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Abstract

We report the impact of notch-DLL4-based hereditary vascular heterogeneities on the enhanced
permeation and retention (EPR) effect and plasmonic photothermal therapy response in tumors.

Methods: We generated two consomic rat strains with differing DLL4 expression on 3™
chromosome. These strains were based on immunocompromised Salt-sensitive or SS'*"
(DLL4-high) and SS.BN3"2%- (DLL4-low) rats with 3rd chromosome substituted from Brown
Norway rat. We further constructed three novel SS.BN3"*" congenic strains by introgressing
varying segments of BN chromosome 3 into the parental SS"2*" strain to localize the role of S$'*"
DLL4 on tumor EPR effect with precision. We synthesized multimodal theranostic nanoparticles
(TNPs) based on Au-nanorods which provide magnetic resonance imaging (MRI), X-ray, and optical
contrasts to assess image guided PTT response and quantify host specific therapy response
differences in tumors orthotopically xenografted in DLL4-high and -low strains. We tested recovery
of therapy sensitivity of PTT resistant strains by employing anti-DLL4 conjugated TNPs in two triple
negative breast cancer tumor xenografts.

Results: Host strains with high DLL4 allele demonstrated slightly increased tumor nanoparticle
uptake but consistently developed photothermal therapy resistance compared to tumors in host
strains with low DLL4 allele. Tumor micro-environment with low DLL4 expression altered the
geographic distribution of nanoparticles towards closer proximity with vasculature which improved
efficacy of PTT in spite of lower overall TNP uptake. Targeting TNPs to tumor endothelium via
anti-DLL4 antibody conjugation improved therapy sensitivity in high DLL4 allele hosts for two triple
negative human breast cancer xenografts.

Conclusions: Inherited DLL4 expression modulates EPR effects in tumors, and molecular targeting
of endothelial DLL4 via nanoparticles is an effective personalized nanomedicine strategy.
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Introduction

Nanomedicine leverages the tunable
pharmacokinetics and bio-distribution of ~100 nm
size therapeutic nanoparticles (NPs) to solid tumors,
promising dramatically higher tumor doses with
reduced off-target uptake [1, 2]. However, only a
limited number of nanomedicine agents such as
Abraxane™ (Albumin NP bound Paclitaxel) and
Doxil™ (liposomal NP doxorubicin) have gained
widespread use in clinic for advanced solid tumors,
with a moderate improvement in progression-free
survival for advanced breast cancer patients [3, 4].
Further nanomedicine benefits are less evident in
expanded clinical trials [2, 5, 6]. Even molecularly
targeted nanomedicine, such as PEGylated polymeric
nanoparticle Docetaxel [1] or HER2-targeted
liposomal Doxorubicin, have failed initial or phase II
clinical trials [7], possibly due to patient and tumor
heterogeneity in nanomedicine uptake, distribution,
therapeutic responses and clearance due to
mononuclear phagocyte system [8].

Alternate near-infrared (NIR) light-triggered
gold nanoparticle (AuNP)-mediated photo-thermal
therapies (PTT), rely on spatiotemporally controlled
thermal ablation of tumors with low power NIR light
illumination. These therapies are immune to known
drug resistance mechanisms and have demonstrated
exceptional efficacy in mouse models of aggressive
breast cancer with negligible off-target effects [9].
AuNP-mediated PTT is under clinical investigation
for multiple solid tumors [10-14], but the widespread
clinical translation might be hampered by the same
factors that are applicable to other targeted medicine
approaches - i.e., the inability to accommodate for
tumor heterogeneity and non-uniform therapy
response [15, 16]. Furthermore, despite the evolution
of  personalized  precision medicine [17],
nanomedicine strategies have yet to be tailored to
individual patient features, such as heterogeneity in
enhanced permeability and retention (EPR) [18-22], to
achieve the long-predicted enhancements in efficacy.

