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Abstract

The off-target distribution of anticancer nanoparticles (NP) to fibroblasts creates a barrier to the 

effective treatment of desmoplastic tumors. However, we hypothesized that this NP detriment 

might be exploited to target the expression of secreted cytotoxic proteins from tumor-associated 

fibroblasts (TAF) as an anticancer strategy. In addressing this hypothesis, plasmids encoding the 

secretable TNF-related factor sTRAIL were loaded into lipid-coated protamine DNA complexes 

(LPD) and administered by infusion in a murine xenograft model of human desmoplastic bladder 

carcinoma. Three doses were sufficient to generate ~70% of TAFs as sTRAIL-producing cells. 

sTRAIL triggered apoptosis in tumor cell nests adjacent to TAFs. Further, it reverted residual 

fibroblasts to a quiescent state due to insufficient activation, further compromising tumor growth 

and remodeling the microenvironment to favor second-wave nanotherapy. We confirmed the 

efficacy of this strategy in an orthotopic xenograft model of human pancreatic cancer, where the 

desmoplastic stroma is well-known to be a major barrier to the delivery of therapeutic NP. 

Collectively, our results offer a proof of concept for the use of NP to modify TAFs as an effective 

strategy to treat desmoplastic cancers.

Edited Precis

Results offer a preclinical proof of concept for the use of nanoparticles to modify tumor-associated 

fibroblasts as a strategy to treat desmoplastic cancers.
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Introduction

The enhanced permeation and retention (EPR) effect describes the increased intra-tumoral 

accumulation and cellular uptake of therapeutic nanoparticles (NPs) in oncology, 

demonstrating promising preclinical responses (1). Unfortunately, the early promise of 

several therapeutic NPs has failed to translate clinically (2). One of the major mechanisms is 

the heterogeneous uptake of drugs or NPs in neighboring stromal cells (3). Tumor-associated 

macrophages (TAMs) are a major off-target depletion site for NPs (2,4). Additionally, in 

tumors with desmoplastic stroma, tumor-associated fibroblasts (TAFs) that wrap around 

blood vessels, constitute another barrier for tumor-specific NP delivery (1,5).

Off-target distribution of therapeutic NPs can result in adverse effects (6). Depletion of 

stromal cells has been proposed to circumvent stroma-induced adverse effects and improve 

tumor cells’ capture of therapeutic agents (7,8). However, this strategy has many limitations. 

Firstly, it runs the risk of eliminating stromal components needed for tissue homeostasis, 

paradoxically facilitating metastasis (9). We also found that TAFs damaged by a nano-

formulation of cisplatin could produce survival factors, such as Wnt16 to support the 

proliferation of tumor cells (5). In addition, significant heterogeneity appears to be in the 

type of stroma within tumors, with some stroma being tumor-suppressive and some pro-

tumorigenic (10). Stromal components can produce small proteins (e.g. cytokines) secreted 

in situ, which can bypass stromal cells barriers and bind avidly to targeted cells causing 

overexpression of their receptors (11). Since cytokines can modulate tumor growth, we 

sought to engineer an in situ stromal depot capable of secreting cytotoxic cytokine-like 

proteins, as an alternative stroma modulating strategy to constrain the growth of 

desmoplastic tumors.

The best way to generate this theoretical stromal depot is gene therapy, as it allows proteins 

to be produced locally at higher rates and more quantities than through systemic delivery of 

recombinant proteins (12). While the off-target delivery of therapeutic NPs traditionally 

compromises the efficacy of tumor-specific treatments, this phenomenon can be exploited to 

specifically deliver genes to stroma cells, thus providing the basis for in situ synthesis and 

secretion. Since macrophages and fibroblasts are the major off-target sites in desmoplastic 

tumors, they are excellent candidates for in situ reprogramming. However, expression of 

plasmids in macrophages is limited by the macrophages’ natural enzymes for plasmid 

degradation (13). In addition, the regeneration of macrophage or other circulating monocytes 

limits the persistency of gene expression (1). Therefore, TAFs, as a locally recruited cell 

population, may serve as a more suitable protein-producing reservoir.

TNF-related apoptosis-inducing ligand (TRAIL) efficiently induces apoptosis in a wide 

range of tumor cells while sparing normal cells, making it an ideal candidate for cancer 

therapy (14). Full-length TRAIL is a transmembrane protein lacking a leader sequence for 

extracellular secretion (12). Its apoptotic effects are limited to cells near the plasmid 
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transfected cells, compromising the therapeutic efficacy (15). Thereby, a secretable form of 

TRAIL (sTRAIL) was engineered. sTRAIL consists of an extracellular domain of TRAIL 

fused with an NH2-terminal extracellular domain of Flt3L, a ligand for flt3 tyrosine kinase 

receptor that aids in secretion (16). It was then necessary to utilize the off-target distribution 

of NPs to target sTRAIL-containing NPs toward fibroblasts, seeking to make them tumor-

inhibitive in desmoplastic tumors. The utilization of TRAIL-resistant low proliferating 

fibroblasts as a gene-producing reservoir has two important advantages: (a) allowing a 

comparatively long gene expression compared to sensitive tumor cells and (b) maintaining 

the stroma cell components for tissue homeostasis.

To confirm this proof of concept, a stroma-vessel desmoplasia model was established by co-

inoculating UMUC3 bladder cancer cells with NIH3T3 fibroblasts. Lipid-coated protamine 

DNA complexes (LPD) were developed and utilized for encapsulating sTRAIL plasmids. 

The fibroblasts’ expression of sTRAIL and the apoptosis of neighboring tumor cells were 

assessed. The concept was further evaluated with a clinically relevant, TRAIL sensitive, 

orthotopic desmoplastic PDAC model of BXPC3. As expected, the in situ expression of 

sTRAIL by fibroblasts induced potent tumor inhibition. However, residual TAFs 

unexpectedly reverted to quiescence, presumably due to death of neighboring tumor cells. 

This led to the remodeling of tumor microenvironment (TME) and provides a new paradigm 

for a second-wave nanoparticle therapy.

