) Expression of ICD
markers as a function of thermal dose described in terms of cumulative equivalent minutes at
43 °C; a thermal dose parameter (CEM43)*. The grey shaded area represents the region of
increased ICD elicited by PBNP-PTT B) % Survival of mice (at 100 days) challenged with
Neuro2a tumors that were vaccinated with PBNP-PTT-treated Neuro2a cells. Improved long-
term survival “mirrors” the thermal dose window shown in panel A.
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3.5 Discussion

Here, we illustrate the discovery of an optimal thermal dose window, wherein
cancer cells subjected to optimized conditions of PBNP-PTT undergo ICD and are able
to reject future tumor challenge. Despite a direct correlation of increased temperature
to survival in a localized primary neuroblastoma tumor model (Figure 3.2E), in the
context of a secondary or disseminated tumor model, as modeled by our vaccination
studies, the temperatures achieved by PBNP-PTT must be in the range of ~50-60 °C in
order to effect improved survival (Figure 3.7). Thus, the “more is better” paradigm
may be inappropriate for tumors that have already spread, or tumors that cannot be
sufficiently treated with monotherapy. Despite being the most cytotoxic thermal dose,
the highest thermal dose is not the most effective in generating an antitumor immune

response.

To our knowledge, this is the first description of a thermal dose-dependent
induction of ICD in cancer. We present a simple and generalizable method to test ICD
by measuring three biochemical correlates as measured against a CEM43 thermal dose
value. While we have described the effective thermal doses for the Neuro2a
neuroblastoma model, the observations described here may be applicable across other
cancer types. Other types of tumors will need to be considered individually, as disease-
specific characteristics such as location of tumor, extent of angiogenesis and
vasculature, and intrinsic immunogenicity may alter the effect of a given thermal dose

on eliciting ICD. It is important to consider the cytotoxic effect of the heat as well,
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since the primary tumor cells must be adequately killed while simultaneously engaging

an immune response [96].

In vitro flow cytometry reveals HMGBI to perhaps play the most integral role
in effective ICD in our model. Although the mice treated with the ~80 °C vaccine
increased surface calreticulin and released ATP, HMGBI1 levels were similar to
vehicle-treated cells (Figure 3.4), and no survival benefit was conferred, suggesting
that HMGBI1 secretion is required for improved outcome. HMGBI1 has been described
in the literature as a critical DAMP for initiating the innate and adaptive immune
responses [117, 118] and may be required for DC-mediated responses [119]. Our data
mirrors these observations and further points to HMGB1 being essential for ICD. We
recognize that at high temperatures, HMGB1 would still be predicted to release from
necrotic cells; however, HMGB1 may be unstable at such temperatures and thus be

rendered non-functional and ineffective.

The tunable nature of ICD induction presented in this context may also apply
to other ICD-inducing cancer therapies; perhaps a “more is better” approach is
inappropriate for these therapies and treatment-specific optimal windows may exist.
Ongoing studies will further elucidate the phenomenon of PBNP-PTT-generated ICD
and its effect on secondary or metachronous tumors in the vaccination as well as
therapeutic settings. Further, these findings suggest the potential of combining PBNP-
PTT with exogenous adjuvants or other immunotherapies to augment and/or

complement the effects of ICD.

These studies describe a thermal “window” of ICD elicited by PBNP-PTT in

an animal model of neuroblastoma. /n vitro analysis of the biochemical markers of ICD
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elicited by PBNP-PTT demonstrate an optimal temperature range of ~65 °C and
correlative thermal dose of 6.5 log(CEM43) to elicit ICD. Importantly, we noted the
maximum long-term survival (33.3%) in mice vaccinated with Neuro2a cells treated
with the same thermal dose optimal for ICD markers. These observations should guide
the application of nanoparticle-based PTT in the future, and point to a new paradigm
of “moderate is better” in the context of antitumor immune responses to thermal cancer

therapy.
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Chapter 4: Prussian blue nanoparticles-based antigenicity
and adjuvanticity trigger robust antitumor immune
responses against neuroblastoma’®

4.1 Abstract

We have described the synthesis and characterization of PBNPs coated with a
molecular adjuvant, CpG  oligodeoxynucleotides (CpG-PBNPs) as a
nanoimmunotherapy to increase the antigenicity and adjuvanticity of treated tumors.
The CpG coating functions as an exogenous molecular adjuvant that complements the
endogenous adjuvants released by the CpG-PBNP-PTT (e.g. ATP, calreticulin, and
HMGBI). In cell culture, coating nanoparticles with CpG increases immunogenicity
while maintaining the photothermal activity of PBNPs. CpG-PBNPs are able to activate
DCs in the same manner as free CpG at equal concentrations in vitro. Furthermore,
when CpG-PBNP-activated DCs are co-cultured with exogenous CD8+T cells, they
are activated due to the improved activation and antigen presentation of the DCs. These
findings demonstrate the potential of the modified PBNPs to overcome immune
tolerance by increasing DC activation and T cell proliferation.When administered in a
syngeneic, Neuro2a-based, murine model of neuroblastoma, CpG-PBNP-PTT results
in complete tumor regression in a significantly higher proportion (70% at 60 days) of

treated animals relative to controls. Our findings point to the importance of

3 This chapter was adapted from Cano-Mejia, J. et al.., Prussian blue nanoparticle-based antigenicity
and adjuvanticity trigger robust antitumor immune responses against neuroblastoma. Biomaterials
Science, 2019. doi: 10.1039/c8bm01553h
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simultaneous cytotoxicity, antigenicity, and adjuvanticity to generate robust and

persistent antitumor immune responses against neuroblastoma.

4.2 Introduction

The design of nanoimmunotherapies capable of triggering effective antitumor
responses and immunity requires an understanding of how these therapies are causing
tumor cell death, as well as upregulating an immune response. To engineer a
nanoimmunotherapy, we not only ought to understand how the CpG coating was
affecting the intrinsic properties and photothermal capabilities of the Pussian blue
nanoparticles (Chapter 2), but we also have to understand the effects of CpG coating
and photothermal therapy on the induction of ICD, DC activation and antigen
presentation, and T cell proliferation. Our nanoimmunotherapy serves as a dual
treatment modality, where tumors are killed by ablation and enhancement of the
immune response through the delivery of both antigens and adjuvants locally. CpG is
a novel adjuvant that enhances DC function and their ability to prime T cells. The
addition of CpG enhances the antigen-uptake activity of DCs, leading to the CD8+ T

cell activation and tumor cell death.

Tumors that maintain an immunosuppressive environment, including
neuroblastoma, exhibit antigen-presentation impairment; this ability plays a role in
tumor antigen tolerance [120, 121]. Several studies show vaccine adjuvant depots can

break immune tolerance to tumors antigens and improve antigen presentation [56, 96].
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Since CpG-PBNP-PTT introduces the immune system to cancer antigens by means of
the dying tumor cells, the addition of CpG onto the particles will make DCs better
antigen-presenting cells, allowing for an upregulation of a tumor-specific immune

response.

The efficacy of nanoimmunotherapies relies heavily in not only the activation
of DCs, but also in the ability of T cells to recognize peptides derived from proteins in
any cellular compartment. Given the emerging view that cancer patients contain tumor-
reactive T cells that are naturally tolerant to their cancer, a central question in
immunotherapy is whether T cells can be activated and expanded to induce clinically
useful antitumor responses, especially important for metastaic tumors, where a
systemic approach is needed. Even low affinity T cells can potentially discharge their
effector function in properly activated [ 122]. We believe that our nanoimmunotherapy,
by inducing tumor debulking, as well as introducing both antigens and adjuvants
together, has the capacity of creating strong T cell antitumor responses. Local
modification of the primary tumor environment should result in robust systemic
antitumor T cell responses. Improved treatment outcomes will manifest in a disruption
of the immunosuppressive tumor environment via the increase in the number of tumor-

antigen-specific T cells.

A step toward achieving this goal is to ensure that CpG-PBNP-PTT-treated
tumors are undergoing ICD — a cell death mechanism that engages the immune system
[98, 103]. Immunogenicity of cell death is marked by release of antigens and exogenous
adjuvants — such as DAMPS - by dying tumor cells. Along with photothermal heating-

induced cell death, our CpG-PBNP-PTT is accompanied by surface calreticulin
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exposure, ATP secretion, and HMGBI release. These cues are important for eliciting a

potent antitumor immune response.

By increasing both the antigenicity (by means of the dying tumor cells, and
induction of ICD), as well as adjuvanticity (through the addition of CpG), this
combination treatment allows for a response that leads to long-term survival and
immune memory. Photothermal immunotherapy using CpG-PBNPs therefore has a

potential of greatly improving the treatments and responses of cancers.

4.3 Materials and Methods

4.3.1 Antibodies

Fluorescent antibodies against HMGBI1 and calreticulin were purchased from
Abcam (Cambridge, UK). Lipopolysaccharide (LPS) was purchased from Thermo

Fisher Scientific (Carlsbad, CA, USA).

4.3.2 Cells

For ex vivo studies, splenic DCs were supplemented with RPMI 1640 medium
(Lonza Bioscience, Manchester UK), supplemented with 10% FBS (Corning Inc.,
Corning, NY, USA), 2 mM L-glutamine (Gibco), 55 uM B-mercaptoethanol (Sigma-
Aldrich) 1x non-essential amino acids (Fisher Scientific, Waltham, MA, USA), 10 mM

HEPES (Fisher Scientific), and 0.5% penicillin/streptomycin (Gibco).
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4.3.3 Animals

All animal studies were approved by the Institutional Animal Care and
Use Committee of the George Washington University, Washington, DC, USA
(Protocol # A396) and the University of Maryland, College Park, MD, USA. The
studies were conducted to ensure humane care of the animals as per the
institutional IACUC guidelines. For the DC activation studies, female C57BL/6J
mice were obtained from Jackson Laboratory (Bar Harbor, ME, USA). For T cell
proliferation studies, female OT-I mice (C57BL/6-Tg(TcraTcrb)l 100M;b/K)
were purchased from Jackson Laboratory. For in vivo studies, five week old,
female A/J mice were purchased from Jackson Laboratory. The animals were

acclimated for 3-4 days prior to tumor inoculation.

