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ABSTRACT 29 

Background: Immortalized, clonal HB1.F3.CD21 human neural stem/progenitor cells (NSCs), loaded with 30 

therapeutic cargo prior to intraperitoneal (IP) injection, have been shown to improve the delivery and efficacy of 31 

therapeutic agents in pre-clinical models of stage III ovarian cancer. In previous studies, the distribution and 32 

efficacy of the NSC-delivered cargo has been examined; however, the fate of the NSCs has not yet been explored. 33 

Methods: To monitor NSC tropism, we used an unconventional method of quantifying endocytosed gold 34 

nanorods to overcome the weaknesses of existing cell-tracking technologies. Results: Here, we report efficient 35 

tumor tropism of HB1.F3.CD21 NSCs, showing that they primarily distribute to the tumor stroma surrounding 36 

individual tumor foci within 3 hours after injection, reaching up to 95% of IP metastases without localizing to 37 

healthy tissue. Furthermore, we demonstrate that these NSCs are non-tumorigenic and non-immunogenic within 38 

the peritoneal setting. Conclusions: Their efficient tropism, combined with their promising clinical safety features 39 

and potential for cost-effective scale-up, positions this NSC line as a practical, off-the-shelf platform to improve 40 

the delivery of a myriad of peritoneal cancer therapeutics.  41 

 42 
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BACKGROUND 52 

Ovarian cancer is a deadly disease that afflicts approximately 22,000 women in the United States per 53 

year [1]. For patients with stage III ovarian cancer, in which tumors have metastasized to the abdominal cavity, 54 

the five-year survival rate is only 34% [1]. Intraperitoneal (IP) chemotherapy confers a significant survival 55 

advantage in these patients, but its widespread use has been limited by its toxic side effects, which often prevent 56 

treatment completion. A targeted delivery system to concentrate therapeutics specifically at ovarian tumor sites 57 

could substantially enhance treatment efficacy and reduce undesirable side effects, improving quality of life. 58 

Tumor-tropic cell carriers, which have a propensity to migrate to tumor sites, have shown promise as a 59 

tumor-targeted delivery system. For example, we and others have demonstrated that cell carriers afford 60 

advantages over free nanoparticle (NP) delivery in the IP cavity. Specifically, mesenchymal stem cells (MSCs), 61 

neural stem/progenitor cells (NSCs), T-cells, and macrophages can dramatically increase the efficiency and 62 

number of therapeutic NPs that localize to tumors in vitro and in vivo [2-6]. Cell-mediated tumor tropism is not 63 

passive, but rather an active, discriminating process mediated by a myriad of tumor-localized signals [7]. 64 

Because cell carriers are approximately 10 μm in diameter, they mainly deposit on the peritoneal surface rather 65 

than pass through it [8, 9]. Furthermore, cell carriers injected into the IP cavity can increase the retention of 66 

small (~100-nm) NPs from mere hours to several days [10]. 67 

Autologous MSCs, which have been the predominant cell type investigated for peritoneal therapeutic 68 

delivery [11, 12], can be isolated from a patient’s bone marrow or adipose tissues, expanded and modified ex 69 

vivo, and re-administered. However, there are major drawbacks to the use of MSCs, including that they are 70 

composed of heterogeneous cell populations, have poorly reproducible ex vivo loading capacities, and lose their 71 

tumor-homing properties after 5–6 passages [12]. Moreover, the amount and quality of MSCs that can be 72 

isolated depend critically on patient age and health status, and it can take two weeks after isolation to generate a 73 

sufficient number of cells for treatment [12]. In addition, it was recently reported that 20% of expanded MSCs 74 

had abnormal karyotypes [12], which is of deep concern as the confirmed non-tumorigenicity of any clinical 75 
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stem cell therapy is of paramount importance. Consequently, although autologous MSCs may be feasible 76 

therapeutic delivery vehicles for smaller phase I trials, they represent an inefficient and poorly reproducible 77 

approach that will be difficult to pass through regulatory hurdles and meet the scale-up requirements necessary 78 

for phase II and III trials [12]. Therefore, developing a more clinically viable strategy to deliver therapeutic 79 

cargo selectively to tumor sites is critical. 80 

In our previous work [13, 14], we investigated the use of an established tumor-tropic human clonal NSC 81 

line, HB1.F3.CD21, for targeted IP therapy in orthotopic mouse models of high-grade serous ovarian cancer, 82 

the most common histotype of stage III peritoneal disease. These NSCs are chromosomally and functionally 83 

stable over time and passage, HLA class II-negative, and their clinical safety, tumor tropism, and tumor-84 

localized chemotherapy production in recurrent glioma patients has been demonstrated [15]. Importantly, this 85 