Materials and Methods

Cell lines, animals, and antibodies

The mouse embryonic fibroblast cell lines NIH3T3 and the human lung fibroblasts MRC-5 

were purchased from UNC Tissue Culture Facility. The human bladder transitional cell line 

UMUC3 was provided by Dr. William Kim. The human pancreatic cancer BXPC3-Luc2 was 

purchased from PerkinElmer (Waltham, MA). UMUC3 and NIH3T3 were maintained in 

Dulbecco’s Modified Eagle’s Media (Invitrogen, CA), supplemented with 10% fetal bovine 

serum (FBS) (Sigma, MO) or 10% bovine calf serum (Sigma, MO). BXPC3-Luc2 cells were 

cultured in full RPMI-1640 medium (Invitrogen, CA), while MRC-5 were cultured in full 

αMEM (Invitrogen, CA). Cell lines were authenticated by Dr. William Kim’s group and 

UNC Tissue Culture Facility using the Short Tandem Repeat (STR) profiling method. 

Female nude mice 6–8 weeks-old were obtained from and raised by the University of North 

Carolina animal facility. All animal handling procedures were approved by the University of 

North Carolina at Chapel Hill’s Institutional Animal Care and Use Committee. Primary and 

secondary antibodies used for Western blot (WB), flow cytometry (flow cyt), 

immunofluorescence staining (IF), and immunohistochemistry (IHC) staining are listed in 

Table S1.

Preparation and characterization of LPD

LPD were prepared through a stepwise self-assembly process based on previous protocols 

(17). Briefly, DOTAP and cholesterol (1:1, mol/mol) were dissolved in chloroform, and the 

solvent was removed. The lipid film was then hydrated with distilled water to make the final 

concentration of 10 mmol/L cholesterol and DOTAP. Then, the liposome was extruded 

Miao et al. Page 3

Cancer Res. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



through 200 nm and 100 nm polycarbonate membranes (Millipore, MA) to form 70–100 nm 

unilamellar liposomes. The LPD polyplex cores were formulated by mixing 140 µL of 36 µg 

protamine in 5% glucose with equal volume of 50 µg plasmid in 5% glucose. The mixture 

was incubated at room temperature for 10 min and then 60 µL cholesterol/DOTAP 

liposomes (10 mmol/L each) were added. Post insertion of 15% DSPE-PEG and DSPE-

PEG-AA was performed at 60 °C for 15 minutes. The size and surface charge of the NPs 

were determined by a Malvern ZetaSizer Nano series (Westborough, MA). TEM images 

were acquired using a JEOL 100 CX II TEM (JEOL, Japan).

sTRAIL and TRAIL construction

The p-sTRAIL containing genes encoding a Flt3L leader sequence, isoleucine zipper, the 

extracellular domain of TRAIL, followed by an internal ribosome entry site (IRES) and GFP 

under a CMV promoter were previously constructed and provided by Dr. Shawn Hingtgen 

(University of North Carolina at Chapel Hill, NC). To establish the p-TRAIL construct, the 

sTRAIL sequence was cleaved from the p-sTRAIL vector via digesting with XhoI/BamHI 

(New England Biolabs, CA). The full length TRAIL cDNA was amplified by PCR using a 

sense primer containing the XhoI site (5’-

CAGCCTCGAGCGACCATGGCTATGATGGAGGTC-3’) and an antisense primer 

containing the BamHI site (5’-CAGCGGATCCTTAGCCAACTAAAAAGGCCCCG-3’). 

The amplified DNA was digested with XhoI/BamHI, and inserted into the XhoI/BamHI site 

of the pre-removed p-sTRAIL construct. The insertion was confirmed by double digestion 

and PCR. The sequence was verified using Applied Biosystems 3730×l Genetic Analyzers.

Tumor growth inhibition

The UMUC3/NIH3T3 model was established as previously reported with little modification 

(18,19). In brief, UMUC3 cells (5×106) and NIH 3T3 cells (2.5×106) were subcutaneously 

co-inoculated into the right flank of mice with Matrigel (BD Biosciences, CA). Treatments 

were initiated on the 11th day when tumor sizes reached ~500 mm3. Mice were then 

randomized into 4 groups (n~7 per group) as follows: Untreated group (PBS), GFP LPD, 

TRAIL LPD, and sTRAIL LPD. IV injections were performed every other day for a total of 

4 doses of 50 µg plasmid/mouse. Tumor volume (1/2*length*length*width) was measured 

every day with a digital caliper (Thermo Fisher Scientific, PA) and body weight was also 

recorded. The desmoplastic BXPC3-Luc2 model was established by orthotopic injection of 

1×106 cells into the tail of the pancreas. Injections of LPDs were started 15 days after 

inoculation and dosed every 2 days, for a total of 4 times. Tumor growth was monitored 

using IVIS® Kinetics Optical System (Perkin Elmer, CA) twice a week. The increases of 

tumor volumes were calculated as the radiance of the intensities.

Flow cytometry analysis

To study the cell population that took up NPs within tumors, mice were injected with DiI-

labeled LPD (0.1 mg/kg DiI) and were sacrificed at determined time post-intravenous 

injection. Fresh tumor tissues were dissociated with 1 mg/mL collagenase (Invitrogen), 1 

mg/mL hyaluronidase (Sigma, MO) and 200 µg/mL DNAase (Invitrogen, CA) in 

DMEM/2% FBS, 40 min to generate a single cell suspension. The fibroblasts were pre-

transfected with green fluorescence protein (GFP). Leukocytes were stained with APC-
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conjugated CD45 antibody. The cells were then subjected to flow cytometry analysis after 

washing. The ratios of DiI-labeled NPs distributed in different cell populations were then 

calculated.

To analyze the expression of IRES GFP in fibroblasts and other cells within the bulk tumor, 

tumor tissues were collected after single-dose or multiple-dose treatments. Tumor tissues 

were dissociated, and the ratio of GFP-expressed fibroblasts (RFP-fibroblasts in 

UMUC3/3T3 model or αSMA positive fibroblasts in BXPC3 model) in the dissociated cells 

was analyzed by flow cytometry on a BD FACS Aria instrument (Beckon Dickinson, CA).

To quantify the expression of TRAIL and TAF markers in RFP-fibroblasts of the 

UMUC3/3T3 model, the dissociated cells were sorted using MoFlo XDP (Beckman Coulter, 

CA), and the collected fibroblasts and other cells were processed through RNA extract, DNA 

reversion, and qPCR analysis.

Statistical analysis

Statistical analysis was undertaken using Prism 5.0c Software. A two-tailed t-test or a one-

way analysis of variance (ANOVA) was performed when comparing two groups or more 

than two groups, respectively. Statistical significance was defined by a value of P < 0.05. 

Data were shown as mean ± SD.