4.3.4 Ex vivo DC studies

DCs were isolated from the spleens of naive C57BL/6J mice using a
CDl1c positive magnetic isolation kit, according to the manufacturer’s
instructions (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). Cells were
plated (10° cells/well) in RPMI 1640 media described above. Samples, which
were added in triplicate, included media, LPS (1 pg/mL), CpG (40, 10 and 1
pg/mL), PBNPs (1 — 0.25 mg/mL, in 2% dilutions), and CpG PBNPs (1 — 0.25
mg/mL, in 2% dilutions). Cultures were incubated for 24 hours, then collected by
centrifugation (800 xg, 5 minutes), washed twice in FACS buffer, and blocked
with anti-CD16/CD32 (BD Biosciences, Franklin Lakes, NJ, USA). The cells

were finally stained for 20 minutes at room temperature using monoclonal
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antibodies against the surface activation markers CD40, CD80, and CD86 (BD
Biosciences). After staining, cells were washed twice and resuspended in FACS
buffer containing DAPI for analysis by flow cytometry (Cantoll, BD
Biosciences). All flow cytometry data were collected and analyzed using FlowJo

software (Tree Star Inc., Ashland, OR, USA).

4.3.5 Ex vivo T cell proliferation studies

CDl11c" DCs from naive C57BL/6J mice were isolated and treated as
described above for DC activation studies. All treatment groups received either
free Trp2 peptide (1.25 ng/well) or no Trp2. After 48 h of culture, Trp2-specific
CD8" T cells were isolated by negative magnetic separation (StemCell
Technologies, Vancouver, Canada) from the spleens of Trp2 transgenic mice (A
gift from Dr. Giorgio Trinchieri, NCI, NIH). Isolated CD8" T cells were stained
with eFluor 647 proliferation dye (10 nM) and washed 3 times, then 3 X
10° labeled T cells were added to the DC cultures. After another 48 hours of co-
culture, cells were washed and blocked, as described above. Cells were then
stained with anti-CD8 (BD Biosciences, Franklin Lakes, NJ, USA) for 20 min at
room temperature, washed, and resuspended in DAPI in FACS buffer for

analysis by flow cytometry.

4.3.6 ICD marker analysis

In vitro CpG-PBNP-PTT and PBNP-PTT was performed as described

above (using equivalent concentrations of nanoparticles or controls with/without
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laser irradiation).[62] Cell suspensions were then washed and stained with
fluorescent antibodies against HMBGI1 (intracellular) and calreticulin
(extracellular), and flow cytometry was performed. Flow cytometry was
performed on the FACSCaliber (BD Biosciences), and analysis was done using
the FlowJo software. For intracellular ATP presence, cells were washed after in

vitro PTT and the CellTiter-Glo luminescent cell viability assay was performed.

4.3.7 In vivo studies

For establishing a murine neuroblastoma model, one million Neuro2a
cells suspended in phosphate-buffered saline (PBS) were injected
subcutaneously in the shaved backs of 4-6 week old female A/J mice, as
previously described.[19, 62] All the treatments commenced after the tumors
reached a diameter of at least 5 mm (~60 mm?). Mice were anesthetized prior to
and during treatment using 5% isoflurane. Tumor-bearing mice were divided into
five groups (n=10 mice/ group): 1) Vehicle (no treatment, injected intratumorally
with 50 uL PBS on day 0), 2) Free CpG (10 png CpG injected intratumorally on
days 0, 2, and 5), 3) CpG-PBNPs (2 pg conjugated on the PBNPs; injected
intratumorally on days 0, 2, and 5), 4) PBNP-PTT (50 pL of 1 mg/mL PBNPs
intratumorally, irradiated at 0.75 W for 10 minutes), and 5) CpG-PBNP-PTT
nanoimmunotherapy (50 pL of 1 mg/mL CpG-PBNPs, 2 pug bound CpG,
irradiated at 0.75 W for 10 minutes, CpG-PBNPs boosts were given (without
PTT) on days 2 and 5). Temperatures reached during PTT were measured using

the 17 FLIR thermal imaging camera (Arlington, VA). Tumor growth was
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monitored following inoculation and treatments by routine caliper

measurements.

4.3.8 Animal exclusion and euthanasia criteria

Animals were excluded from the study if their tumors failed to grow after
Neuro2a inoculation. This exclusion occurred infrequently because greater than
95% of injected mice developed tumors. A tumor size of 15 mm diameter in any
dimension was designated as the endpoint and mice were euthanized at that time.
Euthanasia was achieved through cervical dislocation after CO; narcosis. If the
tumor impaired mobility of the animal, became ulcerated or appeared infected,
or if the mice displayed any signs of distress such as assuming a sick mouse
posture, the mice were immediately removed from the study and euthanized. All

these steps were conducted in accordance with the approved IACUC protocols.

4.3.9 Statistical analysis

Statistical significance was determined from a two-tailed Student’s t test
and values with p < 0.05 qualified as statistically significant. Survival results
were analyzed according to a Kaplan-Meier curve. The log-rank test was used to
determine statistically significant differences in survival between the various

groups.
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4.4 Results

4.4.1 CpG-PBNPs activate DCs and cause CD8+ T cell proliferation ex vivo

To test the immunostimulatory properties of the CpG-PBNPs, we
measured their ability to activate DCs and T cells compared to free CpG, PBNPs
without CpG, and other controls ex vivo (Figures 4.1 and 4.2). First, we cultured
splenic DCs with CpG-PBNPs or PBNPs at different concentrations (diluted 1x
— 4x; 1-0.25 mg/mL), free CpG (low, medium, high concentrations; 1-40
ng/mL), LPS, or media, and assessed DC activation by measuring expression of
common DC surface activation markers: CD80, CD86, and CD40. Untreated
DCs served as a negative control, while LPS and free CpG were employed as
positive controls. The concentration of free CpG added to the DCs (e.g. 1x%; 40
ng/mL) was equivalent to the amount of CpG bound on 1 mg/mL CpG-PBNPs
(40 pg CpG/mg of nanoparticle). Flow cytometry analysis demonstrated
increased activation of DCs by CpG-PBNPs compared to uncoated PBNPs as
measured by their increased CD80, CD86, and CD40 expression levels (Figures
4.1A and 4.2A). DC activation was also observed to be dose-dependent,
increasing with higher concentrations of CpG-PBNPs. In contrast, DC activation
with varying concentrations of PBNPs was constant at levels similar to those
observed for the untreated DCs (media; negative control). Furthermore, the
CD80/86 activation levels with the various doses of CpG-PBNPs were similar to
those observed for free CpG. Importantly, the percentage of CD11c+ live cells

were similar across all treatment groups indicating biocompatibility of our
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nanoparticles (Figure 4.2B). These findings demonstrate that the CpG-PBNPs

can activate DCs, as a result of the CpG coating.
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Figure 4.1. Immunostimulatory properties of CpG-PBNPs. (A) Activation of dendritic cells
(DCs) upon co-culture with CpG-PBNPs compared to free CpG, PBNPs, and media controls
measured by flow cytometry. CD80 (red) and CD86 (blue) MFI of live CD11c¢+ positive cells (1
— 0.25 mg/mL). CpG concentrations are as follows: 40 ug/mL, 10 pug/mL, and 1 pg/mL. LPS
concentration was 1 pg/mL (* significant difference relative to media-treated DCs for both CD80
and CD86 expression, p < 0.05). (B) Percent proliferation of CD8+ T cells co-cultured with DCs
activated with CpG-PBNPs and controls (free CpG, PBNPs, and media) (1 — 0.25 mg/mL). Groups
were treated with and without the antigen Trp2 (1.25 ng/well). (* significant difference relative to
media-treated DCs in the presence of Trp2; p <0.05; n.s., not significant relative to media-treated
DCs in the presence of Trp2, p > 0.05)

In addition to the above studies, we tested the ability of the CpG-PBNPs
to activate T cells. For these studies, we utilized Trp2 as a model antigen,
expressed in several murine and human cancers, to test T cell activation in
context of DC activation (via the CpG-PBNPs) and antigen-presentation (via the
added Trp2) It is important to note here that while Trp2 is not expressed in

neuroblastoma, it serves as a useful and well-characterized model antigen to test
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the immunostimulatory properties of the CpG-PBNPs. DCs that were activated
by the same groups used in Figure 4.1A were co-cultured with Trp2-specific
CDS8+T cells (Figures 4.2C and D), in the presence of the Trp2 peptide (1.25
ng/well). We observed that when DCs activated by CpG-PBNPs were co-
cultured with CD8+T cells in the presence of Trp2, their proliferation was
increased compared to DCs activated with PBNP (at the same concentration) as
measured by the T cell proliferation assay (Figure 4.1B). Furthermore, DCs
activated with CpG-PBNPs were able to activate CD8+ T cells in a manner
similar to DCs activated with free CpG (% proliferated was ~50% for both the 1
mg/mL CpG-PBNPs and the 40 pg/mL free CpG treatments). Overall, these
results demonstrate the potential of the CpG-PBNPs to increase DC activation
and T cell proliferation, which is important for overcoming tumor-mediated

immunosuppression, and improving antitumor immune responses of a therapy.
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Figure 4.2 Immunostimulatory properties of CpG-PBNPs. (A) CD40 MFI amongst CD11c+ positive
cells. (B) % live CD11c+ positive cells treated with varying concentrations (1 — 0.25 mg/mL) CpG-
PBNPs and controls (Free CpG, PBNPs. (C) % live cells treated with varying concentrations (1x-4x; 1
—0.25mg/mL) CpG-PBNPs and controls (Free CpG, PBNPs) with and without the antigen Trp2. (D) %
CDS8+ positive cells treated with varying concentrations (1 — 0.25 mg/mL) CpG-PBNPs and controls
(media, free CpG, PBNPs).
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4.4.2 CpG-PBNP-PTT elicits ICD in Neuro2a cells in vitro