There is increasing evidence about the role of
inherited or germline genetic modifiers in TME
heterogeneity and EPR effects, yet the underlying
drivers have remained largely unknown because a
systematic approach to study them did not exist [23].
To overcome this issue, we recently developed the
Consomic Xenograft Model (CXM) as the first strategy
for mapping heritable modifiers of TME
heterogeneity [24]. In CXM, human breast cancer cells
are orthotopically implanted into genetically-
engineered consomic xenograft host strains, which are
derived from two parental strains with different
susceptibilities to breast cancer. Because the host

strain backgrounds are different, whereas the
inoculated tumor cells are the same, any phenotypic
variation is due to TME modifier(s) on the substituted
chromosome and can be further localized by congenic
mapping. Using the CXM strategy, we recently
identified a wvascular-specific delta-like 4 (DLL4)
modifier allele on rat chromosome 3 (RNO3) that
functioned as a heritable host TME modifier of EPR
[23-26]. Notably, DLL4 is a master regulator of
angiogenic vascular patterning [27-35] and inhibition
of DLL4 attenuates tumor growth and progression by
eliciting nonproductive angiogenesis [28, 31-35], yet
the explicit role of DLL4 in EPR and its influence on
NP delivery and efficacy remains untested. Even less
understood is the potential impact that inheritance of
functionally distinct DLL4 alleles might have on the
patient-to-patient variability in response to NP
therapy, which ultimately could lead to the failure of
NPs in clinical trials.

Here, we used two CXM strains, SSIL2R"-
(DLL4-high) and SS.BN3IL2R"- (DLL4-low) [24], as well
as three congenic xenograft strains, JQIL2R"-, NDIL2RY-,
and MXIL2R- to assess the impact of germline TME
vascular heterogeneity on NP delivery and PTT
efficacy. We wused novel multimodal theranostic
nanoparticles (TNPs) composed of Au nanorods
(AuNRs) coated with stable Gd(Ill)-oxide epilayers,
which provide magnetic resonance imaging (MRI),
X-ray, and photothermal contrast in a sub-100nm
geometry [36]. MRI and PTT with these TNPs
revealed that although cross-sectional contrasts can
reveal optimal NP uptake in tumors, it is the inherited
microvascular distribution patterns, and not the
overall NP uptake, which govern the efficacy of
NP-mediated PTT. Molecularly targeting DLL4
expression on tumor vasculature with antibody
conjugated TNPs recovered PTT sensitivity in
otherwise therapy resistant SSIL2R"- (DLL4-high) strain.
Collectively, these data are the first to demonstrate
that inherited TME heterogeneity dramatically
impacts the efficacy of PTT, which should be
accounted for and targeted in the development of
future personalized nanomedicine strategies.

Results

CXM models generate distinct vascular
patterning in identical triple negative breast cancer
tumors. The previously characterized CXM models of
TME vascular heterogeneity, SS''2R"- (DLL4-high) and
SS.BN3IL2R™- (DLL4-low) [24, 25], were used to
determine the impact of tumor vascular organization
on TNP uptake, distribution, and PTT response
(Figure 1A). We verified the vascular morphology
differences in these strains first via ex vivo micro-CT
imaging in intact tumors, and then wvia
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immunofluorescence microscopy in tumor sections.
The micro-CT imaging using microfil contrast agent
enabled the quantification of the volume fraction
which is defined as the ratio of the vessel volume to
the tumor volume of triple negative breast cancer
tumors implanted in SS2R*- and SS.BN3WL2R*- hosts.
Representative 3D volume reconstruction of vessel
network in tumors from SSIL2R- and SS.BN3IL2R"- hosts
indicated increased irregular sprouting of vessels
with a highly tortuous pattern of branching in
SS.BNBILR" tymors is depicted in Figure 1B. The
average volume fraction was higher in SS.BN3IL2R'-
hosted tumors as compared with SSIL2R- hosted
tumors (Figure 1C, P<0.04). These results correlated
well with histological findings (which will be
discussed later) and supported the use of our SSIL2R"
and SS.BN3LR- CXM model in subsequent
investigations to determine the role of vascular TME
heterogeneity on TNP uptake and PTT response after
systemic delivery (Figure 1D).