Additional methods

Detailed methodology including materials, gene transfection, cell viability assay, 

Quantitative Real-time PCR (qPCR) Assay, ELISA, western blot, IF and IHC, etc. are 

described in the Supplementary Methods.

Results

Identification of fibroblasts as the major off-target cells for LPD uptake within a stroma-
vessel desmoplastic tumor model

LPD NPs were prepared according established protocols with few adjustments (5). 

Anisamide was conjugated onto the surface of NPs as a ligand for cells overexpressing the 

sigma receptor (including tumor cells and TAFs). A secondary amine 2 carbons away from 

the amide carbon was added to the anisamide structure (DSPE-PEG-SP2-AA) to ensure 

enhanced binding affinity and specificity according to the previous report (20,21). The final 

NPs were ~70 nm in diameter, with a surface charge of ~25 mV (Table S2). TEM images 

confirm the size of LPD and indicate its spherical shape and homogenous distribution (Fig. 

S1). 0.5% DiI was incorporated into the lipid membrane as an in vivo tracker of LPD.

A stroma-vessel type (a common stroma architecture in desmoplasia) desmoplastic tumor 

model was generated from simultaneous subcutaneous inoculation of UMUC3 bladder 

cancer cells along with NIH3T3 fibroblasts (UMUC3/3T3) (Fig. 1A). Histopathology 

demonstrates an anatomical vicinity between blood vessels and tumor-associated fibroblasts 

within the UMUC3/3T3 xenografts (Fig. 1A and Fig. S2). DiI-labeled LPD reached 

UMUC3/3T3 tumors within 10 h of intravenous injection, and plateaued over 48 h (Fig. 

S1C). Consistent with other NPs of similar size, liver and spleen were the major LPD 
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accumulating organs. Flow cytometry was performed to determine LPD accumulation in 

various cell populations within the tumor. Stable expression of GFP and fluorophore 

conjugated antibody against mouse CD45 defined fibroblasts and leukocytes populations, 

respectively. Results showed that ~27% of the cells within the bulk tumor were fibroblasts 

(GFP positive) while ~16% were CD45+ leukocytes. The majority of remaining cells, as 

shown in a previous study, were tumor cells (Fig. 1B) (5). More than ~60% of fibroblasts 

(GFP positive) took up LPD at 10 h post intravenous injection, accounting for ~65% of the 

total NP-associated cells (Fig. 1C and D, Fig. S3). Despite gradual clearance or degradation 

of the fluorescent NPs, ~20% of fibroblasts still remained DiI positive 72 h after injection. In 

contrast, only ~20% of the CD45+ leucocytes initially took up DiI LPD. Furthermore, less 

than 10% of tumor cells took up NPs during any of the time points assayed. These analyses 

ultimately indicate that fibroblasts are the major off-target cells responsible for LPD uptake 

in the stroma-vessel desmoplastic tumors.

In vitro transfection of fibroblasts with sTRAIL in LPD induces apoptosis of neighboring 
tumor cells

A bioactive, secretable form of trail was constructed by Hingtgen et al., through fusing 

coding sequences for the extracellular domain Flt3L (a.a1–81) and an isoleucine zipper to 

promote trimerization, with the a.a114–281 of trail (22,23). p-TRAIL encoding the human 

full-length trail and p-GFP were constructed as controls (Fig. 2A). To monitor the cellular 

origin of the gene expression, intracellular protein GFP was co-expressed with sTRAIL or 

TRAIL through the internal ribosomal entry site (IRES) sequence (Fig. 2A). The plasmid 

constructs were encapsulated into LPD. Particle size and zeta potential remained constant 

regardless of the type of plasmid encapsulated (Table S1). qPCR analysis suggested that the 

expression efficiency of sTRAIL LPD and TRAIL LPD, as indicated by the relative mRNA 

levels of the extracellular domain of TRAIL (TRAIL(ex)), were similar in the activated 

NIH3T3 (pre-conditioned with TGF-β to obtain TAF-like phenotypes), and comparable with 

those delivered via Lipofectamine®-2000 (Fig. S4).

TRAIL activates the Caspase 3/8 dependent apoptosis response in epithelial-derived cells 

[35]. Indeed, we found that the viability of UMUC3 transfected with TRAIL or sTRAIL, but 

not GFP, was drastically decreased (Fig. 2B). No significant difference was observed 

between cells treated with TRAIL or sTRAIL, most likely due to the sufficient transfection 

of cells. Therefore, secretion was not a limiting step in vitro for cytotoxicity [36]. Normal 

fibroblasts (e.g., murine NIH3T3, or human MRC-5) were resistant to the TRAIL, likely 

from the overexpression of decoy receptors or an alternate downstream pathway (15). The 

secretion of TRAIL was then evaluated in the supernatant of activated NIH3T3 pre-

transfected with different plasmids. Consistent with previous studies, abundant sTRAIL was 

detected in media by ELISA Assay, while the concentration of full-length TRAIL was ~50 

times lower in media, suggesting that the leader sequence is essential for sTRAIL release 

(Fig. 2C) [28]. Next, sTRAIL released into the culture media was assayed for biological 

activity (Fig. S5). The growth media for UMUC3 were replaced with culture supernatants 

from NIH3T3 cells transfected with sTRAIL, TRAIL, or GFP. The culture supernatant 

containing sTRAIL, but not TRAIL, exerted a significant cytotoxic effect on UMUC3. The 

neighboring effect was further confirmed by non-direct contact co-culture (Fig. 2D). 
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UMUC3 (bottom layer) was co-cultured with activated fibroblasts (upper chamber) 

preloaded with different plasmids. The total cell number was significantly lower in the 

sTRAIL co-culture group. Further, ~13.2% early apoptosis and ~6.7% late apoptosis were 

observed in the sTRAIL co-culture group as compared to other treatment groups (Fig. 2D). 

All together, these data verify the prerequisites for in situ gene modification of fibroblasts: 

(a) fibroblasts are resistant to both sTRAIL and TRAIL, while tumor cells are sensitive to 

them; (b) sTRAIL can be efficiently released within the supernatant; and (c) the neighboring 

effect thereby occurs instantly.

Secreted TRAIL induces superior antitumor efficacy in the stroma-vessel desmoplastic 
bladder cancer model

The efficacy of systemically delivered sTRAIL was evaluated using the UMUC3/3T3 model. 