NSC line has established standard operating procedures for scaled-up production that are more efficient, 86 

reproducible, and economical than those used for autologous cells. Thus, the line can be expanded, modified, 87 

and banked as an “off-the-shelf” product, readily available for trials at multiple sites [16]. Although we 88 

previously demonstrated that the IP administration of these NSCs improves the delivery and therapeutic 89 

efficacy of drug-loaded NPs [13, 14] and oncolytic viruses [17] in ovarian metastases, additional studies are 90 

required to determine the efficiency of each administration, degree of tumor coverage, penetration of the tumor 91 

stroma, and potential unintended tumorigenic/immunogenic effects of these NSCs.  92 

In the present study, we conduct comprehensive pharmacokinetic and biodistribution assessments to 93 

probe the efficiency, peritoneal distribution, tumorigenicity, and immunogenicity of this NSC-based therapeutic 94 

delivery platform. We investigate NSC tumor tropism in both immunodeficient and immunocompetent 95 

orthotopic mouse models of IP ovarian metastases. Using these models, we confirm our previous observation 96 

that NSCs localize only to tumor nodules and not to normal tissues [13, 17]. We also demonstrate that 97 

HB1.F3.CD21 NSCs target ovarian metastases with remarkable efficiency and selectivity, positioning this cell 98 

line as an excellent delivery platform to improve the therapeutic index of IP anticancer treatments. 99 
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METHODS: 100 

Cell Culture: The v-myc immortalized, clonal human HB1.F3.CD21 NSC line (approved by the Food 101 

and Drug Administration for human glioma clinical trials via local injection, Identifier: NCT01172964), was 102 

obtained from Dr. Seung Kim (University of British Columbia, Canada). The NSCs were further modified to 103 

produce NSC.eGFP.ffluc cells expressing green fluorescent protein (eGFP) and firefly luciferase (ffluc), as 104 

previously described [18]. The ID8 murine ovarian cancer line was obtained from Dr. Katherine Roby 105 

(University of Kansas). These cells were further modified using a PJ01668-eGFP-ffluc-epHIV7 lentiviral vector 106 

(159e6 TU/ML; VF0716) generously provided by Dr. Christine Brown (City of Hope) to produce 107 

ID8.eGFP.ffluc cells. Reporter gene expression and tumorigenicity were confirmed for the ID8.eGFP.ffluc line 108 

prior to study initiation (Supplementary Figure 1). eGFP and ffluc-expressing OVCAR8 human ovarian cancer 109 

cells (OVCAR8.eGFP.ffluc) were generously provided by Dr. Carlotta Glackin (City of Hope). The NSC and 110 

ID8 cell lines were cultured in DMEM (Invitrogen) and the OVCAR8 cell line was cultured in RPMI basal 111 

media; all media was supplemented with 10% fetal bovine serum (Gemini Bio), 1% L-glutamine (Invitrogen), 112 

and 1% penicillin-streptomycin (Invitrogen). All cells were maintained at 37°C in a humidified incubator 113 

(Thermo Electron Corporation) containing 6% CO2 and passaged using a 0.25% trypsin and EDTA solution 114 

(Invitrogen) when they reached 80% confluency, and media was changed every 2–3 days. 115 

In Vivo NSC Administration and Tracking in Ovarian Cancer Models: Mice were maintained under 116 

specific pathogen-free conditions in the City of Hope Animal Resource Center, an AAALAC-accredited 117 

facility. All procedures were reviewed and approved by the City of Hope Animal Care Committee. For our 118 

immunodeficient model, 6–8-week-old female nude mice (The Jackson Laboratory) were inoculated with 2 × 119 