As part of our multimodal therapy strategy, the CpG-PBNPs should not
only activate DCs and T cells (via the CpG coating), but also cause trigger tumor
cell death in a manner that engages the immune system (after PTT). These
combined effects facilitate improved antigen processing and presentation,
leading to enhanced antitumor effects [96]. Previously, we demonstrated the
PBNP-PTT elicits ICD as measured by its biochemical correlates (released ATP
and HMGBI, and increased surface calreticulin) [62]. Here, we verify whether
CpG-PBNP-PTT elicits ICD in Neuro2a cells. Specifically, we assessed the
expression of ICD markers (ATP, HMGBI, and calreticulin) on Neuro2a cells
treated with CpG-PBNP-PTT (Figure 4.3). CpG-PBNP-PTT caused a decrease
in intracellular ATP levels in Neuro2a cells (similar to PBNP-PTT), which was
lower than the ATP levels observed in Neuro2a cells treated with the vehicle,
laser alone, PBNPs, or CpG-PBNPs (Figure 4.3A). CpG-PBNP-PTT also
triggered a significant increase in surface calreticulin expression (similar to
PBNP-PTT) relative to the aforementioned treatment groups (Figure 4.3B).
Finally, CpG-PBNP-PTT caused a significant decrease in intracellular HMGB1
levels (>40% decrease; similar to PBNP-PTT) compared to the other treatment
groups. These findings suggest the CpG-PBNP-PTT is able to effectively elicit
ICD in treated Neuro2a cells thus priming a favorable antitumor immune

response via this endogenous adjuvant release.
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Figure 4.3. Induction of immunogenic cell death (ICD) by CpG-PBNP-PTT
in vitro. (A) Intracellular ATP in the various treatment groups (as a % of the
vehicle-treated group) (* significant difference relative to vehicle; p < 0.05). (B)
Surface calreticulin expression in the various treatment groups (as a % of the
vehicle-treated group). (C) Intracellular HMGBI in the various treatment groups
(as a % of the vehicle-treated group). All groups had concentrations of
nanoparticles at 0.05 mg/mL. PTT groups were treated with a laser power of
0.75W for 10 minutes. Arrows denote the treatment groups where all 3 markers
of ICD are expressed/present. Panels B and C were analyzed using flow
cytometry and the trends in ICD markers were consistent across at least three
separate studies.
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4.4.3 CpG-PBNP-PTT nanoimmunotherapy results in complete tumor

regression and long-term survival in a mouse model of neuroblastoma

Building on our findings described above, we next tested if the increased
antigenicity and adjuvanticity elicited by CpG-PBNP-PTT generated anti-tumor
immunity in a syngeneic murine model of neuroblastoma. Neuro2a
neuroblastoma tumor-bearing mice were divided into five treatment groups (n =
10/group; Figure 4.4A): 1) Vehicle (PBS), 2) Free CpG, 3) CpG-PBNPs, 4)
PBNP-PTT, and 5) CpG-PBNP-PTT. The average final tumor temperatures
achieved during PTT measured by the thermal imaging camera was ~60 °C
(Figure 4.4B), which corresponded to the temperature range needed to elicit ICD
in Neuro2a-bearing mice[62]. CpG-PBNP-PTT resulted in complete tumor
regression in the majority of treated mice (7/10) compared to mice in the four
other treatment groups (0/10 each in the vehicle-treated, Free CpG-treated, and
the PBNP-PTT-treated groups, and 1/10 in the CpG-PBNPs-treated group;
Figure 4.5). More importantly, CpG-PBNP-PTT resulted in long-term survival
(survival >60 days post-treatment) in 70% of the treated tumor-bearing mice,
which was significantly higher than the long-term survival observed in tumor-
bearing mice in all other treatment groups (Figure 4.4C; p <0.05; log-rank test).
Taken together, these data suggest the importance of increasing tumor
antigenicity and adjuvanticity via the CpG-PBNP-PTT nanoimmunotherapy in
conferring complete tumor-regression, and long-term survival in the mouse

model of neuroblastoma.
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Figure 4.4. Effect of the CpG-PBNP-based nanoimmunotherapy on tumor regression and long-
term survival in the Neuro2a neuroblastoma mouse model. (A) Overview of the treatments. Mice
bearing ~5 mm diameter Neuro2a neuroblastoma tumors were treated with CpG-PBNP-PTT and
corresponding controls. The PTT-treated groups received 50 uL. of 1 mg/mL CpG-PBNPs or PBNPs
intratumorally (i.t.), and were irradiated by an 808 nm laser at 0.75 W for 10 minutes. Additionally, the
CpG-PBNP-PTT received two boosters with CpG-PBNP on Days 2 and 5. The CpG-PBNP-treated
groups received 2 pug of conjugated CpG per dose by i.t. injection (Days 0, 2, and 5). CpG-treated groups
received 10 pg of free CpG per dose by i.t. injection (Days 0, 2, and 5). (B) Temperature-time profiles
of Neuro2a bearing mice treated intratumorally with 1mg/mL CpG-PBNPs (red) or PBNPs (blue) and
irradiated with a NIR laser at 0.75 W for 10 minutes. (C) Kaplan-Meier survival plots of neuroblastoma
tumor-bearing mice that were treated with CpG-PBNP-PTT, PBNP-PTT, Free CpG-PBNPs, Free CpG,
or vehicle. Mice receiving CpG-PBNP-PTT showed significantly higher long-term survival (>100 days)
compared with mice in the other groups (* significant difference compared to all other groups, p < 0.05,
long-rank test, n=10/group).
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Figure 4.5. Tumor growth curves for individual mice in the various treatment groups:
(A) Vehicle, (B) CpG-treated, (C) CpG-PBNP-treated, (D) PBNP-PTT-treated, (E) CpG-
PBNP-PTT-treated. Each line represents tumor growth measured in one mouse (numbers
in parentheses in each panel A-E indicate number of long-term surviving mice in each
group i.e. >60 day survival).



4.5 Discussion

Understanding the responses to the immune system after a cancer therapy
can elucidate factors that are important when engineering a combination
nanoimmunotherapy. Successful engagement of the immune system after CpG-
PBNP-PTT treatment should be manifested by an upregulation of an immune
response that is characterized by ICD of neuroblastoma cells, increased DC
activation and tumor antigen-presentation, as well as T cell activation and
proliferation. When the immune response is upregulated after PTT, it results in
stronger antitumor immune responses that will lead to better and more aggressive
treatments for neuroblastoma patients. After engineering and characterizing the
stability of our CpG-PBNPs for PTT and depot for CpG (Chapter 2), we then
sought to understand the effects of our therapy in the activation of DCs and T
cells, as well as the ability of CpG-PBNP-PTT to elicit ICD in neuroblastoma
cells.

We first studied the ability of our nanoimmunotherapy to activate APCs,
particularly DCs, to process and present tumor antigens to immune effector cells
(e.g. T cells). Several published studies have reported antigen-presentation
impairment in  immunosuppressive tumor environments, including
neuroblastoma. Since our PBNPs are biofunctionalized with the TLR agonist
CpG, it helps to function as a signal that break immune tolerance to tumor
antigens. The CpG coating on the CpG-PBNPs was able to increase activation
of DC and the proliferation of CD8+ T cells in the presence of a model Trp2

antigen ex vivo (Figure 4.1). Increasing antigen presentation and activation of
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antigen-specific T cell responses is crucial in overcoming tumor-mediated
immunosuppression.

The ability of a cancer therapy to elicit ICD has emerged as an important

consideration in the design of the next generation of antitumor regimens [98,
100], wherein the applied therapy not only kills tumor cells but simultaneously
converts them into a tumor-specific therapeutic vaccine. Therefore, we tested the
ability of PTT to elicit ICD in treated Neuro2a cells in vitro, since this is critical
for the success of our nanoimmunotherapy. The CpG-PBNPs were able to elicit
ICD in treated Neuro2a neuroblastoma cells as evidenced by the concurrent
surface calreticulin exposure, ATP secretion, and HMGBI1 release. (Figure 4.3),
effects important in initiating a robust antitumor immune response.
Although our study focused on the effects of CpG-PBNP-PTT on tumor cell
death, antigenicity, and adjuvanticity, one cannot discount the importance of
evaluating the effects of our therapy on other immune cell subsets, including NK
cells, macrophages (M1 and M2 phenotypes), and suppressor cells (Tregs,
MDSCs) to get a more complete picture of the associated effects of our therapy.
These studies are either ongoing or will be undertaken by our group in the near
future.

When we studied the effects of our nanoimmunotherapy on killing tumor
cells by increasing the antigenicity and adjuvanticity in the local tumor area, we
see that PBNP-PTT and CpG act synergistically to create better responses. The
CpG-PBNP-PTT nanoimmunotherapy was able to elicit complete tumor

regression and long-term survival in a majority (70%) of Neuor2a tumor-bearing
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mice (Figure 4.4). We attribute the significantly higher long-term survival
benefit in the nanoimmunotherapy-treated mice to the priming of an immune
response by PTT (increased antigenicity), which is complemented by a reversal
of DC exhaustion and immunosuppression by CpG (increased adjuvanticity).
While these results are extremely encouraging, additional studies need to be
performed in animal models of disseminated neuroblastoma to better mimic
neuroblastoma risk groups associated with a poor prognosis (high-risk

neuroblastoma), and these are the focus of several ongoing studies.
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Chapter 5: CpG-PBNP-PTT elicits antitumor immunity
against long-term rechallenge and distal disease*

5.1 Abstract

Neuroblastoma is the most common type of pediatric cancer and the most
common type of extracranial solid tumor in children. About 50% of patients present
with metastatic or distal tumors at initial diagnosis, decreasing the survival rate to 30-
40% of patients. Therefore, in order to test whether a neuroblastoma therapy will be
successful, we need to test not only the effect of the treatment on treating primary
cancers, but also its effect on treating distal and metastatic tumors. Motivated by this
need, we monitored the ability of surviving mice treated with CpG-PBNP-PTT to reject
tumor rechallenge as well as the abscopal effect of our nanoimmunotherapy on mice
with synchronous Neuro2a tumors (wherein the primary tumor is treated with CpG-
PBNP-PTT + anti-CTLA-4, and a distal tumor remains untreated). We found that long-
term surviving, CpG-PBNP-PTT-treated animals reject Neuro2a rechallenge,
suggesting this therapy generates immunological memory. Furthermore, when
administered in a syngeneic, distal Neuro2a-based, murine model of neuroblastoma,
CpG-PBNP-PTT + anti-CTLA-4 results in complete tumor regression of both primary
and secondary tumors in 50% of the mice compared to the controls. Our findings point

to the importance of simultaneous cytotoxicity, antigenicity, and adjuvanticity to

4 This chapter was adapted from Cano-Mejia, J. et al, Prussian blue nanoparticle-based antigenicity
and adjuvanticity trigger robust antitumor immune responses against neuroblastoma. Biomaterials
Science, 2019. doi: 10.1039/c8bm01553h
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generate robust and persistent antitumor immune responses against recurring and distal

neuroblastoma.

5.2 Introduction

Neuroblastomas account for 97% of all neuroblastic tumors, are clinically
heterogeneous, vary in location, histopathologic appearance, and biological
characteristics. They are most remarkable for their broad spectrum of clinical behavior,
which can range from spontaneous regression, to maturation to a benign
ganglioneuroma, or aggressive disease with metastatic dissemination leading to death
[4]. The survival of patients with disseminated or metastatic neuroblastoma, when they
are more than one year of age, is less than 10% with conventional therapy [1, 2]. This
is why the ideal neuroblastoma therapy would be the one that not only effectively
eradicates primary tumors, but also treats disseminated and metastatic cancers through
an activation of an immune response cascade.

Of emerging interest in this field is the effects of PTT on the immune system.
This is because generating a favorable antitumor response by PTT has the potential to
effect robust and persistent treatment outcomes that are not limited to localized
treatment sites, but can extend to more distant sites of tumor dissemination [20, 23,
123].