Treatment began when tumor sizes reached 500 mm3, allowing the stroma-vessel structure 

to form. Equal amounts of plasmids in LPDs were intravenously injected into mice. As 

shown in Fig. 3A, the tumor growth in mice treated with sTRAIL LPD was significantly 

inhibited compared to other groups. GFP-LPD exhibited a slight antitumor effect, likely 

from the non-specific induction of inflammatory cytokines from the cargos and DNA 

backbones (24). To demonstrate the neighboring effect induced from sTRAIL, the full-

length TRAIL LPD was administered as a less secretable control. As expected, full-length 

TRAIL showed minimal antitumor efficacy compared to sTRAIL. qPCR analysis of the 

mRNA expression using primers (Fig. S4, Table S3) for TRAIL(ex) suggested comparable 

expression of sTRAIL and TRAIL in tumors treated with 4 doses of LPDs (Fig. 3B). This, in 

conjunction with the in vitro transfection data (Fig. S4), which indicated a similar 

transfection efficiency between these 2 plasmids, and thus dismissed the possibility that a 

difference in expression levels between sTRAIL and TRAIL affect the antitumor effect. 

Notably, both TRAIL and sTRAIL LPD induced >7 times greater expression of TRAIL(ex) 

compared to the PBS-treated group with a baseline level of endogenous TRAIL. 

Additionally, the expression of mRNA persisted at least 4 days after the endpoint dose, 

suggesting relatively long gene expression profiles. qPCR assay using primers specific for 

sTRAIL confirms the expression of sTRAIL plasmid (Fig. S6). With a lower baseline level 

compared to TRAIL(ex) mRNA, the relative sTRAIL production was ~200 times higher 

relative to the control. The expression and secretion of TRAIL protein were further 

examined in the UMUC3/3T3 xenografts. Dissociated cells from the treated tumors were 

cultured and the conditioned media (secretomes) were measured by ELISA for TRAIL 

protein (both normal TRAIL and sTRAIL). Indeed, tumors from sTRAIL LPD treated 

animals secreted more TRAIL protein than any other groups including the ones treated with 

TRAIL LPD (Fig. S7). Results indicate the strong potency of gene transfection and protein 

secretion by using LPD, and suggest a promising therapeutic outcome of sTRAIL LPD in 

treating the desmoplastic UMUC3/3T3 tumors (Fig. 3A).

The sTRAIL LPD were delivered to and expressed in fibroblasts in situ

Next, we assessed the loco-regional expression of sTRAIL in different cell populations 

within the tumors. Since the intracellular protein GFP was fused with sTRAIL through an 

IRES sequence, the cells that expressed GFP represented cells that secrete sTRAIL. 

Moreover, to visualize the fibroblasts, RFP expressing NIH3T3 cells were co-inoculated 
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with UMUC3 cells. Notably, the xenograft developed from UMUC3 cell lines alone had 

minimal to no endogenous fibroblasts (19). Therefore, the RFP-fibroblasts constituted the 

majority of fibroblast populations in the UMUC3/3T3-RFP model. As shown in Fig. 3C–F, 

mice treated with a single dose of sTRAIL LPD exhibited moderate GFP expression, 

exclusively localized within the RFP-fibroblasts. The strongest GFP expression was elicited 

after 4 doses of NPs. The expression of GFP was quantitatively confirmed using flow 

cytometry (Fig. 3G). Consistently, overall expression of GFP increased dose dependently, 

but the majority of expression was limited to RFP-fibroblasts.

This data confirmed that fibroblasts were the major reservoir for in situ generation of LPD-

delivered proteins. This was most likely due to off-target distribution of NPs and relatively 

high and stable expression of genes in fibroblasts compared to other off-target cell 

populations (e.g., macrophages). Notably, the expression of GFP in other cells were 

observed two days after the endpoint dose (Fig. 3F and G), suggesting that a portion of NPs 

had overcome the fibroblast-elicited barriers and entered into the tumor nest. However, the 

expression of GFP in this group of cells decreased dramatically 4 days after the endpoint 

injection while the expression in fibroblasts remained constant (Fig. 3G). There are two 

hypothesized mechanisms related to these observations: (a) the tumor cells may internalize 

the NPs but undergo apoptosis immediately, or (b) the infiltrating leukocytes take up the 

NPs, but cells escaped into the circulate afterwards. Either cell population demonstrated 

transient expression of the genes compared with local TRAIL-resistant fibroblasts, 

confirming fibroblasts as the most suitable engineered reservoir. The expression levels of 

sTRAIL mRNA were further assayed in the RFP-fibroblasts sorted from tumors with three 

doses of sTRAIL or GFP LPD (Fig. 3H). As expected, only the fibroblasts treated with 

sTRAIL LPD elicited the synthesis of sTRAIL mRNA.

Neighboring effect unveiled the apoptotic effect of TRAIL in the stroma-vessel 
desmoplastic bladder cancers

The distribution of apoptotic cells was then examined using a terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL) assay on the UMUC3/3T3 model (using wild 

type unlabeled fibroblasts). TAFs were simultaneously visualized by staining with αSMA. 

Only a trace amount of TUNEL-positive cells was observed after single dose of sTRAIL 

LPD, the majority of which was localized near αSMA-positive TAFs (Fig. 4A). The 

apoptotic area grows around αSMA positive TAFs as the doses increase. Sections from 

different tumors after each dose were then analyzed to quantify the average distances 

between apoptotic cells and the nearest αSMA-positive TAFs. Consistent with the 

fluorescence images, the distribution radius of apoptotic cells increases with dose and over 

time (Fig. 4B). The data substantiate the claim that a neighboring effect of fibroblasts is 

indeed present in fibroblasts in situ, facilitated by diffusion, and amplified with escalated 

dosing schedules. The apoptotic assay was also performed in other treatment groups after 

the endpoints (Fig. 4C). As expected, minimal apoptosis was observed in the PBS and GFP-

LPD group, whereas a small amount of TUNEL-positive nuclei were observed in groups 

treated with TRAIL LPD. We hypothesized that the proteolytically cleaved extracellular 

domain of the full-length TRAIL induced apoptosis of neighboring tumor cells, or a paucity 

of NPs diffused through the TAF-layer, inducing the synthesis of TRAIL and apoptosis in 
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neighboring tumor cells, thus explaining the limited apoptotic cells observed in the TRAIL 

LPD near TAFs. In comparison, an extensive amount of apoptotic cells was observed in the 

sTRAIL LPD group. In addition, the residual fibroblasts (especially TAFs) were clustered, 

sparing any tumor nest structure. Potent, well-dispersed apoptosis along with this disordered 

and clustered fibroblast structure suggested a tumor microenvironment less structurally and 

functionally capable of growth and progression, thus verifying the superior antitumor 

activity of sTRAIL LPD compared to other treatments.