106 OVCAR8.eGFP.ffluc cells via IP injection. For our immunocompetent model, 7–8 week old female 120 

C57Bl/6 mice (B6, National Cancer Institute [NCI]) were inoculated with 5 × 106 ID8.eGFP.ffluc cells via IP 121 

injection. After tumor development (3 weeks for OVCAR8, and 6 weeks for ID8), mice received NSCs 122 
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(10,000–1 × 107 total) labeled with lipophilic tracers (DiR; Thermo Fisher Scientific), 811-nm MUTAB-123 

conjugated gold nanorods (AuNRs; Nanopartz), or cisplatin-containing mesoporous silica NPs (Cis.NPs, 124 

fabricated at City of Hope, as previously described [13]). At select time points after administration of NSCs, 125 

mice underwent live-animal imaging (described below), then peritoneal lavage fluid was collected, as 126 

previously described [19], and tumors were harvested from major organs (liver, kidney, stomach, intestines, and 127 

mesentery) and processed for inductively coupled plasma mass spectrometry (ICP-MS) quantification or 128 

fluorescence imaging, as described below. 129 

Live-Animal Imaging: Tumor burden and NSC localization were evaluated via bioluminescence 130 

imaging. To determine if AuNRs affect NSC viability or tropism in vivo, OVCAR8.eGFP.ffluc tumor cells were 131 

used to inoculate nude mice and DiR-labeled NSCs with or without AuNRs were injected IP. To track NSC 132 

clearance in another experimental subset of mice, unlabeled tumor cells were used to inoculate nude mice, and 133 

DiR-labeled NSC.eGFP.ffluc cells were inject IP. Prior to imaging, mice were anesthetized by isoflurane (1.5 134 

L/oxygen, 4% isoflurane) in an induction chamber and injected IP with D-luciferin substrate suspended in PBS 135 

at 4.29 mg/mouse. Mice were maintained under anesthesia in chamber, and NSCs were imaged 7 min after 136 

luciferin injection using a SPECTRAL Ami X charge-coupled device camera coupled to Ami X image 137 

acquisition and analysis software. Light emission was measured over an integration time of 30 s. 138 

ICP-MS Quantification of AuNRs: Concentrations of gold (AuNRs) in tumors and peritoneal lavage 139 

fluid were determined using an Agilent 8800 inductively coupled plasma triple quadrupole mass spectrometer. 140 

Briefly, each sample was digested with 70% HNO3 at 80°C for 16 h. Samples were diluted with 2% HNO3 prior 141 

to injection into the mass spectrometer, and the detected signals were determined based on standard curves 142 

made using serial dilutions of gold (100 ppm) standard solutions (Spex Certiprep) in 1% HCl and 2% HNO3. To 143 

determine the percentage of AuNRs that localized to tumors vs. the lavage fluid, their concentrations were 144 

normalized to the concentrations detected in the original cell suspension that was injected into each mouse. 145 

Fluorescence Imaging: Tumors were frozen in Tissue Tek OCT (Sakura Finetek USA) and sectioned 146 
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on a Leica CM1510 S cryostat (Leica Biosystems). Sections (10 μm) were collected on positively charged slides 147 

(Thermo Fisher Scientific), immunostained for active caspase-3/7 (AB3626; Chemicon), counterstained with 148 

DAPI (1 μg/mL; Sigma), and imaged using a Zeiss Axio Observer Z1 fluorescence microscope (Zeiss 149 

Microscopy). For 3D histological reconstruction to visualize NSC penetration, a subset of tumors was sectioned 150 

into 10µm thick slices, imaged in their entirety at 200 μm intervals, and virtually reconstructed using 151 

Reconstruct software [20]. 152 

Mixed Lymphocyte Reaction: To assess the immunogenicity of the NSCs in vitro, peripheral blood 153 

mononuclear cells (PBMCs) were incubated with NSCs and their degranulation measured, as previously 154 

described [21]. Briefly, PBMCs were isolated from seven healthy volunteers, using standard Ficoll density 155 

gradient centrifugation, and cryopreserved. Thawed aliquots of PBMCs were co-cultured with NSCs (1:1 final 156 

ratio), and FITC-conjugated antibodies against CD107a and CD107b (BD Pharmingen) were added to the 157 

cultures, followed by a monensin-containing protein transport inhibitor (GolgiStop; BD Biosciences). Cells 158 

were then stained with antibodies against CD3, CD4, CD56, CD16, CD14, and CD19 (BD Pharmingen) and 159 

analyzed using a Gallios flow cytometer (Beckman Coulter). Monocytes and B cells that expressed CD14 and 160 