Successfully engaging the immune system should result in immunological
memory against target cells, which should manifest as efficient protection against
future tumor rechallenge. In the case of neuroblastoma, antigen-specific central

memory T cells generated following a successful nanoimmunotherapy should be
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capable of rapidly eliminating recurrent tumors. We study this effect by rechallenging
treated surviving mice with neuroblastoma cells, and look at tumor rejection.

Not only are recurring tumors a major challenge when treating patients with
neuroblastoma, but distal and metastatic tumors are also a major consideration when
engineering cancer treatments for patients. This is why an emerging objective of PTT
is maximizing an “abscopal effect”, whereby local administered PTT causes shrinkage
of non-treated, disseminated tumors, in addition to tumors directly in the treatment zone
[124, 125]. We have shown that CpG-PBNP-PTT causes tumor cell death through
ablation of the tumor, and an upregulation of an anti-tumor immune response. In order
to treat distal tumors, we introduce a third component of our ensemble, which
comprises of systemic administration of the immune checkpoint inhibitor, anti-CTLA-
4. These antibodies reverse exhaustion of T cells and unleash their potent antitumor
effects [34, 51, 125-128]. Our nanoimmunotherapy ensemble approach using CpG-
PBNP-PTT to elicit ICD and release DAMPS from dying tumor cells, locally delivering
TLR agonists which improve APC processing and presentation, and administering
checkpoint inhibitors to reverse T cell immunosuppression, helps overcome immune
evasion mechanisms employed by immunosuppressive tumors, increasing the benefits

of these cancer immunotherapies to a larger proportion of patients.

5.3 Materials and Methods

5.3.1 Animals
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All animal studies were approved by the Institutional Animal Care and
Use Committee of the George Washington University, Washington, DC, USA
(Protocol # A396). The studies were conducted to ensure humane care of the
animals as per the institutional IACUC guidelines. Five-week old, female A/J
mice were purchased from Jackson Laboratory. The animals were acclimated for

3-4 days prior to tumor inoculation.

5.3.2 Mouse rechallenge

Surviving mice that were treated with our CpG-PBNP-PTT were rechallenged
60-90 days after treatment with one million Neuro2 cells suspended in phosphate-
buffered saline in the saved backs, as previously described. Age-matched untreated
naive mice were also inoculated and used as controls. Tumor growth was monitored

following inoculation and treatments by routine caliper measurements.

5.3.3 Synchronous neuroblastoma mouse model

For establishing the syngeneic synchronous neuroblastoma mouse model,
bilateral subcutaneous injections of one million Neuro2a cells (ATCC) were conducted

into the shaved backs of 4-6 week old female A/J mice.

5.3.4 In vivo PTT studies

For the in vivo PTT studies, neuroblastoma (Neuro2a) tumor-bearing

mice were treated when one of the tumors reached a diameter or at least 5 mm
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(~60 mm?® volume) measured using calipers. The biggest tumor was then
designated the “primary tumor”, and the bilateral untreated tumor was the
“secondary tumor”. Mice were anesthetized prior to and during treatment using
5% isoflurane. Tumor-bearing mice were divided into five groups (n=8-9 mice/
group): 1) Vehicle (no treatment, injected Vehicle (no treatment, injected
intratumorally with 50 uL. PBS on day 0), 2) PBNP-PTT (50 puL of 1 mg/mL
PBNPs intratumorally, irradiated at 0.75 W for 10 minutes), 3) CpG-PBNP-PTT
(50 pL of 1 mg/mL CpG-PBNPs, 2 ng bound CpG, irradiated at 0.75 W for 10
minutes, CpG-PBNPs boosts were given (without PTT) on days 2 and 5), 4)
PBNP-PTT + anti-CTLA-4 (50 pL of 1 mg/mL PBNPs intratumorally, irradiated
at 0.75 W for 10 minutes, anti-CTLA-4 injections of 150 pg on days 1, 5, an 8),
5) CpG-PBNP-PTT + anti-CTLA-4 ((50 pL of 1 mg/mL CpG-PBNPs, 2 pg
bound CpG, irradiated at 0.75 W for 10 minutes, CpG-PBNPs boosts were given
intratumorally (without PTT) on days 2 and 5, anti-CTLA-4 injections of 150 pg
intraperitoneally on days 1, 5, an 8). Temperatures reached during PTT were
measured using the 17 FLIR thermal imaging camera (Arlington, VA). Tumor
growth was monitored following inoculation and treatments by routine caliper
measurements. Surviving mice were rechallenged with Neuro2a cells at day 65

as described above.

5.3.5 Animal exclusion and euthanasia criteria

Animals were excluded from the abscopal effect study if both tumors failed to

grow after Neuro2a inoculation. This exclusion occurred infrequently because greater
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than 95% of injected mice developed tumors. A tumor size of 15 mm in diameter in
any dimension was designated as the endpoint of mice with one tumor, and a tumor
size of 13 mm in diameter in any dimension was designated as the endpoint of mice
with two tumors. Euthanasia was achieved through cervical dislocation after CO»
narcosis. If the tumor impaired mobility of the animal, became ulcerated or appeared
infected, or if the mice displayed any signs of distress such as assuming a sick mouse
posture, the mice were immediately removed from the study and euthanized. All these

steps were conducted in accordance with the approved IACUC protocols.

5.3.6 Statistical analysis

Statistical significance was determined from a two-tailed Student’s t test
and values with p < 0.05 qualified as statistically significant. Survival results
were analyzed according to a Kaplan-Meier curve. The log-rank test was used to
determine statistically significant differences in survival between the various

groups.
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5.4 Results

5.4.1 Long-term surviving mice treated with CpG-PBNP-PTT exhibit protection

against tumor rechallenge

An ideal tumor therapy is one that not only effectively eradicates tumors but
prevents recurrence after successful elimination from the body. Therefore, we next
investigated whether our nanotherapy consisting of CpG-PBNP-PTT conferred
protection in long-term surviving mice that were rechallenged with the original tumor
cells (Neuro2a) (Figure 5.1). Our studies consisted of two groups: 1) naive group:
where untreated mice were challenged with 10° Neuro2a cells, and 2) rechallenged
group: where long-term surviving mice previously treated with our
nanoimmunotherapy (CpG-PBNP-PTT) were rechallenged with 10° Neuro2a cells after
60-90 days of tumor-free survival (n = 7/group). Remarkably, all of the CpG-PBNP-
PTT-treated, long-term surviving mice exhibited protection against the tumor
rechallenge, and these mice rapidly eliminated the rechallenged tumors (Figure 5.1).
Further, the rechallenged mice survived for 90 days post tumor rechallenge compared
with naive control mice that had to be euthanized due to high tumor burden 12-14 days
post-challenge. These data suggest the potential of CpG-PBNP-PTT in conferring
immunological memory and protection in long-term surviving mice against tumor

rechallenge / recurrence.
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5.4.2 Abscopal effect in mice treated with CpG-PBNP-PTT + anti-CTLA-4

eliminate distal tumors

Given the high prognosis of disseminated disease in neuroblastoma patients, we
then sought to study the effects of our nanoimmunotherapy in treating mice with distal
Neuro2a tumors. We developed a bilateral subcutaneous tumor mouse model in which
the treated tumors on one side of the mouse represented the primary tumor, and the
untreated tumor represented distal, metachronous, or metastatic tumors. We tested the
abscopal effect of our therapy by treating the “primary tumor” with CpG-PBNP-PTT
+ anti-CTLA-4 or respective controls, and looking at the tumor progression or
regression of the untreated “secondary tumor”. To test the efficacy of our therapy,
Neuro2a tumor-bearing mice were divided into five groups (Figure 5.2A): 1) CpG-
PBNP-PTT + anti-CTLA-4-treated, 2) PBNP-PTT + anti-CTLA-4-treated, 3) CpG-
PBNP-PTT-treated, 4) PBNP-PTT-treated, and 5) Vehicle (PBS) (n > 3/group). PTT-
treated mice reached tumor temperatures averaging 65 °C (Figure 5.2B). Our
nanoimmunotherapy resulted in significant tumor regression and slower tumor growth
of the distal tumors compared with untreated mice. Remarkably, mice treated with
CpG-PBNP-PTT + anti-CTLA-4 resulted in complete tumor regression of both primary
and secondary tumor (Figure 5.3), and long-term survival in 50% of the treated mice
(at 60 days post-treatment, Figure 5.2C). The long-term tumor-free survival was
significantly higher (50% survival) than that observed (at 60 days post-treatment) for
mice treated with PBNP-PTT + anti-CTLA-4 (25% survival), CpG-PBNP-PTT (0%
survival), PBNP-PTT (0% survival), and vehicle (0% survival). Additionally, to

understand the antitumor and memory responses generated by our therapy, we
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rechallenged long-term surviving mice with 10° Neuro2a cells 65 days post-treatment.
Our studies consisted of three groups: 1) naive group: where untreated mice were
challenged with 10° Neuro2a cells, 2) PBNP-PTT + anti-CTLA-4 rechallenged group:
where long-term surviving mice previously treated with PBNP-PTT + anti-CTLA-4
were rechallenged with 10° Neuro2a cells after at least 90 days of tumor-free survival
(n = 1 for this study), and 3) CpG-PBNP-PTT + anti-CTLA-4: where long-term
surviving mice previously treated with CpG- PBNP-PTT + anti-CTLA-4 were
rechallenged with 10° Neuro2a cells after at least 90 days of tumor-free survival (n =2
for this study). Impressively, all of the rechallenged mice (both PBNP-PTT + anti-
CTLA-4 -treated, and CpG-PBNP-PTT + anti-CTLA-4 -treated) exhibited protection
against the tumor rechallenge, and these mice rapidly eliminated the rechallenged
tumors (Figure 5.2D), compared with control mice that quickly succumbed to their
disease by day 7. These data suggest the potential of combination
nanoimmunotherapies consisting of photothermal therapy as well as immunotherapies
that target both DC activation (CpG), and T cell activation (anti-CTLA-4) in treating
disseminated neuroblastoma, as well as conferring immunological memory to combat

recurring disease.
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Figure 5.1. Effect of the CpG-PBNP-based
nanoimmunotherapy on Neuro2a rechallenge of
surviving mice. Long-term surviving mice
rechallenged with Neuro2a cells 60-90 days after
treatment showed complete tumor rejection (*
significant difference compared to naive mice, p <
0.05, n>=7/group).
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Figure 5.2. Effect of the CpG-PBNP-based nanoimmunotherapy on tumor regression and long-term
survival in the distal Neuro2a neuroblastoma mouse model. (A) Overview of the treatments. Mice bearing
~5 mm diameter Neuro2a neuroblastoma tumors were treated with CpG-PBNP-PTT + anti-CTLA-4 and
corresponding controls. The PTT-treated groups received 50 pl. of 1 mg/mL CpG-PBNPs or PBNPs
intratumorally (i.t.), and were irradiated by an 808 nm laser at 0.75 W for 10 minutes. Additionally, the CpG-
PBNP-PTT received two boosters with CpG-PBNP on Days 2 and 5 i.t. (black arrows). The groups that
received anti-CTLA-4 got 150 pg of antibody on days 1, 5, and 8 intraperitoneally (i.p) (pink arrows) (B)
Temperature-time profiles of Neuro2a bearing mice treated intratumorally with Img/mL CpG-PBNPs or
PBNPs and irradiated with a NIR laser at 0.75 W for 10 minutes. (C) Kaplan-Meier survival plots of
neuroblastoma tumor-bearing mice that were treated with PBNP-PTT, CpG-PBNP-PTT, PBNP-PTT + anti-
CTLA-4, CpG-PBNP-PTT + anti-CTLA-4, or vehicle. Mice receiving CpG-PBNP-PTT + anti-CTLA-4
showed significantly higher long-term survival compared with mice in the other groups. (D) Long-term
surviving mice rechallenged with Neuro2a cells 65 days after treatment showed complete tumor rejection (*
significant difference compared to naive mice, p < 0.05, n>=3/group).
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Figure 5.3. Tumor growth curves for individual mice in the various treatment
groups: (A,B) Vehicle, (C,D) PBNP-PTT-treated, (E,F) CpG-PBNP-PTT-treated,
(G,H) PBNP-PTT + anti-CTLA-4 - treated, (I,J) CpG-PBNP-PTT + anti-CTLA-4
-treated. Each line represents tumor growth measured in one mouse
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5.5 Discussion