Apoptosis of neighboring tumor cells induced by sTRAIL LPD causes reprogramming of 
residual fibroblasts, facilitating the delivery of second-wave therapeutic NPs

We next examined the function of residual fibroblasts. The levels of collagen, a major 

extracellular matrix (ECM) protein, were assessed after multiple sTRAIL treatments in mice 

bearing UMUC3/NIH3T3 (25). Unexpectedly, the collagen content decreased ~3-fold 

compared to other treatment groups (Fig. 5A and B). Collagen level within TME under 

sTRAIL LPD treatment was also monitored (Fig. S8). Results indicated a gradual reduction 

of collagen level in response to sTRAIL treatment. Reductions were also observed on other 

proteins unique to fibroblast activation of functional significance in the TME, including 

fibronectin and hepatocyte growth factor (HGF) (Fig. 5C) (5,9,26). In addition, fibroblast 

activation markers, αSMA and fibroblast activation protein alpha (FAPα) decreased by 

~90% and ~84% (compared to total RFP-fibroblasts), respectively (Fig. 5C) (5,9,27). These 

data suggested that residual TAFs were shifted from an activated to a quiescent state. 

However, the proteins (i.e., FAPα and fibronectin) described above are not exclusively 

secreted by fibroblasts (28,29). To further confirm the state shift of fibroblasts, we sorted the 

RFP-fibroblasts from the dissociated cells collected from tumors after 3 doses of sTRAIL 

LPD. Indeed, we found the mRNA level of COL1A1 (collagen) and ACTA2 (αSMA) in 

sTRAIL treated fibroblasts decreased ~2 to 5-fold compared to untreated fibroblasts (Fig. 

5D). Meanwhile tumors treated with full-length TRAIL or GFP-LPD failed to affect 

desmoplasia, eliminating any possibility of TRAIL directly inducing fibroblast 

reprogramming (Fig. 5A–D). Since it is commonly accepted that the majority of TAFs are 

transdifferentiated from resident fibroblasts in response to TGF-β (30), the downstream 

portions of TGF-β signaling, including pSMAD2 and plasminogen activator inhibitor type 1 

(PAI-1) were examined (27,30,31). Indeed, data revealed a decreased level of pSmad2 nuclei 

staining and an inhibition of the transcriptional activation of PAI-1 in fibroblasts of sTRAIL 

treated tumors (Fig. 5D and E). Again, the data support the reprogramming of TAFs (9).

We next assessed the response of intratumoral blood vessels to the normal stroma restoration 

and the neoplastic cell loss. Both the vascular density and vessel diameter were observed and 

quantified in mice bearing UMUC3/3T3 xenografts (Fig. 5F and Fig. S9 A and B). There 

was no significant increase in vessel density associated with any of the treatments, 

suggesting no obvious angiogenesis effects. In fact, the vessel density decreased in some 

sTRAIL or TRAIL treated mice, likely due to the inhibition of the proangiogenic factor, 

VEGF, through reduced mRNA expression. Yet this effect was not statistically significant 

(32). Whereas, sTRAIL, not TRAIL LPD profoundly increased the blood vessel diameter 

and vessel lumen size (Fig. 5F and Fig. S9). This finding indicates that sTRAIL LPD could 

effectively decompress the intratumoral vasculatures (33), leading to the normalization of 
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blood vessels. Normalized vasculatures are often characterized by uncompressed vessels 

with greater pericytes coverage (34,35). Indeed, the loosely attached or absent pericytes in 

tumor vessels were replaced with compact, normalized pericytes after sTRAIL LPD 

treatment (Fig. S9G). Further, these morphological changes were accompanied by functional 

changes, i.e. the increased tumor oxygenation, as indicated by the rapid downregulation of 

the hypoxia-inducible factor 1 alpha (HIF 1α) (36) after sTRAIL LPD treatment (Fig. S9D) 

(34,37). The normalization of blood vessels and restoration of normal stroma would 

ultimately lead to reduction of the interstitial fluidic pressure as indicated by studies reported 

elsewhere (34,35).

Since normalized blood vessels with reduced IFP and hypoxia were characterized and 

reported, it was then questioned whether the remodeled TME would ultimately increase the 

accumulation, penetration and efficacy of second-wave nanocarriers: which describes an 

additional course of chemotherapy following TME modulation (38). Lipid-coated cisplatin 

nanoparticles (LPC NPs, ~30 nm) were previously developed in our lab and used for the 

tumor accumulation study herein. Detailed characterizations of the NPs have been described 

by Guo et al (39). Indeed, pre-treatment of the tumors with sTRAIL LPD led to a ~2-fold 

increase of cisplatin retention 24-h-post a single-dose intravenous injection of cisplatin NPs 

(Fig. 5G and H). The intratumoral distribution of cisplatin NPs were visualized using DiI-

labeled cisplatin NPs. As it shown in Fig. 5J, normalization of blood vessels after sTRAIL 

treatment efficiently improved the extravasation and penetration of small NPs. To 

demonstrate the possible therapeutic benefits of the two-wave therapy, mice were first 

pretreated with 3 doses of sTRAIL LPD, as shown in Fig. 5G. Results herein suggest that 

the two-wave therapy significantly inhibited and delayed the tumor growth more than single 

modality therapy (Fig. 5I). In conclusion, the data suggest residual fibroblasts and TME after 

sTRAIL treatment are remodeled, benefiting not only the sTRAIL-mediated antitumor 

efficacy, but also the delivery of a second-wave chemotherapy.

In situ engineering of pancreatic stellate cells with sTRAIL LPD NPs shows promising 
antitumor efficacy in an orthotopic desmoplastic pancreatic cancer BXPC3

To evaluate if the above-mentioned findings could be recapitulated in tumors that are 

clinically known to have extremely high desmoplastic fibrosis, the anti-tumor efficacy of 

sTRAIL LPD was assessed on mice bearing the human pancreatic adenocarcinoma BXPC3. 