CD19 were excluded. PBMCs stimulated with phorbol myristate acetate (PMA; 50 ng/ml) and 161 

phytohemagglutinin (PHA; 1 μg/ml) served as positive controls. 162 

Flow Cytometric Analysis of PD-L1 and CD47 Expression: Trypsinized NSCs were stained with 163 

PE/Dazzle594-conjugated antibodies against human PD-L1 (clone 29E2A3) and CD47 (clone CC2C6) and their 164 

respective isotype controls (BioLegend). All flow samples were acquired using a Guava EasyCyte flow 165 

cytometer (Millipore). Histograms were generated using FlowJo (Tree Star). 166 

Tumorigenicity: To determine if IP injections of NSCs altered tumor progression in vivo, nude mice 167 

were inoculated IP with OVCAR8.eGFP.ffluc cells. After allowing tumors to progress unaltered for one or three 168 

weeks (early and late tumor stages, respectively), mice received IP injections of 2 × 107 NSCs twice a week for 169 

three weeks. After the last week of treatment, mice were euthanized and tumors harvested, pooled, and weighed 170 
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in pre-tared tubes. 171 

Statistical Analysis: Data are presented as mean ± SEM, and statistical significance (p <0.05) was 172 

determined using two-tailed Student’s t-tests. 173 

 174 

RESULTS 175 

AuNR-based Tracking of NSC Tumor Tropism Within the Peritoneal Cavity: In mouse models, tumor 176 

cells inoculated into the peritoneal cavity are carried by the physiological movement of the peritoneal fluid to 177 

seed the greater omentum, followed by the serosal surfaces of the liver, kidney, intestines, diaphragm, and 178 

peritoneum. The tumors that are formed consist of small (0.5–5-mm) nodules scattered over the peritoneal surface. 179 

Thus, it was necessary to identify a tracking method that is sensitive enough to quantify the presence of NSCs at 180 

individual nodules. In preliminary studies, we found that the signal afforded by membrane dyes and fluorescent 181 

gene markers was suboptimal for the sensitive quantification of NSCs localized to IP tumors. Instead, we labeled 182 

NSCs with internalized AuNRs (Fig. 1A), which provide an NSC-specific signal that can be assessed 183 

quantitatively with high sensitivity using ICP-MS. 184 

We previously showed that AuNRs do not impair NSC viability or tropism in vitro [22, 23]. Here, we 185 

utilized live-animal imaging to demonstrate that DiR-stained NSCs labeled with AuNRs are able to migrate 186 

towards tumors within the peritoneal setting in vivo (Fig. 1B). We then determined the limits of AuNR 187 

detection and verified the dose-responsiveness of our AuNR-based NSC quantification method. The minimum 188 

number of NSC.AuNRs required to produce measurable AuNR levels in harvested tumors (pooled) was about 189 

100,000 (Fig. 1C), and detection was dose-responsive up to an injected dose of 1 × 107 NSCs, which is the 190 

maximum practical dose based on scale-up considerations for human trials (Fig. 1C). 191 

 192 

 193 
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 194 

Figure 1: AuNR-based monitoring of HB1.F3.CD21 NSC tropism to peritoneal metastases. (A) Schematic 195 
showing AuNR-loaded NSCs (NSC.AuNRs), which are visibly black at the bottom of the conical tube shown in 196 
the photograph. (B) Fluorescent and bioluminescent images confirming that DiR-labeled NSC.AuNRs (bottom 197 
panel) co-localize with ffluc-expressing tumors (top panel). Nude mice were inoculated with 2 × 106 198 
OVCAR8.eGFP.ffluc tumor cells, and NSC.AuNRs, dual-labeled with DiR to track their distribution, were 199 
injected three weeks later. Images were acquired one hour after IP NSC.AuNR injection. (C–E) ICP-MS 200 
quantification of AuNR levels within IP metastases. (C) ICP-MS quantification of tumor-localized NSC.AuNRs 201 
in a titration experiment demonstrating the limits and linear dose-response relationship of NSC.AuNR detection 202 
within the IP cavity. (D) AuNR quantification as a percentage of signal in the injected dose [%ID] of either free 203 
AuNRs or NSC.AuNRs at 1 and 24 h after injection. **p < 0.01. (E) ICP-MS quantification of 1× 107 204 
NSC.AuNRs total, administered over 24 h via one (QID), two (BID), or three (BID) injections. 205 