The goal of our nanoimmunotherapy is to design an enhanced therapeutic, that
is capable of eliciting maximal long-term antitumor efficacy. A successful therapy is
one that leads to tumor elimination, and should both target active disease and prevent
immune escape leading to relapse or metastases. There is great motivation for more
cross-disciplinary research, which can leverage new immunotherapy discoveries to
address current limitations and boost the application of photothermal therapy for the
treatment of both local and distal or metastatic disease. As such, this work pursues
nanoparticle-based photothermal therapy and CpG adjuvant immunotherapy as two
synergistic strategies to generate enhanced therapies for the treatment of
neuroblastoma.

Metastasis accounts for over 90% of cancer-related deaths. In the case of
neuroblastoma, 50% of patients present with distal or metastatic disease at initial
diagnosis, making the survival rate only 30%. Hence, boosting photothermal
immunotherapy-induced abscopal response rates could substantially impact patient
care far beyond the patients who now benefit from heat therapies or immunotherapies
alone. To test the long-term immune responses of our nanoimmunotherapy, we studied
the effects of CpG-PBNP-treated mice in generating a memory response by
rechallenging these mice with Neuro2a. We also studied the abscopal effects of our
therapy by using a synchronous distal tumor model of neuroblastoma, wherein we
treated one tumor with CpG-PBNP-PTT + anti-CTLA-4, and observed the other

tumor’s progression or regression.
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The CpG-PBNP-PTT nanoimmunotherapy was able to elicit complete tumor
regression, long-term survival (Chapter 4), and protection against tumor rechallenge in
a majority of Neuro2a tumor-bearing mice (Figure 5.1). To further elucidate the long-
term memory and abscopal effects of our therapy, we tested our nanoimmunotherapy
in a mouse model of disseminated neuroblastoma. In this model, a mouse had two
synchronous subcutaneous Neuro2a tumors wherein the primary tumor was treated
with CpG-PBNP-PTT + anti-CTLA-4, and a distal tumor receives no treatment. We
chose to add anti-CTLA-4 to our treatment to further upregulate the immune response
generated by CpG-PBNP-PTT and boost memory T cell responses. By administering
targeted blockades to receptors such as CTLA-4, T cells specifically are free to respond
to co-stimulation, and this elicit enhanced antitumor efficacy. Another advantage to
using checkpoint inhibitors as a therapeutic tool is that they do not need to be tailored
to every patient — rather they mechanistically prevent the suppression of already present
immune cells, and allow a patient’s own endogenous immune system to effectively
neutralize the malignancies. We found that when Neuro2a-bearing mice were treated
with CpG-PBNP-PTT + anti-CTLA-4, there was an abscopal effect that was able to
eliminate an untreated, secondary, distal tumor. Similar to immune reactions against
antigens from bacteria or viruses, the abscopal effect requires priming of immune cells
against tumor antigens. Local irradiation of a tumor may lead to immunogeneic forms
of cell death and liberation of tumor cell-derived antigens. These antigens can be
recognized by antigen presenting cells within the tumor (DCs and macrophages).
Cytotoxic T cells which recognize these tumor antigens may in turn be primed by the

tumor-antigen presenting cells. In contrast to the local effect of irradiation on the tumor
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cells, these cytotoxic T cells circulate through the blood stream and are thus able to
destroy tumor cells in distant parts of the body which were not irradiated.

Abscopal effects of photothermal therapy are often blocked by the
immunosuppressive environment inside the irradiated tumor which prevents effective
T cell priming. This explains why the effect is so rarely seen in patients receiving heat
therapy (such as hyperthermia or radiotherapy) alone. In contrast, the combination of
immunomodulatory drugs such as TLRs and checkpoint inhibitors can partially
reconstitute systemic anti-tumor immune reactions induced after local tumor PTT.
While these studies represent a good start, a thorough characterization of the underlying
immune effects contributed by both CpG-PBNP-PTT and anti-CTLA-4 (innate and
adaptive) that drive the antitumor responses of our combination therapy is warranted,

and is the focus of ongoing work in our group.

Finally, long-term surviving mice treated with CpG-PBNP-PTT + anti-CTLA-
4 exhibited protection against tumor rechallenge indicating the development of
immunity against these tumors in photothermal immunotherapy-treated mice (Figure
5.2C). Similarly, further studies are necessary to elucidate the underlying
immunological mechanisms that elicit these protective responses. Figure 5.4 provides
a hypothesized mechanism of action of our nanoimmunotherapy in treating
neuroblastoma. The biofunctionalized PBNPs ablate the primary tumor, releasing
tumor antigens, dancer signals, and cancer adjuvants, simultaneously. These antigens
released by dying cells are captured by DCs, processed into peptides and presented to
CD4+Th cells. Furthermore, after/during PTT, the CpG is uptaken in the endosomes of

DCs. The presence of the PTT-generated adjuvants and CpG therefore improves tumor
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antigen presentation, while also delivering an immunostimulatory adjuvant for
improved responses. Once activated, effector T cells may help generate an immune
response through the activation of cytotoxic CD8+T cells that can eradicate tumors.
Additionally, tumor-infiltrating B cells may help present tumor-associated antigens for
the induction of a CD4+Th cell-mediated cellular immunity. The combination of
ablation, improved antigen presentation, and CD4+/CD8+ T cell activation, result in
the elimination of the primary tumor as well as distal tumors

To conclude, our study points to the important role that CpG-PBNPs may play
in the upcoming years in immunoengineering, where the nanoparticles are used to
engineer a suitable immune response to treat advanced cancers such as high-risk

neuroblastoma, improving the outlook for these patients.
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Chapter 6: Proposed future work

The results presented in this dissertation involve designing
nanoimmunotherapies with PBNPs for the treatment of neuroblastoma. We
immunoengineered this strategy by utilizing the photothermal properties of PBNPs to
induce ICD and an upregulation of an immune response locally, and that response was
then complimented by immunotherapies that improved antigen presentation and T cell
activation. In order to move towards a therapy that can be used in patients, we are
currently working on strategies that improve and enhance both our treatment modality
as well as the neuroblastoma tumor models used. Specifically, we are working on: 1)
Improving the delivery of our laser by designing an interstitial photothermal therapy
system (iPTT); and 2) Developing and testing a new mouse model of neuroblastoma
utilizing TH-MYCN transgenic mice and neuroblastoma cells that more likely
resemble human neuroblastoma. These new studies will improve the research presented

by moving towards more clinically-relevant strategies.

6.1 Engineering an iPTT treatment for enhanced heating capabilities

Neuroblastoma is a type of cancer that forms in certain types of nerve tissues.
It most frequently starts from one of the adrenal glands, but can also develop or spread
to the neck, chest, abdomen, or spine [4]. Since neuroblastoma is not a surface tumor,
for those tumors located deep underneath the tissue surface, an interstitial laser delivery
is would be more advantageous than superficial illumination for PTT. Currently,

nanoparticle-based PTT utilizes nanoparticle-assisted noninvasive laser irradiation to
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achieve selective photothermal interaction [18, 19, 31, 62]. Previously, we have used
PBNP-PTT, where the procedure requires a laser to be held over the treatment site with
PBNPs injected intratumorally [18, 19]. However, photothermal therapy faces
difficulties treating deeper tumors or tumors with heavily pigmented overlying skin due
to the limitation of light penetration in tissue. Pigmented skin and the normal tissue
between the treatment surface and the tumor absorb most of the incident light, limiting
photothermal interaction in the target tissue [ 129]. Increasing the irradiation power will
cause more damage to the healthy tissue, minimizing the therapeutic effects. In the
interest of expanding PTT beyond surface treatments, we aim to develop an interstitial
photothermal therapy using PBNPs (iPTT). When the laser light is directed into the
target tissue through an interstitial fiber, surface damage can be avoided and deep
tumors can be reached. This is especially important in treating deep tumors such as
neuroblastoma. However, appropriate thermal interaction is still crucial in order to
achieve a long-term, systemic effect for cancer treatment. Therefore, we are currently
determining the conditions (nanoparticle concentration, laser power, and exposure
time) to determine effective temperature regimes for iPTT. We also tested our iPTT in

an in vivo model of neuroblastoma, and studied its effect on tumor heating capabilities.

6.1.1 Materials and Methods

iPTT system

We developed an iPTT system using a catheter-based laser with a spherical light
diffuser (SD, Medlight SA, Switzerland). A standard optical connector allowed

coupling of the device with a 808 nm NIR laser (Laserglow Technologies, Canada). A
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3 meters glass optical fiber guides the light from the proximal to the distal end of the
device. The distal extremity is an illumination tip which isotropically emits the light

transmitted by the optical fiber.

iPTT in vitro

We first tested the heating capabilities of iPTT compared to PTT in vitro. We
utilized 1.75 mL microcentrifuge tubes (ThermoFisher Scientific, Waltham, MA) filled
with 200uL of PBNPs (1 mg/mL), and tested the effect of laser power on heating
capabilities. The PBNPs were irradiated for 10 minutes using PTT (surface light
illumination) or iPTT (spherical light diffuser submerged in the PBNPs). The laser
powers ranged from 80 — 200 mW. Prior to actual power outputs for various power
settings were determined using a spherical power meter (ILX Lightware OMM-6810B,

Newport Corporations, USA).