Assessment of  gadolinium-gold  TNP
biodistribution in SS.BN31L2R™- (DLL4-low) and
SSIL2R™- (DLL4-high) rats. We recently developed a
novel gadolinium-gold TNP (size 75 nm and charge
+7.6 mV) that enables PTT and analysis of NP

A CXM Mapping
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bio-distribution by MR imaging and inductively
coupled plasma mass spectrometry (ICP-MS) using a
single TNP nanoconstruct. Prior to testing the TNP
efficacy in tumor-bearing SS.BN3IL2R"- and SSIL2R* rats,
a MRI study was performed (n = 3 rats per strain) to
identify the optimal time point for PTT after systemic
injection of TNPs and to detect if there were
differences in overall TNP uptake in the tumors on the
DLL4-high and DLL4-low host strains. T1-weighted
MR imaging confirms the optimum tumor-to-
background ratio (TBR) enhancement at post-4 h was
observed compared to pre- and post- 24 h after
systemic injection of TNPs as depicted in Figure 2A-
B, a slightly higher T1- contrast in SS-2R" rats as
compared to SS.BN3IL2K™- rats was observed.
Immediately post- 24 h MR imaging animals were
euthanized and ICP-MS was performed to validate
the presence Au and Gd in per gram of different
tissues (brain, tumor, kidney, liver, spleen, lung,
blood, heart, and gut) as depicted in Figure 2C,
confirming slightly higher amount of Gd (II) in SSIL2R*-
rats’ tumor compared to SS.BN3IL2K- rats’, which
supports T1l-weighted MR imaging results. Further, to
understand the distribution of NP of different size
and charge at different time point ICP-MS analysis

(O Tumor vasculature

SSIL2R- Ny SS.BN3IL2R-

Do inherited TME modifiers of tumor
perfusion influence NPs distribution?

Figure 1. Schematic representation of the CXM and experimental details. (A) Schematic representation of the SS and SS.BN3 genomes modified by TALEN-mediated editing of
the IL2Ry gene. It represents chromosome that is derived from SS (grey) or BN3 (red). The genetic differences between SSIL2R"- and SS.BN3IL2R"- are due to inheritance of
chromosome 3 from the SS or BN rats. (B) The luciferase-expressing MDA-MB-231 breast cancer cells (23 1.UC+) were orthotopically implanted in the mammary fat pad of SSIL2R"
and SS.BN3ILR™ rats. MicroCT 3D volume rendering of vessel network in tumors generated using X-ray MicroCT data of 231LUC+ breast tumors implanted in SSIL2R™ (n = 4) and
SS.BN3IL2R" (n = 4) rats. (C) Vascular volume fraction in SSI.2R- and SS.BN3IL2R"- rat tumors (P = 0.04, t-test). (D) Ten days after tumor development AuNRs/TNPs were injected
intravenously. Since same 23 1LUC* cells (gray) were implanted in both the strains, different distribution of AUNRs/TNPs can be attributed to differences in the SSI2R%- (green) and
SS.BN3ILRY- (red) microenvironments (IV: Intravenous injection; TME: Tumor Microenvironment, NPs: Nanoparticles).
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was performed at post- 4 h, 24 h, and 72 h after
systemic injection of AuNRs (10 nm by 40 nm and
charge -9 mV) for different tissues (brain, tumor,
kidney, liver, spleen, lung, blood, heart, and gut)
depicted Figure 2D. The Au content in the tumor after
post-24 h of systemic injection of AuNRs is higher
than TNPs which could be due to impact of size
variation. As we have previously, reported that size
variation strongly impacts uptake of Au nanoparticle
in MDA-MB-231 tumors [37]. In all other organs, a
similar NPs distribution was observed like TNP’s
ICP-MS study (Figure 2C) up to 24 h post injection,
whereas there is a slight decrease in Au/g of tissue
with slightly higher error bar in SSI2R"- rats as
compared with SS.BN3IL2R"- rats at 72 h post injection.
These results suggest that SSIL2R"- tumors retain higher
overall levels of NP at the optimal 4 h time point for
effective PTT.
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PTT inhibits tumor growth in SS.BN3IL2R*-
(DLL4-low) but not SS'2R"- (DLL4-high). To assess
the impact of the TME vascular heterogeneity on PTT,
SS.BNBILR'- and SSIL2R™- rats aged 4-6 weeks were
orthotopically implanted with 6 x 10° of luciferase
expressing MDA-MB-231(231LV¢*)  triple negative
breast cancer cells in the inguinal mammary fat pad.
Rats were randomized into three groups per strain:
group 1 (salinetlaser; n = 4), group 2 (TNPs without
laser; n = 4), and group 3 (TNPs+laser; n = 8). Analysis
of tumor growth inhibition (TGI) by bioluminescent
imaging revealed strong TGI in the triple negative
breast cancer cells implanted in SS.BN3IL2R"- rats
treated by PTT with TNPs (Figure 3A~-C), whereas no
TGI was observed after identical treatment of triple
negative breast cancer cells implanted in SSIL2R" rats
(Figure 3B). The impact of TME vascular