To determine the efficiency with which NSC.AuNRs migrate to IP tumors, we quantified the AuNR 206 

content within suspensions of 1 × 107 NSCs, which were then injected into the peritoneal cavities of nude mice 207 

bearing OVCAR8 tumors. Tumors were harvested from mice at 1 and 24 h after NSC injection to assess their 208 

AuNR content. ICP-MS analysis revealed that 60% ± 20% of the injected dose was localized to the tumors by 209 

24 h (Fig. 1D). To confirm that the tumor-localized AuNR signal could be attributed to NSCs, we also 210 

evaluated control mice injected with a matching dose of free AuNRs and observed a signal 52 ± 13% lower than 211 

that of the NSC.AuNRs at 24 h. 212 

We next tested if NSC localization to tumor sites could be enhanced by splitting the dose of 1 × 107 213 

NSC.AuNRs into two or three injections administered over a 24 h period (Fig. 1E). We found no significant 214 
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differences in the quantity of NSC.AuNRs localized to the tumor when they were administered as a single bolus 215 

dose rather than in multiple injections. 216 

Kinetics of NSC Tropism and Cargo Delivery: The migration of NSCs from the peritoneal cavity to the 217 

tumors could be observed macroscopically, because the AuNRs are visibly black. This resulted in localized 218 

NSCs altering the tumor appearance from white to grayish within 24 hours (Fig. 2A). Conversely, the pellet of 219 

cells harvested from the lavage fluid was black soon after IP administration of NSC.AuNRs but white within 24 220 

hours (Fig. 2A). To further evaluate NSC tropism kinetics, we quantified gold levels within tumors and 221 

peritoneal lavage fluid collected at several time points after IP administration of NSC.AuNRs in OVCAR8 222 

tumor-bearing nude mice. ICP-MS analysis demonstrated that 60 ± 20% of the NSC dose localized to tumors 223 

within 2–3 h after IP administration (Fig. 2B). At all tested time points (1–72 h), 70–80% of the injected NSCs 224 

were accounted for in either the lavage fluid or the tumors.  225 

 226 

Figure 2: NSC tropism kinetics. (A) Photographs of ovarian tumor nodules (left panel, outlined in red) and 227 
centrifuged lavage cell pellets (center panel) after IP administration of 1 × 107 DiR-labeled NSC.AuNRs, 228 
demonstrating the localization of black NSCs in the lavage fluid at 1 h and in tumors at 24 h. The lavage cell 229 
pellets were also imaged with fluorescence microscopy (right panel) to visualize the number of DiR-labeled 230 
NSC.AuNRs (magenta) at each time point. Anti-CD45 antibodies were used to visualize macrophages (blue).  231 
(B) ICP-MS quantification of NSC-delivered AuNRs within ovarian metastases (solid lines) and peritoneal 232 
lavage fluid (dashed lines) over a 72-h period following IP NSC administration into tumor-bearing nude mice.  233 

 234 

NSC Tumor Coverage and Biodistribution: To assess the extent of NSC tumor coverage, we isolated 235 

individual IP tumor nodules and used ICP-MS to determine the number of NSCs contained therein. After IP 236 

administration of 1 × 107 NSC.AuNRs to immunodeficient (nude) or immunocompetent (B6) mice bearing 237 
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peritoneal ovarian metastases (OVCAR8 and ID8, respectively), more than 95% of tumor metastases were 238 

found to contain at least 10 NSCs, with each tumor containing a median of 425 NSCs (Fig. 3A). We also 239 

evaluated the distribution of NSC.AuNRs across tumors associated with specific organs. AuNR levels were 240 

particularly high in the omentum (Fig. 3B), the primary site of ovarian cancer metastases in patients [24], which 241 

accounted for approximately 40% of the collected tumor tissue by mass. To evaluate the distribution of NSCs 242 

within individual tumor nodules, we performed serial cryosectioning, fluorescence imaging, and 3D tumor 243 

reconstruction. The NSCs were generally distributed at the peritumoral stroma, with some penetration into the 244 

tumor parenchyma if there was also stromal infiltration (Fig. 3C–D). No obvious off-target distribution was 245 

observed in any cryosectioned tissue samples. NSC.AuNR distribution to the tumor-associated stroma was 246 

observable macroscopically as a grayish colored tissue connecting individual tumor metastasis (Fig. 3E).   247 