PTT in vivo

For the in vivo PTT studies, neuroblastoma (Neuro2a) tumor-bearing mice were
treated when the mice had tumors of at least ~15 mm in diameter, measured using
calipers. PTT was conducted as described previously. Briefly, mice were anesthetized
prior to and during treatment using 2—5% isoflurane. The tumors were then i.t. injected
with 50 uL of PBNPs resuspended in Milli-Q water (1 mg/mL), and the tumor are was
irradiated with an 808 nm NIR laser from Laserglow Technologies (Toronto, ON,
Canada) at 200 mW for 10 minutes. The temperatures reached during PTT were

measured using a FLIR thermal camera (Arlington, VA).
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iPTT in vivo

Mice were be anesthetized prior to and during treatment using 2—5% isoflurane.
The tumors were then i.t. injected with 50 pL of PBNPs resuspended in Milli-Q water
(1 mg/mL). iPTT was conducted by inserting the spherical diffuser directly into the
middle of the tumor using a 20-gauge needle after PBNP injection. Mice were
intratumorally irradiated for 10 minutes at 200 mW. To acquire temperature data,

thermocouple needles were sterilized and insterted into the tumor next to the spherical

light diffuser.

6.1.2 Results and discussion

iPTT results in better heating capabilities than PTT in vitro

To assess the effect of using a spherical light diffuser on photothermal heating
properties compared to surface light delivery (PTT), we conducted iPTT vs PTT studies
as a function of different laser powers in vitro. We see that the photothermal heating
effect was laser-power dependent, with the temperatures increasing as the laser power
increased (Figure 6.1). However, iPTT is able to cause higher temperature increases at
the same laser power compared to PTT (14-25 °C higher, 80 — 200 mW respectively)
(Figure 6.1). The improved heating capabilities of iPTT could be due to the fact that
the spherical laser diffuser distributes NIR light more evenly across the nanoparticle
solution compared to the surface laser used in PTT. This leads to better temperature

distributions and higher temperatures.
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Figure 6.1. Heating capabilities of of PTT vs iPTT in vitro.
Photothermal heating curves (time-temperature profiles) of 200uL of 1
mg/mL PBNPs in water using NIR laser powers at (A) 80 mW, (B) 140
mW, and (C) 200 mW. Laser power was delivered using an 808 nm NIR
laser (PTT; blue), or an 808 nm NIR laser through a spherical diffuser
(iPTT; red).

iPTT results in better heating capabilities than PTT in vivo

Building on our in vitro findings described above, we next tested if iPTT could
cause ablative tumor temperatures in vivo compared to PTT as a step toward illustrating
the photothermal treatment capabilities of iPTT (Figure 6.2). Since we saw ablative
temperatures (~60 °C) being reached at 200 mW using iPTT, we decided to use this
laser power in vivo. It is important to note that this laser power is much lower than the

0.75 W we currently use for PTT. This elucidates the efficacy of iPTT in delivering
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and distributing NIR light. The final tumor temperatures achieved during iPTT
measured by a needle thermocouple was ~56 °C, which corresponds to the
temperature range needed to elicit tumor cell death and ICD in Neuro2a-bearing
mice. However, when mice were treated with the same laser power but in a PTT
setting, final tumor temperatures reached a temperature of only ~32 °C (Figure
6.3). These findings show the potential of iPTT to be used for deep tumors, where
tumors are evenly irradiated from the inside out at lower laser powers. This
eliminates any previously described concerns of PTT such as depth of tumor and
pigmentation of the skin._Taken together, these data suggest the effectiveness of
iPTT for the design of enhanced nanoimmunotherapies for the treatment of

neuroblastoma.

PTT

Intratumoral
injection of PBNPs

>

Monitor
temperature

Interstitial PTT

‘/\

Neuroblastoma
tumor-bearing mouse

Figure 6.2. Schematic illustration of PTT vs iPTT in vivo pilot study.
Neuroblastoma tumor-bearing mice were intratumorally injected with 1 mg/mL
PBNPs and treated with PTT or iPTT using an 808 nm NIR laser at a power of 200
mW for 10 minutes.
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Figure 6.3. Heating capabilities of PTT vs iPTT in
vivo. Photothermal heating curves (time-temperature
profiles) of mice treated with iPTT or PTT. Mice bearing
~17 mm Neuro2a neuroblastoma tumors were treated
with iPTT or PTT for 10 minutes after intratumoral (i.t)
injection of PBNPs (50 uL of 1 mg/mL); laser power:
200 mV (n=3/group).

6.1.3 Conclusions and future directions

NIR laser delivery and temperature increase in tumor tissue during PTT is a
significant factor in determining the outcomes and successes of the treatment.
Therefore, we propose the design of an iPTT system where the laser is delivered
through a spherical diffuser for better delivery of NIR light. The pilot studies described
above elucidate the efficacy of using iPTT for nanoimmunotherapies. Future studies
will focus on finding the optical temperature range for both tumor ablation and
immunological stimulation both in vitro and in vivo. We will determine the
characteristics of temperature increase in target tissue and the temperature profiles at
varying distances from the spherical diffuser during interstitial laser irradiation. The

development of an iPTT treatment using PBNPs has a high clinical relevance since it
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has the potential to provide novel and more effective therapies for neuroblastoma

cancer patients.

6.2 Developing a better neuroblastoma tumor model

One drawback in the development of novel nanoimmunotherapies for
neuroblastoma is the lack of suitable autologous mouse models. Currently, we use the
most common neuroblastoma mouse model which grows Neuro2a cells in A/J mice,
for which only limited immunological tools are available due to the A/J genetic
background. Neuro2a cells do not express the tumor antigen GD2 (disialoganglioside).
The tumor antigen GD2 is expressed on the surface of virtually all human
neuroblastoma cells and has been shown to be an effective target for immunotherapy
[130-132]. The absence of murine neuroblastoma cell lines expressing significant
amounts of GD2 has hindered the development of autologous murine neuroblastoma
tumor models. Additionally, the role of adaptive immune effector cells in the anti-
neuroblastoma immune response remains to be elucidated. Human neuroblastoma cells
have been reported to express low levels of MHC Class 1. Therefore, neuroblastoma
cells may be poorly recognized by tumor-specific T cells [133]. However, there cells
are also shown to upregulate MHC Class I molecules upon inflammation, especially
following exposure to interferony (IFN[]y) [134]. Since our nanoimmunotherapies
take advantage of the immune response elicited after PTT and upregulates it [19, 62],
we need neuroblastoma tumor models that correctly reflect the responses that human

neuroblastoma will have to our therapies.
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Weiss et al. [135, 136] generated a TH-MYCN transgenic mouse that
spontaneously develop neuroblastoma. These neuroblastoma tumors have strong
histological and genetic similarities with human neuroblastoma [137-139]. Kroesen et
al.[140] derived the transgenic cell line 9464D from spontaneous neuroblastoma
tumors arising in in C57BI/6 TH-MYCN mice. They contain the human MYCN
transgene and express the corresponding human MYCN transcript. Similar to human
neuroblastoma cells, syngeneic TH-MY CN-derived 9464D cells endogenously express
the tumor antigen GD2 and low levels of MHC Class I [140]. Therefore the
transplantable TH-MYCN model represents a relevant model for the development of
novel immunocombinatorial approaches for neuroblastoma patients.

The goal of this study is to develop and characterize a 9464D neuroblastoma
tumor model in our lab, and test the efficacy of our nanoimmunotherapies in treating

neuroblastoma in this new model.

6.2.1 Materials and Methods

9464D cells

The transgenic cell line 9464D was derived from spontaneous tumors from TH-
MYCN transgenic mice on C57B1/6 background and were a kind gift from Dr. Carol
Thiele (National Cancer Institute, NIH, Bethesda). 9464D cell line cultured in
Dulbecco’s-modified Eagle (DMEM) medium containing 10% FCS, 1% nonessential

amino acids, 0.5% AA and 0.05% B-mercaptoethanol (complete medium).
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Real-time PC

Tumors were harvested from 9464D induced mice and total RNA was extracted

using RNeasy (Qiagen) kit following the manufacturer’s protocol. RNA concentration

was measured by (NanoDrop), and 0.5 pg RNA was reverse transcribed to cDNA using

the iScript™ cDNA Synthesis Kit (Bio-Rad). Real-time RT-PCR was performed using

the 1Q™ SYBR® Green Supermix on ABI prism 7900 HT sequence detection system

(Applied Biosystems, Foster City, CA, USA). Thermal cycling conditions were 95°C

for 3 min and then 40 cycles of 95°C for 15 s and 58°C for 45 s. Melting curve analysis

confirmed that only a single product was amplified. The following primers were used:

Porphobilinogen deaminase (PBGD):

forward (5’CCTACCATACTACCTCCTGGCTTTAC-3’);

reverse (5’-TTTGGGTGAAAGACAACAGCAT-3’);
hMYCN:

forward (5,CGACCACAAGGCCCTCAGTA-3,);
reverse (5’-CAGCCTTGGTGTTGGAGGAG-3’);

GD2-synthase:

forward (5’-CCAAGGAGCCGAGTACAACAT-3’);
reverse (5’-GTAGGGTAAAAGCGTCGGATG-3%);
Survivin:

forward (5’-CTGCTTTAAGGAATTGGAAGGCT-3’);
reverse (5’-CTGACGGGTAGTCTTTGCAGT-3’);

S100A6:
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forward (5’-TGGCTCCAAGCTGCAGG-3’);

reverse (5’"CCCAGGAAGGCGACATACTC-3%);

ODC:

forward (5 GCACATCCAAAGGCAAAGTTG-3’);

reverse (5’-CAAACTTAACACTGAGGCGACAGA-3’);

PBGD served as a reference gene. mRNA expression was determined relative to
PBGD expression using the formula: 2(CT index-CTPBGD) \ean relative expression

levels were determined by triplicate measurements.

GD2 expression on 9464D cells

9464D and Neuro2a cells were sorted for GD2 expression. Cells were stained
with anti-CD-2 or isotype control and sorted using a BD Biosciences FACSCaliber

(Franklin Lakes, NJ), and analysis was done using FlowJo (Ashland, OR) software.

In vitro PBNP-PTT

In vitro PBNP-PTT was performed using an 808 nm NIR laser from Laserglow
Technologies (Toronto, ON, Canada). Either 50,000 Neuro2a neuroblastoma cells were
seeded overnight in 96-well plates, or ten million Neuro2a cells were suspended in 1
mL PBS in a 1.7 mL micorcentrifuge tube. Varied concentrations of PBNPs were added
to the cells, and the cells were then illuminated by the NIR laser. Power was confirmed
by a power meter (Thorlabs, Newton, NJ). Temporal temperature measurements were

taken using a thermal camera (FLIR, Arlington, VA).
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CEMA43 calculations

Thermal doses administered to the various groups was expressed in terms of
CEM43 (cumulative equivalent minutes at 43 °C). CEM43 was calculated as described

previously in Chapter 3.