BXPC3 are stroma-vessel type desmoplastic tumors characterized with nests of tumor cells 

surrounded by vessel-embedded fibrotic tissues (Fig. S10) (40–42). The cultured BXPC3 

had greater sensitivity to TRAIL compared to other pancreatic cancer cell lines (43). To 

visualize tumor growth in vivo, BXPC-3 cells were stably transfected with luciferase vector 

(BXPC3-Luc2). BXPC3-Luc2 was orthotopically injected into the tail of the pancreas. The 

dosing schedule of sTRAIL LPD is presented in Fig. 6A. Tumor volume correlated from the 

number of photons emitted from the tumor were assessed (Fig. 6B) and quantified (Fig. 6C). 

Results demonstrated that sTRAIL LPD, but not other treatment groups effectively inhibited 

tumor growth. Further, of all mice treated with different regimens, only sTRAIL treatment 

significantly improved the overall survival. Mean survival time (MST) was increased to 65 

days as compared to other treatment groups (43, 50, and 53 days for PBS, GFP LPD and 

TRAIL LPD groups, respectively, Fig. 6D), conveying a potent therapeutic effect and a 
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prolonged survival effect. Major organs were imaged for metastasis and results were 

presented in Fig. S11. Results demonstrated that, sTRAIL LPD treatment also efficiently 

ameliorated tumor metastasis (primarily to liver and lung). To verify that the hypothesis 

regarding in situ engineering of fibroblasts occurred in the BXPC3 model, the expression of 

GFP (the IRES-GFP from sTRAIL and TRAIL LPD or GFP from GFP LPD) in fibroblasts 

and other cells was examined. Indeed, more than ~25% of fibroblasts expressed GFP, 

accounting for ~40% of the total GFP expressing cells (Fig. 6D). In addition, only ~8% of 

the CD45+ leucocytes expressed GFP (Fig. S12). This, again, supports the claim that 

fibroblasts are the primary engineered population for sTRAIL secretion. To verify that 

fibroblasts induced neighboring effect and the remodeling of TME, the post-treatment 

apoptosis and collagen level are shown in Fig. 6E–G. Consistently, an increased amount of 

TUNEL-positive cells was localized near fibroblasts. The overall level of collagen in the 

non-scar tissue area decreased. Heterogeneities, particularly the extensive extracellular 

matrix with few viable cells (the scar tissue) (44) was primarily observed in the sTRAIL 

LPD tumors (Fig. S13) due to the efficient elimination of tumor cells by sTRAIL. 

Normalization of blood vasculatures and reduction of tumor hypoxia were also found in the 

sTRAIL LPD tumors (Fig. S14). Once again, the results clearly demonstrate that in situ 
engineering of fibroblasts benefits anti-cancer therapy in stroma-vessel desmoplastic tumors.

Toxicity evaluation for the different treatments and blood chemistry analysis

Toxicological evaluation demonstrated little to no noticeable morphological changes in 

organs where LPD NPs are distributed (e.g., liver and spleen) (Fig. S14A and B). The serum 

biochemical value analysis demonstrated that the sTRAIL treatment group had no liver 

(aspartate aminotransferase and alanine aminotransferase) or kidney (creatinine and blood 

urea nitrogen) toxicity caused by tumor progression (Table S4). One possible mechanism is 

that, though liver is the major site for NP accumulation, ~65% of the NPs were actually 

trapped in CD68 positive Kupffer cells with low plasmid expression (Fig. S14 D–F) (45). 

Tumors were the mainly plasmid transfection and protein synthesis reservoir (Fig. S14 D–

E). In addition, hematology study showed no significant bone marrow suppression in 

sTRAIL treated mice compared to the control groups, suggesting the treatment did not cause 

anemia (Fig. S14B).

Discussions

Despite recent advances in nano-therapeutics, efficacy against desmoplastic tumors, 

including pancreatic cancer and advanced urothelial carcinoma, has not changed in decades 

(9). In part, the dense stromal barrier captures NPs, preventing them from reaching the 

tumor (1,19). Given the large amount of NPs delivered to fibroblasts, we hypothesized that 

we could take advantage of this natural property of bladder and pancreatic cancers and target 

cancer treatment through fibroblasts. Inspired by fibroblast’s ability to secrete tumor 

supportive cytokines to neighboring tumor cells (46,47), modification of fibroblasts to 

secrete tumor suppressive cytokines through gene delivery with NPs was proposed in the 

current manuscript. The in situ engineering of fibroblasts harnesses the location of 

fibroblasts between blood vessels and tumor cells, bypassing major cellular barriers for NP 
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delivery; subsequently converting fibroblasts from a tumor supporting role to a tumor 

depletion center.

The choice of the secretable tumor suppressive factor should not be understated. TRAIL is a 

highly selective, tumor apoptosis-inducing cytokine. The resistance of mesenchymal stroma 

cells, especially fibroblasts to TRAIL was a conceivable mechanism for the clinical failure 

of TRAIL (15). However, this feature demonstrates fibroblasts as a durable synthesis 

reservoir for TRAIL, with prolonged expression compared to other TRAIL-sensitive cells. In 

reality, TRAIL-secreting human mesenchymal stem cells have been used for prolonged 

delivery of TRAIL in glioma (48). In order to achieve the original hypothesis, TRAIL was 

fused with a leader sequence into a bioactive secretable form (sTRAIL). Despite the 

comparable cytotoxicity observed in vitro with both sTRAIL and TRAIL plasmid, only 

sTRAIL encapsulated in LPD induced superior antitumor efficacy in desmoplastic tumors. 

Consistent with the in situ fibroblast engineering hypothesis, we found the majority of 

sTRAIL was expressed within fibroblasts within 3 doses of sTRAIL LPD. The penetration 

of sTRAIL protein is another concern for the in situ engineering. Compared to most 

monoclonal antibodies, the trimerized sTRAIL with a smaller molecular weight offered 

rapid diffusion. The current work illustrated that apoptotic tumor cells induced by sTRAIL 

LPD can be observed 500 µm away from the nearest fibroblast (Fig. 4). Compared to the 

average diameter (400 µm) of tumor nests in the UMUC3/3T3 model, the depth of 

penetration was undoubtedly sufficient to induce potent efficacy.