 248 

Figure 3: NSC biodistribution within the IP cavity. (A, B) ICP-MS quantification of NSC tumor tropism 249 
efficiency within immunodeficient (nude/OVCAR8) and immunocompetent (B6/ID8) mice. (A) The absolute 250 
number of NSCs localized to individual macroscopic tumors was determined based off a measurement of 5pg 251 
AuNR/NSC. (B) Localization of NSC.AuNRs in tumors associated with specific organs, expressed as a 252 
percentage of the total number of tumor-associated NSCs. Each data point is the summed percentage present in 253 
each mouse analyzed in 3A. (C–E) Distribution of IP-administered NSCs in the tumor parenchyma and 254 
peritumoral stroma. (C) Representative fluorescence microscopy image of an ovarian tumor nodule (green) and 255 
surrounding NSCs (red). (D) Flattened (top-down) 3D rendering of the distribution of NSCs throughout a single 256 
tumor nodule in Fig. 3C. (E) Photographs representative of tumors found on all organs demonstrating the 257 
presence of visibly black tumor-associated NSC.AuNRs localized to peritumoral stroma, 24 h after injection 258 
into OVCAR8 tumor-bearing nude mice. 259 
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NSC Clearance Kinetics: Once localized to tumors, the NSCs remained present for at least 3–11 days, 260 

according to steady NSC-associated AuNR and DiR signals (Fig. 2B 4A). However, these NSCs appeared to 261 

die quickly, as evidenced by a steep decline in ffluc expression (Fig. 4A) and increased caspase-3/7 (apoptotic) 262 

activity in NSCs on day 11 (Fig. 4B). 263 

 264 

Figure 4: NSC clearance kinetics. (A) Retention and viability of DiR-labeled NSC.eGFP.ffluc cells over a 265 
two-week period following IP injection into tumor-bearing nude mice (solid line, DiR fluorescence; dotted line, 266 
ffluc expression). (B) Fluorescent images of sectioned tumors obtained either 1 day (D1) or 11 days (D11) after 267 
IP injection of NSCs (magenta). Anti-caspase-3/7 antibodies were used to visualize apoptosis (red); cells were 268 
counterstained with DAPI (blue). Scale bar = 50 µM and applies to all images. 269 

  270 

NSC Immunogenicity and Tumorigenicity: HB1.F3.CD21 NSCs are generally considered to have negligible 271 

immunogenicity. They inherently express low levels of MHC class I antigens and undetectable levels of MHC 272 

class II antigens. We observed negligible immunological recognition of parental NSCs by PBMCs in vitro (Fig. 273 

5A). The NSCs also had low expression of PD-L1 and CD47 (Fig. 5B), presumably reducing their visibility to 274 

the innate and adaptive immune systems, respectively. In addition, we demonstrated that bi-weekly IP 275 

administrations of 2 × 107 NSCs (greater than the maximum clinical dose) did not promote ovarian tumor 276 

growth in immunodeficient (nude) mice bearing early- or late-stage OVCAR8 tumors (Fig. 5C). 277 
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 278 

Figure 5: Immunogenicity of NSCs. (A) Fractions of CD107a/b-positive cytotoxic T-lymphocytes (CD3+, 279 
CD8+), T-helper lymphocytes (CD3+, CD4+), and natural killer cells (CD56+, CD3-) in response to NSC 280 
exposure. The City of Hope Clinical Immunobiology Correlative Studies Laboratory obtained whole blood from 281 
normal human donors (n = 7), isolated PBMCs via Ficoll density gradient centrifugation, then co-cultured them 282 
with NSCs in the presence of antibodies against CD107a/b. Positive control PBMCs were exposed to PMA and 283 
PHA. After a 5-h incubation period, flow cytometry was performed, with compensation for non-viable cells and 284 
isotype controls. (B) Flow cytometric quantification of PD-L1- and CD47-positive NSCs. (C) Pooled weights of 285 
macroscopic OVCAR8 tumors, as well as their associated stroma, in nude mice after three weekly rounds of 2 × 286 
107 NSCs given 2x/week (for a combined total of 12 × 107 NSCs). Treatment started after one week or three 287 
weeks after tumor cell inoculation to evaluate early- and late-stage tumors, respectively.  288 
 289 