ICD marker analysis

In vitro PBNP-PTT was performed as described above. Cell suspensions were
then washed and stained with fluorescent antibodies against HMGBI1 (intracellular) and
calreticulin (extracellular) and flow cytometry was performed. Antibodies were
purchased from Abcam (Cambridge, UK), flow cytometry was performed on the BD
Biosciences FACSCaliber (Franklin Lakes, NJ), and analysis was done using FlowJo
(Ashland, OR) software. For intracellular ATP presence, cells were washed after in
vitro PBNP-PTT and the ATP-based CellTiter-Glo (Promega, Madison, WI)

Luminescent Cell Viability Assay was performed.

In vivo study

2 million 9464D cells in 100 uL. PBS were subcutaneously injected into the
backs of previously shaven C57B1/6 mice. Treatment began when tumor volumes
reached ~60 mm?>. Mice were anesthetized prior to and during treatment using 5%
isoflurane. Tumor-bearing mice were divided into three groups (n=5 mice/
group): 1) Vehicle (no treatment) 2) PBNP-PTT (50 pL of 1 mg/mL PBNPs
intratumorally, irradiated at 0.75 W for 10 minutes), and 3) CpG-PBNP-PTT

nanoimmunotherapy (50 pL of 1 mg/mL CpG-PBNPs, 2 pg bound CpG,
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irradiated at 0.75 W for 10 minutes, CpG-PBNPs boosts were given (without
PTT) on days 2 and 5). Temperatures reached during PTT were measured using
the 17 FLIR thermal imaging camera (Arlington, VA). Tumor growth was
monitored following inoculation and treatments by routine caliper

measurements.

6.2.2 Results and discussion

Characterization of TH-MYCN-derived 9464D neuroblastoma cell lines

To characterize the neuroblastoma phenotype of the 9464D cell lines, the expression
of several neuroblastoma-associated genes was determined by quantitative RT-PCR.
Survivin, an antiapoptotic gene highly expressed in neuroblastoma was detected [141,
142]. S10046, which is expressed by more differentiated human neuroblastoma cells
could also be detected in the cell line [143]. Ornithine decarboxylase (ODC) is
correlated with MYCN expression in tumors from TH-MYCN mice and is expressed
by the TH-MYCN-derived cell line [144, 145]. GD2 synthase one of the key enzymes
in the production of GD2 [146, 147], was also expressed on the surface of 9464D cells.
(Figure 6.4A). It is important to note that we have not yet characterized these genes in
the Neuro2a cell line. These studies are important in determining the efficacy of 9464D
cell line in mimicking human neuroblastoma, and it is currently being studied in the
lab.

After gene characterization of the 9464D cell lines, we then looked at the expression

of GD2. The tumor antigen GD2 is expressed on the surface of virtually all human
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neuroblastoma cells and has been shown to be an effective target for immunotherapy
[132, 147]. The absence of murine neuroblastoma cell lines expressing significant
amounts of GD2 has hampered the development of autologous murine neuroblastoma
tumor models. Strikingly, 9464D cells, but not Neuro2a cells, expressed significant
amounts of GD2 on their cell surface (Figure 6.4B). Based on these data, we decided
to use 9464D cells for further studies as they not only endogenously express the tumor

antigen GD2, but also express other immunological relevant genes.
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Figure 6.4. Characterization of 9464D cells. A) Expression of
neuroblastoma-associated genes in the MYCN transgenic cell
line 9464D. Total RNA was isolated and reverse transcribed to
cDNA. Quantitative expression was determined for h(MYCN
(the human MYCN cDNA transgene used in the TH-MYCN
transgenic mouse), GD2 synthase, survivin, S10046, and ODC
and related to the expression of the household gene PBGD. B)
GD2 is greatly expressed in 9464D cells compared to Neuro2a
cells.
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Photothermal heating capabilities of 9464D cells after PBNP-PTT

To assess the photothermal heating properties of 9464D cells, we conducted
photothermal heating studies in vitro as a function of laser power. The photothermal
heating effect was laser power-dependent (Figure 6.5A). The temperatures increased
with increasing laser power (0.2 — 1.5 W) reaching a maximum temperature around 76
°C at 10 minutes at a concentration of 1.5 mg/mL PBNPs. Thermal doses
administered to the various groups was also expressed in terms of CEM43.
CEM43 analysis allows for a generalizable comparison of biological effect
across different thermal therapies and serves as an objective metric for thermal
injury [98]; it has been used extensively in the literature for measuring the effects
of heat on different tissues [100-102]. We have measured the thermal doses of
9464D cells in terms of CEM43 (Figure 6.5B), to further study thermal effects
to tumor regression and survival in the future. These results show that 9464D
can be subjected to photothermal therapy, and reach temperatures that are ideal
for the induction of ICD and cell killing. We will further characterize the
photothermal therapies by studying cell death after killing, as well as iPTT in a

9464D model of neuroblastoma.
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Figure 6.5. Heating capabilities of 9464D cells after
PBNP-PTT. A) Photothermal heating curves (temperature-
time profiles) of 1.5 mg/mL PBNPs using varying NIR
laser powers (0.2 — 1.5 W) for 10 minutes. B) Thermal dose
after PBNP-PTT described in terms of cumulative

equivalent minutes at 43 °C; a thermal dose parameter
(CEM43).
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ICD marker analysis of 9464D cells after PBNP-PTT

The induction of ICD 1is crucial for the success of our
nanoimmunotherapies. Therefore, we next studied the effects of PBNP-PTT in
eliciting ICD in 9464D cells. We have demonstrated that PBNP-PTT elicits ICD
in Neuro2a cells as measured by its biochemical correlates (released ATP, and
HMtGBI1, and increased surface calreticulin) [62]. Here, we verify whether
PBNP-PTT elicits ICD in 9464D cells. Our pilot studies show that two out of
three ICD markers are met after PTT (Figure 6.6). PBNP-PTT caused a decrease
in intracellular ATP levels in 9464D at higher temperatures. PTT also triggered
a significant increase in surface calreticulin expression relative to controls.
However, PBNP-PTT did not cause a decrease in intracellular HMGBI1 levels
compared to other treatment groups. We have seen this trend in other cancer
models such as B16F10 melanoma, which use C57B1/6 mice. It is important to
note that the 9464D model uses a black mouse model (C57B1/6 mice), compared
to the Neuro2a mode, which uses a white mouse (A/J). Since different cells can absorb
different amounts of light due to the pigmentation, induction of ICD in the 9464D
model might require different thermal doses. Further studies need to be conducted to
determine the optimal nanoparticle concentration, laser power, and thermal dose in the
9464D model of neuroblastoma to reach ideal tumor ablative temperatures as well as
an upregulation of an antitumor immune response. To complement current PTT-
stimulated release of DAMPs, we are currently working on synthesizing HMGBI-
coated PBNPs to ensure that PTT induces the release and expression of HMGBI to

induce ICD (Appendix 8). If we find that several temperature regimes cause the
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induction of 2/3 ICD markers, we can use these DAMPs-coated PBNPs to exogenously
deliver HMGBI1 and cause a synthetic ICD that will be further complemented by the

various immunotherapies of our nanoimmunotherapy.
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Figure 6.6. Induction of immunogenic cell death
(ICD) by PBNP-PTT in 9464D cells. A) Intracellular
ATP in the various treatment groups (as a % of the
vehicle-treated group). (B) Intracellular HMGBI1 in the
various treatment groups (as a % of the vehicle-treated
group). (C) Surface calreticulin expression in the
various treatment groups (as a % of the vehicle-treated
group). Vehicle groups were treated with 10 pL of
distilled water. All groups had concentration of
nanoparticles of 1.5 mg/mL.

CpG-PBNP-PTT in the 9464D mouse model of neuroblastoma

Building on our findings described above, we next tested if CpG-PBNP-PTT generated
tumor death and survival in the 9464D model of neuroblastoma. 9464D neuroblastoma
tumor-bearing mice were divided into three treatment groups (n=5/group; Figure 6.7):
1) Untreated, 2) PBNP-PTT, and 3) CpG-PBNP-PTT. The average final tumor
temperatures achieved during PTT measured by the thermal imaging camera was
~118 °C (Figure 6.7A), which corresponds to the temperature range needed to
elicit tumor cell death in tumor-bearing C57B1/6 mice (data not shown). CpG-
PBNP-PTT resulted in complete tumor regression in all the treated mice (5/5)
compared to mice in the PBNP-PTT group (3/5) and untreated group (0/5) (Figure 6.7
B-E). Since this pilot study only included PTT-treated groups, we are currently
working on repeating this study, and also including representative controls (laser,
PBNPs, CpG-PBNPs). We will also test our nanoimmunotherapy (CpG-PBNP-PTT +

anti-CTLA-4) in a distal and metastatic model of 9464D neuroblastoma.
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Figure 6.7. Effect of CpG-PBNP-based nanoimmunotherapy on tumor
regression and survival in the 9464D neuroblastoma mouse model. Mice
bearing ~5 mm diameter 9464D neuroblastoma tumors were treated with CpG-
PBNP-PTT and corresponding controls. The PTT-treated groups received 50
uL of 1 mg/mL CpG-PBNPs or PBNPs intratumorally (i.t.), and were irradiated
by an 808 nm laser at 0.75 W for 10 minutes. Additionally, the CpG-PBNP-
PTT received two boosters with CpG-PBNP on Days 2 and 5 it. (A)
Temperature-time profiles of 9464D bearing mice treated intratumorally with
Img/mL CpG-PBNPs or PBNPs and irradiated with a NIR laser at 0.75 W for
10 minutes. (B-D) Tumor growth curves for individual mice in the various
treatment groups. Each line represents tumor growth measured in one mouse
(E) Kaplan-Meier survival plots of 9464D tumor-bearing mice that were
treated with PBNP-PTT, CpG-PBNP-PTT, or left untreated. Mice receiving
CpG-PBNP-PTT showed significantly higher long-term survival compared
with the other groups. Ongoing study.