heterogeneity on TGI by PTT with TNPs was further
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Figure 2. T| contrast MR imaging and bio distribution by ICP-MS after systemic delivery of TNPs in 231LUC* tumors implanted in SSIL2R"- and SS.BN3IL2R"- rats. (A) Monitoring in
vivo Ti-weighted MR images of SSIL2R"- and SS.BN3IL2R"- rats with 231LUC+ tumors for pre- (0 h), post-4 h, and post-24 h systemic injection. The tumor is marked with white arrow.
(B) TBR enhancement comparison of 231LUC+ tumors between SS 128"~ and SS.BN3 IL2R"- rats (n = 3). (C) Bio distributions of TNPs and AuNRs in 231LUC+ implanted SS 1R~ and
SS.BN3 IL2R™- rats were analyzed by ICP-MS. Mean and standard deviation of Au and Gd content in different organs including tumor was determined after post- 24 h of systemic
injection. Mean and standard deviation of Au content in the organs determined after (D) 4 h, (E) 24 h and (F) 72 h of systemic injection of AuNRs. The Au and Gd content in
tumors in Pg of metal/g of wet tissue are plotted as a log10 scale for visual clarity of values in organs with low nanoparticle content. All the data are shown as the meanzs.e.
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reflected by a significant difference in survival of
SS.BN3IL2R"- rats (63 %) compared with the SSIL2R"- (0%;
P =0.007) at 21 days’ post-implantation (Figure 3D-
F). As depicted in Figure 3G-H, nearly identical
ablative temperatures were achieved in tumors grown
in the SS.BN3ILK- (A15.4°C) and SS'2R- (A16°C),
indicating that differences in ablative temperature did
not impact the efficacy of PTT with TNPs between the
two strains. Importantly, the efficacy of PTT with the
novel gadolinium-gold TNPs was not an artifact of

potential; Figure S1), as identical results were
obtained in an identical experiment using
conventional AuNRs (10 nm x 40 nm size, -9 mV zeta
potential, Nanopartz, Inc.) (Figure S2-S4). Thus, these
data collectively demonstrate that the inherited TME
vascular  heterogeneity = between the  SSIL2R"
(DLL4-high) and SS.BN3WL2R*- (DLL4-low) rats [24-26]
strongly modifies the therapeutic efficacy of PTT with
TNPs, despite the implanted triple negative breast
cancer cells being identical.

TNPs characteristics (~70 nm size, +7.2 mV zeta
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Figure 3. Evaluation of tumor response to photothermal therapy by bioluminescence imaging and Temperature kinetics during photothermal therapy (A) Representative images
of saline and TNPs treated SSIL2R™- and SS.BN3IL2R™- rats. Saline and laser treated SSIL2R"™- (n=4) and SS.BN3IL2R"-(n=4) rats experienced a continuous increase. TNPs injected
SSIL2R™-(n=4) and SS.BN3ILR™ (n=4) rats without laser treatment experienced a continuous increase of bioluminescence. SSI2R"- (n=8) rats experienced an increase in
bioluminescence while SS.BN3IL.2R"- (n=8) rats experienced complete loss of tumor when treated with laser. Rats were followed for 4 weeks after treatment. The luciferase signal
in all groups of (B) SSIL2R™-and (C) SS.BN3IL2R"rats was normalized to the signal before treatment. Survival curves of tumor-bearing (D) SSI2R"- and (E) SS.BN3IL2R" treated with
TNPs only and saline solution or TNPs followed by 808-nm NIR laser irradiation for 5 min with 1.65 W/cm?2 laser power covering ~2 cm? areas. SS.BN3IL2R- rats treated with
TNPs and laser responded better, and trend difference was statistically significant (P = 0.03, Wilcoxon Test). (F) Survival curves of tumor-bearing SSI2R"- and SS.BN3IL2R'- treated
with TNPs and laser vary significantly (P = 0.007, Wilcoxon Test). (G) FLIR thermal images of 231U+ implanted SSL2R"- and SS.BN3IL2R™- rats acquired after 24 h of saline and TNPs
systemic injection, irradiated by an 808-nm NIR laser for 5 min with ~1.65 W/cm? laser power covering ~2 cm? areas and its temperature kinetics is depicted in (H) followed by
cooling for 5 min. Temperature change (AT) is calculated by subtracting the surface temperature at the starting time point (37°C). All the data are shown as the meants.e.
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Congenic mapping of the DLL4 modifier locus
of TME vascular heterogeneity and PTT efficacy.
Previously, we localized inherited modifier(s) of TME
vascular heterogeneity to RNO3 by CXM mapping
[24], which were then narrowed by congenic mapping
to a 36Mb locus containing DLL4 alleles with distinct
vascular expression patterns in the SS.BN3IL2R"-
consomic (DLL4-low) and SSI2R'- (DLL4-high) rat
strains [25]. Although the SS.BN3IL2R"- consomic data
suggest that the DLL4 modifier allele impacts the
efficacy of PTT with TNPs (Figure 3 and Figure S2-4),
many other candidate alleles exist on chromosome 3
and therefore could account for the differences
observed in PTT efficacy between SS.BN3IL2K"- and
SSIL2RY- - To address this issue, we constructed three
novel SS.BN3IL2R™- congenic xenograft host strains
(JQUR- NDILR- and MXIL2RA) by  introgressing
segments of BN chromosome 3 (black) into the genetic
background of the parental SSI'2R"-strain (Figure 4A).
The exclusion congenic mapping localized a 7.9 Mb
(chr3:108, 855, 637 - 116, 715, 770) candidate region
that was associated with inherited tumor vascular
heterogeneity and contained the DLL4 locus (Figure