DISCUSSION 290 

Collectively, our results demonstrate the remarkable extent to which HB1.F3.CD21 NSCs rapidly and 291 

selectively home to an overwhelming majority of peritoneal metastases. Here, we discuss our major findings in 292 

the context of current literature. 293 

NSCs Localize Efficiently to Peritoneal Metastases: Although IP-administered NSCs have the potential 294 

to migrate anywhere on the vast peritoneal surface area (1.7 m2), our ICP-MS based quantification of NSC-295 

associated AuNRs unexpectedly showed that an impressive 70–80% of NSCs localized to tumors, reaching up 296 

to 95% within 3 h after injection (Fig.2B,3A). One possible explanation for this tumor-specific localization is 297 

that the healthy mesothelium is protected by a layer of anti-adhesive proteoglycans [23], whereas tumor 298 

disruptions expose the underlying basement membrane, revealing extracellular matrix substrates (e.g., collagen 299 

I/IV, fibronectin, hyaluronan, and laminin [26]) that can be bound by CD44 [25] and α5β1 integrins [26] 300 

expressed by the HB1.F3.CD.21 NSCs. Because this study focused only on intra-abdominal tumors and 301 

peritoneal lavage fluid, we were unable to account for the distribution of approximately 20% of injected NSCs. 302 
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A minority of these NSCs may have been cleared from the abdomen through either the general circulation or 303 

lymphatic systems. 304 

We used the unconventional method of quantifying endocytosed AuNRs to monitor NSC tropism in 305 

order to overcome the weaknesses of existing cell-tracking technologies. Although the NSCs are engineered to 306 

express both eGFP and ffluc, given the resolution limits of live-animal imaging, these markers do not permit 307 

sensitive, quantitative NSC detection. Furthermore, tumor and stromal DNA/cell counts overwhelm NSC-308 

specific signals, so the number of NSCs present in tumor tissues is not reliably discernable using PCR or FACS. 309 

In addition, membrane dyes cannot be used without a complementary approach due to the possibility of dye 310 

transfer from injected cells to host cells [27]. In contrast, inorganic NP trackers provide a better balance of 311 

sensitivity, dynamic range, and stability for assessing the distribution of IP-administered NSCs. Importantly, 312 

this method also enables the macroscopic observation of NSC migration, as well as the ability to assess NSC 313 

cargo delivery (Fig. 1A,2A). 314 

NSCs Provide an Efficient Therapeutic Cargo Delivery System: Our results demonstrate that the 315 

impressive tumor tropism of NSCs to IP metastases may significantly advance peritoneal chemotherapy by 316 

guiding the delivery of pre-loaded therapeutic cargo. We observed that, whereas the localization of NPs to 317 

tumors is low when they are delivered freely (perhaps because they are engulfed by peritoneal or tumor-318 

associated macrophages), their tumor localization was significantly (more than 60%) greater when they were 319 

delivered within NSCs. We believe that this improvement can be generalized to other free vs. NSC-delivered 320 

therapeutic payloads. For example, we have previously reported improved NSC-mediated drug delivery of two 321 

standard-of-care chemotherapeutic drugs, cisplatin [13] and paclitaxel (PTX)[14] to peritoneal metastases.  322 

One critical insight yielded by the current study was that the NSCs localized primarily to the peritumoral 323 

stroma, with limited penetration into the tumor parenchyma. Thus, it is possible that improving the delivery of a 324 

drug to tumor nodules using NSCs may not be sufficient to improve its efficacy if other parameters dominate 325 

the response to treatment. For example, NSC-mediated drug delivery only improved the therapeutic efficacy of 326 
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PTX [14] but not cisplatin (unpublished data). Other important parameters include: diffusion limits [cisplatin 327 

(200 cell layers) vs PTX (80 layers)[28]]; peritoneal-to-plasma area under the concentration-time curve ratio 328 

[cisplatin (7.8-21) [29, 30]  vs PTX (853) [31]]; treatment schedule [cisplatin (slow release, treated weekly) vs 329 