6.2.3 Conclusions and future directions

Utilizing neuroblastoma mouse models that more likely resemble human
neuroblastoma is crucial for the development of effective nanoimmunotherapies. We
are currently working on testing the effects of our nanoimmunotherapy on TH-MYCN-
derived 9464D neuroblastoma cell lines. Pilot studies show that this cell lines express
GD2, an important neuroblastoma marker that determines the efficacy of
immunotherapies, as well as various genes expressed in human neuroblastoma. We
show that we are able to heat 9464D using PBNP-PTT, leading to thermal doses that
are conductive to ICD and tumor cell death. Lastly, when testing our
nanoimmunotherapy in a 9464D mouse model of neuroblastoma, we see that mice
treated with CpG-PBNP-PTT result in tumor regression and long-term survival. Future
studies will focus on further characterization of the 9464D cells before and after PTT
to determine the changes in cell phenotype and cell death after treatment. The immune

effects after nanoimmunotherapy (immune cell infiltration, DC activation, T cell
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proliferation, immune memory) will also be studied. The development of a more
significant neuroblastoma model, and the understanding of the immune effects
generated after nanoimmunotherapies is crucial for the advancement of more effective

treatments for neuroblastoma.

6.3 Nanoimmunotherapies for the treatment of metastatic

neuroblastoma

Despite a significant improvement in understanding and treating primary
neuroblastoma tumors, metastasis remains the leading cause of death in this
cancer| 148]. Therefore, a successful cancer treatment must not only treat the primary
tumor, but also create sufficient responses against metastases. In response to this need,
we are planning studies that study the efficacy of our nanoimmunotherapy in treating
metastatic tumors using a metastatic model of neuroblastoma. Briefly, this study will
be conducted similar to studies in Chapter 5, i.e. identical groups and treatment
methods. Importantly, these studies will be performed in experimental models of
metastatic neuroblastoma using Neuro2a or 9464D cells. These models of experimental
metastases will contain a “primary” tumor and metastasized disease. The primary
tumors will be established by subcutaneous injection of Neuro2a or 9464D cells. For
metastasis, tumor cells will be intravenously injected in mice, as previously described
in literature [149]. In this model metastatic nodules typically appear in the abdomen.
The progression of these metastases will be monitored by whole animal
bioluminescence imaging. The primary tumor will be CpG-PBNP-PTT +/- anti-CTLA-

4-treated and the metastatic nodules will be left untreated. Based on our preliminary
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data, we anticipate that mice in the nanoimmunotherapy-treated group will exhibit
slower tumor growth and significantly longer survival compared with the untreated
mice due to the increased tumor cell death by ablation and upregulation of an immune
response (Figure 6.8). The findings of these studies will be crucial in designing future
studies in orthotopic models of neuroblastoma [140, 150] where PBNP-PTT will be

administered interstitially.

6.4 Statement of cancer relevance

The work presented in this dissertation designed a novel, safe, and effective
treatment for neuroblastoma, which is a common childhood malignancy with a dismal
prognosis, and a leading cause of cancer-related deaths in children. This research
contributes new methodology, novel insights, and effective therapeutic
nanoimmunotherapies for the nanotechnology, cancer biology, and immunology fields.
The findings presented in this dissertation will advance insights into the design of novel
nanoimmunotherapies, which combine the complementary advantages of
nanomedicine and immunotherapy, for the treatment of cancer. The approaches
investigated in this project, which comprises the use of nanoparticles to administer
interstitial photothermal therapy while simultaneously serving as a local depot for
cancer adjuvants in combination with TLRs and checkpoint inhibitors, will likely be
applicable to other solid tumors, both pediatric and adult, with a propensity to dissipate
early in their clinical course. Successful completion of this project will offer a novel

option for the treatment of high-risk neuroblastoma and will open the way to generating
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data essential to our overall goal: translation of the study to the design and conduct of

future clinical trials

2. Release of

NIR Laser

[o—

l

/4 [ S
. Al TR
/‘\ . 5 b}

==

CpG-PBNP r'p

1. CpG-PBNP-based
PTT-destruction of
primary tumor

A L

Tumor antigens
Danger signals and CpG

3. CpG-mediated anti-
tumor response

Maturation
Secondary
r ®A =] lymphoid organs
i® ®—> A
s e Th Cell
N | 5
Inflammatory  Dendritic cells ¥
response
e Tc Cell
-7 o

Antigen presentation

CD8+ Tc and T cell prlmlng
CeIIs
0« @
CD4+ Th
/ l§  Cells
ﬁ
Tumor Cell Death &' #. &
(Metastatic and/or ¢ 8 5" 8. § e — (O
Distal tumors) o 4 B Cell

Tumor-specific
antibodies

Vg
4. Checkpoint (CTLA-4)
inhibition

Figure 6.8: A hypothesized mechanism of action of the CpG-PBNP-PTT + anti-CLTA-4
nanoimmunotherapy is presented. 1) PTT-based destruction of tumors in a minimally invasive

manner,

2) Release of tumor antigens and danger signals post-PTT providing an

immunostimulatory, multi-antigen local effect, and 3) the use of CpG-PBNPs that improves
the uptake and antigen presentation of DCs to T cells, activating them and unleashing a potent
antitumor immune response. 4) Lp (systemically) administered anti-CTLA-4 reverses
immunosuppression, unleashing the antitumor immune responses of endogenous immune
cells, particularly T cells. The above processes combine to yield improved tumor responses
and development of immunity against tumor rechallenge and distal tumors in a mouse model

of neuroblastoma.
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Appendix 1: PBNPs work as effective PTT agents. A) Photothermal heating
of varying concentrations of PBNPs irradiated with a 808 nm NIR laser for

10 minutes at 1.875 W/em’ showing heating of the nanoparticles. B) PTT

with 0.05 mg/mL PBNPs + 1.875 W/em’ laser fluence (using 808nm laser)
results in significantly decreased proliferation of Neuro2a cells relative to

controls using nanoparticles alone, laser alone, and left untreated
(**p<0.01).
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Appendix 2: Effect of PBNP-PTT on Neuro2a
tumor growth. Representative photographs of
Neuro2a tumor-bearing mice treated with: A)
PBNP-PTT and B) remaining untreated.
Representative, temporal images (Day 0, 2, and 6)
of bioluminescent Neuro2a tumor-bearing mice that
are C) PBNP-PTT treated and D) untreated (Scale

. . . . 2

bar = tumor bioluminescence intensity; p/s/cm /sr).
E) Normalized tumor volume showing a marked
reduction in Neuro2a tumor growth rate in PBNP-
PTT treated mice relative to Untreated and Laser

alone controls (**indicates significant decrease; p<
0.001).
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Appendix 3. Immunostimulatory effects of PBNP-based PTT. Representative
scatter plots of CD45+ cells in tumors of: A) Untreated and B) PTT-treated mice.
C) %CD45+ cells in the tumors of untreated and PTT-treated mice showing
significantly higher percentage of CD45+ cells in tumors of PTT-treated vs.
untreated mice (p=0.0294). Representative scatter plots of CD3+ cells in tumors of:
D) Untreated and E) PTT-treated mice. F) %CD3+ cells in the tumors of untreated
and PTT-treated mice showing significantly higher percentage of CD3+ cells in
tumors of PTT-treated vs. untreated mice (p=0.0424).
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Appendix 4. Effect of  photothermal
immunotherapy (PTT+anti-CTLA-4 therapy) on
tumor regression and long-term survival in the
neuroblastoma mouse model. A) Representative
image of a long-term surviving mouse treated with
PTT+anti-CTLA-4 showing complete tumor
regression (scale bar = bioluminescent intensity;

p/s/cmz/sr). B) Normalized tumor growth curves
for tumor-bearing mice treated with PTT+anti-
CTLA-4 (violet) or left untreated (black). C)
Kaplan-Meier survival plots of neuroblastoma
mice that were treated with PTT+anti-CTLA-4,
anti-CLTA-4 alone, PTT alone, or untreated. Mice
receiving photothermal immunotherapy showed
significantly higher long-term survival (> 100
days) compared with mice in the other groups (log-
rank test; p<0.05).

131



Control
90 - I_L- —— PBNP-PTT
80 - —— anti-CTLA-4
70 A | —— PBNP-PTT+anti-CTLA-4
T ——PBN
260 1
€ 50 - IS_
P 40 -
X
30 -
20 -
|
10 - |
0 |
T T T T I I—l 1
0 5 10 15 20 100 120
Days After Treatment
B
100 —— PBNP-PTT+anti-CTLA-4
90 - + CD4 depleted
80 - + CD8 depleted
70 1
260 - -
€ 50 -
(7]
o 40 -
30 -
20 -
10 -
0 T 1

0 5 10 15 20 25 30
Days After Treatment

Appendix 5: Effect of PBNP-PTT+anti-CTLA-4 nanoimmunotherapy on tumor
regression and long-term survival in a mouse model of neuroblastoma. A) Kaplan-
Meier survival plots of Neuro2a tumor-bearing mice that were treated with PBNP-
PTT + anti-CTLA-4, anti-CTLA-4 alone, PBNP-PTT alone, PBNPs alone, or
untreated. Mice receiving PBNP-PTT + anti-CTLA-4 showed significantly higher
long-term survival (<100 days) compared with mice in the other groups (log-rank test
p<0.05, n>=5 per group). B) Kaplan-Meier survival plots of Neuro2a tumor-bearing
mice depleted in CD4+ and CD8+ T cells. Depletion of CD4+ and CD8+ T cells (n=5
per group) effectively abrogated the therapeutic responses of the PBNP-PTT + anti-
CTLA-4 nanoimmunotherapy (log-rank test, p<0.005).
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Appendix 6. Effect of tumor rechallenge in combination photothermal immunotherapy-treated,
long-term surviving mice. (A-B) Representative images showing protection against tumor
rechallenge in A) photothermal immunotherapy-treated mice and B) tumor progression in naive,
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untreated mice (scale bars = bioluminescent intensity; p/ s/cmz/sr). C) Tumor growth curves after

challenge with 10° Neuro2a cells in untreated mice (naive, black ; n=3) and long-term surviving
photothermal immunotherapy-treated mice (rechallenged, blue ; n=3) showing protection in the
rechallenged group compared to progression in the naive group. D) Kaplan-Meier survival plots
showing significantly higher long-term survival in the rechallenged group compared to naive
mice (log-rank test, p<0.05).
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Appendix 7: Representative image of an
H&E stained tumor excised from a
Neuro2a tumor-bearing mouse. Inset:
representative photograph of a tumor
excised from a tumor-bearing mouse. Both
images demonstrate that the tumors are
well vascularized and not a loose collection
of tumor cells.
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Appendix 8: Synthesis and characterization of HMGBI1-coated PBNPs. (A)
Dynamic light scattering (DLS). (B) HMGBI1 encapsulation onto the PBNPs,

showing 81%

encapsulation efficiency.

(C) Cytotoxicity of varying

concentrations (0.001-0.1 mg/mL) PBNPs and HMGBI1-PBNPs on Neuro2a
cells, measured by a cell viability assay. (D) Cytotoxicity of 50,000 Neuro2a cells
after PBNP-PTT or HMGB1-PBNP (nanoparticle concentration was 0.05 — 0.1
mg/mL, 0.75 W laser, 10 minutes).
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