4A). After orthotopic implantation of 231LUC+ triple
negative breast cancer cells (6 x 10°) into the congenic
strains (JQU2K- NDIL2R"-  and MXIL2R") and the
parental SS.BN3IL2R"- consomic strain, animals were
injected with TNPs and PTT was performed as
described previously. SS.BN3L2Ry and MX'L2R*- strains
revealed significantly greater TGI as compared with
the JQU2R"- and NDIL2R"- strains (Figure 4B-C). A
multivariable linear regression model was used to
analyze the relationship between the TGI
observations with covariates time-post-therapy and
strain. Coefficients for strains JQIL2R- (P<0.001) and
ND!L2R"- strains (P<0.05) were statistically significant,
indicating that these strains inheriting the DLL4 locus
from SSW2R*- (DLL4-high) were different from the
baseline SS.BN3!L2Ry (DLL4-low) strain after adjusting
for other covariates. Collectively, this data
demonstrates that the congenic strains with the
inherited DLL4-high allele and TME vascular
heterogeneity are far more resistant to PTT with TNPs
compared with those that inherited the DLL4-low
allele.

SSLP Marker ss ssBN3 Ja_ ND  mx B ,
ERIELISEILIENY
D3Rat173; A \
fee - (2 B2 RIS 210 8
D3Mit3 53 ko2 - - =M o.2
D3Rat5 . ! . ' :
ERIZRINIS]|ZE
B e : o~ ke s
Czooo-
2 1000]; r)lfjj*
§ o l I SSBN3
3 :
@ 300 g
c
'E 200, g
S L
S 100
g L n N
0d od 2wk 4wk
Saline TNPs

Figure 4. Evaluation of SS.BN3IL2R" congenic strains response to photothermal therapy. (A) Schematic representation of the SS.BN3IL2R"- congenic strains that were generated by
introgressing segments of BN chromosome 3 (black) into the genetic background of the parental SSIL2R" strain (white) by marker-assisted breeding. Thin black bars represent
confidence intervals, which are chromosomal regions that could be BN or SS. (B) Representative images of saline and TNPs treated JQ!L2R"-, NDIL2R"-, MXIL2R"- and SS.BN3IL2R™- rats.
(C) Bioluminescence (%) with standard deviation. TNPs and laser treated injected JQ!2R"- (n=6) and ND!L2R"- (n=6) experienced increase in bioluminescence while MXIL2R"
(n=6) and SS.BN3IL2R" (n=4) rats experienced complete loss of tumor. Saline and laser treated JQ:2R"- (n=3) and ND!L2R" (n=3) MXIL2R"- (n=4) and SS.BN3!L2R"- (n=3) experienced
increase in bioluminescence. Rats were followed for 4 weeks after treatment. * Significant difference in bioluminescence of TNPs treated JQ!'2R"- (P<0.001, t-test) and ND IL2R"