The apoptosis of tumor cells destroyed the nest structure, keeping fibroblasts as the major 

population of remaining cells. A quiescent characteristic marked by a reduction in ECM 

protein synthesis and decreased TAFs marker expression in the residual fibroblasts was 

found only after sTRAIL treatment. Down regulation of pSMAD2 in fibroblasts suggested 

this process may be mediated by TGF-β (30,49). Though further mechanistic studies should 

be conducted, the original hypothesis stated the apoptosis of neighboring tumor cells 

reciprocally reprograms TAFs due to insufficient TGF-β signaling activation. To verify this 

hypothesis, an experiment was conducted in vitro consisting of a non-contact co-culture of 

3T3 cells secreting sTRAIL with UMUC3 tumor cells. Indeed, we found significant 

correlation between decreased fibroblast αSMA markers and increased tumor cell apoptosis 

(Fig. S15). Support for this hypothesis can also be found in that pSMAD was also 

downregulated in apoptotic tumor cells in vivo, which was mediated through autocrine 

signaling of TGF-β. In addition to the apoptotic tumor cells, the apoptosis-induced 

recruitment of pro-inflammatory cells responsible for TAF reprogramming would be an 

additional source of the stroma remodeling. This particular mechanism will be evaluated in 

the future studies. Additionally, the phenotype of fibroblasts in TRAIL treatment group 

remained constant, demonstrating TRAIL had minimal direct effect on fibroblasts.

Reverting of TAFs has a dual benefit. Firstly, the cellular and structural changes of the 

stroma resulted from “normalized” fibroblasts are reported to exert tumor-suppressive forces 

and signals, potentially inhibiting tumor growth (9,50). Secondly, the reduction of the 

fibrotic content, which decompresses the intratumoral vasculature, creates a window for the 

second-wave nanotherapy (9,34). Such expectations were presented both in theory and in the 
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current study. Treatment with sTRAIL LPD significantly enhanced the delivery, retention, 

penetration and efficacy of additional cisplatin NPs.

Moreover, the potency of sTRAIL LPD monotherapy, observed on a hypovascular orthotopic 

pancreatic carcinoma (BXPC3) further verified the feasibility of this in situ engineering 

approach. The result is promising, as only a small population of therapeutic NPs have shown 

efficacy against PDACs.

Collectively, a novel regimen for the treatment of desmoplastic tumors was developed by 

utilizing their off-target uptake of NPs to our benefit (Fig. 7). Three advantages highlight the 

sophistication of this approach: (1) the traditionally problematic binding site barrier was 

used to induce potent apoptosis within the tumor nest with only a single conventional gene 

therapy agent, (2) the fibroblasts in situ were not only engineered to secrete a cytotoxic 

protein but also mechanistically reprogrammed to be tumor suppressive in a feedback 

fashion and (3) lastly, reprogramming of fibroblasts paved the way for coupling signal-

dependent stromal reprogramming with tumor-directed cytotoxic NPs and perhaps 

immunologic drugs, offering a new paradigm in the treatment of desmoplastic tumors. 

Furthermore, fibroblasts could be engineered to produce various cytokines, orchestrating the 

suppressive microenvironment to achieve a more sustained antitumor response. In the real 

clinical cases, the ECM content may vary among different individuals, as well as the ratio of 

stroma cells/tumor cells. All these factors would affect the potency of NPs delivery to 

fibroblasts and the efficacy of protein production in fibroblasts. Therefore, with regard to 

future clinical application, the combination of our conceptual strategy with individualized 

therapy would be more promising.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cell populations that take up LPD in the stroma-vessel type desmoplastic tumors
A. The schematic architecture of stroma-vessel tumors. Immunofluorescence (IF) and H&E 

(adjacent section of IF) images (on the right) show the histology of a stroma-vessel tumor 

model: UMUC3/3T3. Examination revealed nests of tumor cells (yellow dotted circles in the 

inserted magnified images, labeled as T), surrounded by fibrotic components (filled by 

αSMA positive myofibroblasts, shown in red) between them. CD31 positive blood vessels 

(shown in cyan) were embedded in the interstitium near myofibroblasts, almost no vessels 

were observed inside the nests of tumor cells. B. Flow cytometry gating of the cell 

populations in the UMUC3/3T3-GFP tumors. C. Flow cytometry histograms of the 

percentage of cells that took up DiI-labeled LPD in each cell population at determined time 

points. D. Quantitation of the percentage of DiI positive cells in each population (based on 

the flow data), n = 4.
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Figure 2. Secretable TRAIL produced by fibroblasts induces apoptosis of neighboring UMUC3 
tumor cells
A. Schematic representation of plasmid encoding green fluorescence protein (GFP) fused 

with sTRAIL or TRAIL (as a less secretable control). B. Cell proliferation of cancer cells, 

UMUC3 and fibroblasts, NIH3T3 transfected with TRAIL, sTRAIL, GFP at different 

concentrations (MTT assay, n = 4). UMUC3 cells are sensitive to both TRAIL and sTRAIL, 

while NIH3T3 are resistant. C. The releasing of sTRAIL protein into the supernatant was 

determined using ELISA (against TRAIL). Both NIH3T3 and MRC-5 (lung fibroblasts) 

transfected with sTRAIL secreted TRAIL protein. However, minimal soluble TRAIL was 

detected in both cell line when transfecting with TRAIL (n = 3, ** P < 0.01, compared to 

sTRAIL LPD treatment). D. The neighboring effect of the sTRAIL protein was determined 

by a non-contact co-culture study. After co-cultured for 24 h, the UMUC3 cells in the 

bottom were counted. Cells were visualized by Calcein AM staining (shown in green). 

Numbers in white calculated the % of total cells in each treatment compared to the total 

tumor cells in the GFP LPD group. Apoptosis of bottom UMUC3 cells were assessed using 

annexin V/PI staining and flow cytometry (n = 3).
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Figure 3. Intravenous injection of sTRAIL LPD leads to the expression of sTRAIL in fibroblasts 
in situ, inhibiting stroma-vessel UMUC3/3T3 tumor growth
A, Tumor inhibition curve of mice bearing desmoplastic UMUC/3T3 tumors. Mice were 

treated with PBS, GFP LPD, TRAIL LPD or sTRAIL LPD (50 µg plasmid/mice), for 4 

times (n = 6~8, * P < 0.05, ** P < 0.01, *** P < 0.001, in the legend, compared to PBS 

group; in the data, compared to each time point of the TRAIL LPD group). B. qPCR 

quantitation of relative mRNA levels of TRAIL or sTRAIL in the treated tumors. The 

primers simultaneously for the extracellular domain of TRAIL and sTRAIL were used for 

the detection (n = 6, ** P < 0.01, n.s, no significant difference, compared to PBS group). C-

F, IF staining of GFP (shown green), RFP-fibroblasts (shown red) and cell nuclei (DAPI, 

shown blue) at indicated time points after treatments on cryo-tumor (UMUC3/3T3-RFP) 

tissues collected. Results showed that the majority of expression of GFP fusion protein co-

localized with the RFP-labeled fibroblasts. G. Flow cytometry analysis of GFP’s association 

with RFP-fibroblasts at indicated time points in the dissociated cells from the collected 

tumor tissues (n = 4). The association of GFP in fibroblasts increased dose-dependently. H. 