PTX (burst release, treated bi-weekly); impaired biological activity of cisplatin after release from NSCs, 330 

microenvironmental priming by PTX that improves drug penetration or immune stimulation upon repeated dose 331 

cycles [32-36]. It will be important to consider and address these factors when selecting and developing 332 

therapeutic cargo for effective NSC delivery. 333 

NSC Safety Considerations:  Our results also indicate that HB1.F3.CD21 NSCs do not engraft, and are 334 

not viable long-term within the peritoneal tumor setting, dying off within approximately two weeks. 335 

Furthermore, they are non-tumorigenic in the peritoneal setting, consistent with our current clinical data in the 336 

glioma setting, as patients in phase I trials of allogeneic NSC-mediated enzyme/prodrug and CRAd-S-pk7 337 

treatments have tolerated multiple intracranial administrations without adverse events or evidence of secondary 338 

tumorigenicity [15]. In stark contrast, MSCs have been reported to functionally engraft into peritoneal organs 339 

[37, 38], and can promote ovarian tumor growth by inducing the expression of IL-1, associating with 340 

macrophages, and transforming into carcinoma-associated MSCs [39]. IP MSC administration has also been 341 

shown to increase pro-inflammatory cytokines in mice, triggering such dramatic omental immune cell influx 342 

that the organ doubled in weight [40]. The results presented here show that NSCs induce negligible 343 

immunological recognition in vitro; however, further investigation of the potential immunomodulatory effects 344 

of NSCs within the IP cavity will be important within the context of future therapeutic efficacy studies, 345 

particularly for repeated NSC administrations. 346 

 347 

CONCLUSION 348 

This allogeneic, immortalized, GMP-grade NSC line has significant practical and economic advantages over 349 

autologous cell-carriers. It provides a non-tumorigenic, “off-the-shelf” platform that is readily available for 350 
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modification, scale-up, and banking. Furthermore, it is amenable to the delivery of a broad array of therapeutic 351 

payloads within the peritoneal cavity. Our translational interest is in developing these cells for improved 352 

delivery of drug-loaded NPs, oncolytic viruses, and other promising therapeutic cargo, including bispecific T-353 

cell engagers, small interfering RNA, and antibodies to patients with abdominal metastatic disease. Our long-354 

term vision is to introduce cargo-loaded NSCs after surgical debulking. Surgical trauma creates disruptions to 355 

the patient’s mesothelial layer which serve as privileged sites for cancer cell attachment [41, 42]. However, we 356 

anticipate that NSCs will also be attracted to these regions and may be able to deliver a therapeutic dose strong 357 

enough to eliminate the attached tumor cells, thus preventing new tumor development.  358 

 359 

LIST OF ABBREVIATIONS: 360 

AuNR: gold nanorod; NSC: neural stem cell; MSC: mesenchymal stem cell; RNA: Ribonucleic acid; DNA: 361 

Deoxyribonucleic acid; NP: nanoparticle; GMP: good manufacturing practice; IL-1: Interleukin 1; PTX: 362 

paclitaxel; PCR: polymerase chain reaction; FACS: fluorescence-activated cell sorting; IP: Intraperitoneal; 363 

eGFP: green fluorescent protein; ffluc: firefly luciferase; ICP-MS: inductively coupled plasma mass 364 

spectrometry; MHC: major histocompatibility complex; PBMC: peripheral blood mononuclear cells; HLA: 365 

human leukocyte antigen 366 
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SUPPPLEMENTARY INFORMATION 477 

 478 

Supplementary Figure 1. Murine ID8 ovarian cancer cell line modified to stably express green 479 
fluorescent protein (eGFP) and firefly luciferase (ffluc). (A): Phase and fluorescence microscopy images of 480 
eGFP-positive ID8 (ID8.eGFP.ffluc) cells five days post-infection. Scale bar = 50 µm. (B): Representative 481 
histogram of ID8.eGFP.ffluc cells quantified by flow cytometry 15 days after infection. (C): Bioluminescent 482 
images confirming tumor engraftment after peritoneal administration of 5 × 106 ID8.eGFP.ffluc cells into 483 
immunocompetent C57Bl/6 mice, color scale bar shown in relative light units. (D): Representative photograph 484 
demonstrating the development of ascites in a C57Bl/6 mouse, two months after inoculation with 485 
ID8.eGFP.ffluc cells. (E): Ex vivo photograph of the peritoneal wall harvested from a C57Bl/6 mouse 486 
inoculated with ID8.eGFP.ffluc cells. 487 