(P<0.05, t-test) with respect to SS.BN3 LR Al| the data are shown as the meants.e.
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Figure 5. Distribution pattern and Quantitative analysis of TNPs. (A) Histology of tumor sections extracted from SSIL2R"- and SS.BN3IL2R"- rats systemically injected with TNPs.
DAPI stains cell nucleus in blue; Alexa Fluor594 in combination with CD31 stains blood vessels in green; and FITC in combination with DLL4 staining in blood vessels in red. The
three channels (DAPI, Alexa Fluor594 and FITC) are overlaid. Images were acquired at X40 magnification. Scale bar, 80 um. (B) Quantification of the percentage of DLL4+ blood
vessels in tumor sections extracted from SSIL2R™- and SS.BN3IL2R" rats. DLL4 is co-localized with CD31+ tumor blood vessels and is downregulated in SS.BN3 tumors compared
with SSIL2R™-, (C) Distribution patterns of TNPs relative to vasculature. Merged dark field images of TNPs (red) and fluorescent images of blood vessels (green) from the same
region of tumor of SSIL2R*- (n = 5) and SS.BN3/L2R" (n = 5). Each white line represents the distance of each NP from the nearest blood vessel. (D) Quantitative evaluation of TNPs
distance from the nearest blood vessels. This analysis confirmed that in SS.BN3!2R"- tumors ~31% TNPs adhere to tumor vessels or located near 30 ym distance as compared with
15% in SSIL2R"- rats (P = 0.04). No TNPs are located near 15 pm distance in SS'2R"- tumors. The inset shows the quantitative distribution of TNPs located at 0-15 ym distance from
the blood vessel. *Significant difference between distribution of TNPs in SSIL2R"- and SS.BN3!L2R"- determine by paired t-test.

Vascular differences determine NPs
distribution in tumor tissues. Since the TNPs uptake
was lower in SS.BN3IL2R- compared with SSIL2R%-
(Figure 2A-B), yet paradoxically TGI was
significantly greater in SS.BN3I.2X"- (Figure 3A-F)
without an appreciable difference in ablative
temperatures (Figure 3G-H), we hypothesized that
the inherited TME vascular heterogeneity associated
with DLL4 expression likely altered distribution of
TNPs within the tumors. To test this hypothesis,
231LUC triple negative breast cancer tumors that were
orthotopically implanted in SS.BN3!L2R- and SSIL2R"-
rats were collected at 10 days post-implantation and
analyzed for DLL4-positive blood vessel density by
immunofluorescent staining and for the distribution
of TNPs by dark field imaging. Compared with SSIL2R*-
tumors, the density of DLL4-positive blood vessels
decreased by 60% in triple negative breast cancer
implanted in SS.BN3!IL2R"- rats (Figure 5A-B). These
results confirmed our previous results obtained using
IHC, DCE-MRI, micro-CT, and optical imaging
indicating reduced DLL4 expression and concomitant
non-functional angiogenesis in SS.BN3!L2R"-hosted
tumors [25, 26].

TNPs were
immunofluorescence

visualized along  with
imaging  via  dark-field

microscopy in which TNPs in the tumor sections of
231LU¢+ cells implanted in SSU2R- and SS.BN3!IL2R™-
appear as bright spots due to the enhanced light
scattering [37]. These dark field images were overlaid
with immunofluorescence images of blood vessels
and nuclear staining acquired from the same field.
The distribution pattern of TNPs indicated that in
SS.BN3ILR"- TNPs concentrated within or near the
blood vessels, as compared with SSIL2R- tumor tissues
(Figure S5). For further evaluation of the distribution
patterns, the distance of each NP from the nearest
vessel was determined from the merged images of
NPs and fluorescence images of blood vessels. The
representative merged images with the distance of
each NP from the nearest blood vessel for SS':2R"- and
SS.BN3ILZR"- tumor tissues are shown in Figure 5C. For
the analysis, the numbers of NPs within the vessels
and within incremental 15 um contours around the
blood vessels were determined. These were converted
to percentages by dividing the number of NPs in each
region by the total number of NPs in each image
within the region of 100 pm from the corresponding
vessel segment. This analysis indicated that
significantly more TNPs are located within the 15-30
um of the blood vessels in tumor tissues from
SS.BN3IL2R- hosts (P = 0.04; Figure 5D).
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Comparatively, in SSI'2R* tumor tissues significantly
more TNPs are located in the region of 45-60 pm from
the blood vessels (P = 0.05; Figure 5D). Moreover, no
TNPs were detected from 0-15 um from CD31- or
DLL4-stained blood vessels in SS'2R"- tumor sections
(Figure 5D, inset). These images indicate that
aberrant and dysfunctional vasculature of tumors in
SS.BN3IL2R"- hosts are responsible for retention of
approximately twice the number of NPs within 30 pm
of blood vessels in SS.BN3!L2R- tumors relative to
SSIL2R™- tumors, and this causes significantly higher
photothermal damage to 231MV¢* tumor vasculature in
SS.BN3IL2R*- strain during nanoparticle-mediated laser
ablation.