One day after 3 doses of sTRAIL LPD, the RFP-labeled fibroblasts were sorted by flow 

cytometry. sTRAIL mRNA level in the RFP-labeled fibroblasts and other unlabeled cells 

were analyzed and compared with the GFP LPD treated group (n = 4, ** P < 0.01). The 

inserted chart indicates gating of the RFP fibroblasts
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Figure 4. Fibroblasts (in situ) that secreted TRAIL induced the apoptosis of neighboring tumor 
cells
A. IF staining of αSMA and TUNEL from tumor tissues (paraffin-embedded sections) after 

dose escalation of sTRAIL LPD NPs. Dashed lines indicate edge of the tumor nests. B. 

Quantification of relative apoptotic cells’ distance from the nearest αSMA positive 

fibroblasts after different doses of sTRAIL LPD NPs. Numbers on top indicate the furthest 

distance of apoptotic cells to αSMA after different treatments. C. Paraffin-embedded tissues 

sections from UMUC3/3T3 tumors 2 days after final treatments were stained for αSMA 

(red, TAFs) and TUNEL (green, apoptosis). The % of αSMA coverage was quantified using 

Image J and presented as numbers in white on the left corner of each panel. Well-structured 

tumor nests are highlighted in the images. sTRAIL LPD NPs lead to the disruption of tumor 

nests and remodeling of the tumor microenvironment.
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Figure 5. sTRAIL LPD induces the reprogramming of residual fibroblasts and remodeling of 
TME, facilitating the delivery and antitumor effect of a second-wave nanoformulated cisplatin
A. Masson’s trichrome staining of the collagen after endpoint treatments. B. Quantification 

of the trichrome staining (n = 5, ** P < 0.01, compared to PBS group). C. Western blot 

analysis of the TME markers mainly secreted by TAFs and TAF markers. Intensities of each 

ECM protein were calculated by comparing to the RFP-transfected fibroblasts and shown on 

right. Protein/RFP ratios in the PBS group were set as 1 (n = 3, * P < 0.05, ** P < 0.01, 

compared to the PBS group). D. mRNA levels of TAF markers in the sorted RFP-fibroblasts 

after sTRAIL treatment (n = 5, * P < 0.05, *** P < 0.01, compared to the PBS group). E. 
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Immunohistochemistry (IHC) staining of αSMA and pSMAD2 in the adjacent sections of 

PBS and sTRAIL LPD groups. Red dotted circles indicate tumor nests; yellow dotted circles 

indicate fibroblasts. F. IHC staining of blood vessel (CD31, shown as brown) after different 

treatments. sTRAIL LPD induces decompression of blood vessels. Red arrows indicate the 

decompressed vessels. % of blood vessel coverage and % of normalized blood vessels were 

quantified using image J and showed on right (n = 4, *** P < 0.001) (G). Dosing schedule of 

the second-wave chemotherapy. (H) ICP-MS analysis of cisplatin accumulation after a 

single dose of cisplatin NP (LPC NP) in mice pre-treated with sTRAIL LPD or without pre-

treatment (n = 5, *** P < 0.001). (I) Tumor inhibition curve of LPC NP (cisplatin, 1.9 

mg/kg) after treating the tumors with sTRAIL LPD (n = 5, * P < 0.05). (J) Fluorescence 

images of the intratumoral distribution of DiI-labeled LPC NP after pretreating tumors with 

sTRAIL LPD. Blood vessels were stained with CD31 (Cyan). Numbers in white indicate the 

average % of DiI positive cells in the selected views. Yellow arrows in magnified images 

demonstrate the extravasation of DiI-NP from the blood vessels.
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Figure 6. Intravenous administration of sTRAIL LPD inhibited the orthotopic desmoplastic 
BXPC3 tumor growth and remodeled the tumor microenvironments
A. Dosing schedule of sTRAIL treatment on BXPC3-Luc2. B. IVIS images of BXPC3-Luc2 

tumor after different treatments (n = 5). C. Tumor inhibition curve of BXPC3 (n = 6–10, *P 
< 0.05 compared to PBS group). (D) The survival proportions of the treated groups. Median 

survival time (MST) are presented in the inserted form (Data shown as mean ± SD, n= 6–8. 

***, P < 0.001). E. Flow cytometry analysis of GFP’s association with αSMA positive 

fibroblasts 2 days after the third injection of the LPD (n = 4, * P < 0.05, ** P < 0.01). F. IF 

staining of αSMA and TUNEL assay from BXPC3-Luc2 tumor tissues after different 
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treatments. G. Masson’s trichrome staining for collagen from the BXPC3-Luc2 tumors after 

different treatments. Heterogeneities are observed in the sTRAIL LPD groups. Scar tissue 

(with few cell structures) is observed. H. The quantification of collagen levels based on non-

scar area (n = 4~5, * P < 0.05).
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Figure 7. Proposed mechanism of targeting TAFs for in situ engineering
A. Plasmid encoding secretable TRAIL protein is condensed with protamine and further 

encapsulated into PEGylated liposomes coating with anisamide targeting motif (LPD). 

Diagram of the p-sTRAIL LPD is shown. B. LPD is systemically delivered to tumor region, 

and then extravasated from blood vessel due to the EPR effect. In most desmoplastic tumors, 

a thick layer of fibroblasts wraps around the blood vessel. Tumor-associated fibroblasts 

(TAFs) are the major cells taken up the targeted LPD. C. sTRAIL protein is synthesized by 

TAFs and diffuses to the neighboring tumor cells. Apoptotic tumor cells reciprocally failed 

to activate local fibroblasts, reverting the TAFs to normal fibroblasts (NFs). NFs can 

suppress tumor growth on one end, remodel the TME, and increase the penetration of a 

second wave chemotherapeutic NPs on the other. Collectively, this multi-wave therapy can 

induce potent growth inhibition of the desmoplastic tumors.
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