Theranostic anti-DLL4 conjugated Nanoparti-
cles. Antibody functionalized TNPs were synthesized
as depicted in Figure 6A. The average size of the
nanoparticles was sub-100 nm measured using
Transmission electron microscopy (Figure S1A).
Maleimide functionalized nanoparticles had the
charge of ~ 7.6 mV with a hydrodynamic diameter of
~235 nm. On functionalization with anti-DLL4 and
IgG (control) on the surface of the nanoparticles,
charge slightly decreased to 3.56 mV and 4.16 mV,
respectively. Change in both hydrodynamic diameter
and zeta potential of the nanoparticles during the
conjugation process are depicted in Figure S1B. An
ELISA method was used to evaluate antibody
(anti-DLL4) conjugation on the surface of the TNPs
(Figure S1C). To further validate the successful
conjugation procedure of anti-DLL4-conjugated
TNPs, we used SSIL2R™- heart derived endothelial cells
and determined distribution of these nanoparticles in
contrast with IgG-conjugated-TNPs by dark field
microscopy as depicted in Figure 6B. Significant
enhancement in dark field intensity in anti-DLL4
coated group compared with IgG group confirmed
the higher specificity of anti-DLL4 TNP to the rat
endothelial cells compared with control IgG antibody.

PTT with anti-DLL4-conjugated TNPs inhibits
tumor growth in SSIL2R"- (DLL4-high) as SS.BN31L2RY-
(DLL4-low). To assess the impact of anti-DLL4-
conjugated TNPs on SSI.2R*-and SS.BN3!L2R"- rats were
implanted with MDA-MB-231(231-U¢) triple negative
breast cancer cells in the inguinal mammary fat pad.
Rats were randomized into two groups per strain:
group 1 (anti-DLL4-conjugated TNPs +laser; n = 6)
and group 2 (IgG-conjugated TNPs +laser; n = 5).
Analysis of tumor growth inhibition (TGI) by
bioluminescent imaging revealed strong TGI in
SSIL2R™- rats treated by anti-DLL4-conjugated TNPs
followed by PTT (Figure 6C-D). Tumor regression
was similar in SS.BN3!L2R"- rats whether treated by
anti-DLL4-conjugated TNPs or IgG-conjugated TNPs

followed by PTT (Figure 6D), however, strong
differences in TGI were observed in SSWL2R*-
(DLL4-high strain) rats when treated by
DLL4-conjugated TNPs vs control IgG-TNPs. These
differences were statistically significant (P = 0.002)
after adjusting for other covariates, via multilinear
regression.

To further verify, the impact of anti-DLL4-
conjugated TNPs on SSIL2R"-and SS.BN3IL2R"- rats were
implanted with another triple negative breast cancer
cells HCC-1806 (1806RLUCH) in the inguinal mammary
fat pad. Rats were randomized into two groups per
strain: group 1 (anti-DLL4-conjugated TNPs +laser; n
=5) and group 2 (IgG-conjugated TNPs +laser; n = 4).
Analysis of tumor growth inhibition (TGI) by
bioluminescent imaging verified similar TGI was
observed in SSILZR'- rats bearing 18061uc* tumors and
treated by anti-DLL4-conjugated TNPs as compared
to SSIL2R- rats treated with control IgG-TNPs (Figure
6E and Figure S6). This data again demonstrates that
DLL4 expression plays a role in PTT therapy
resistance and targeting DLL4 strongly modifies the
therapeutic efficacy of PTT with TNPs.

Discussion

Nanomedicine literature supports a direct
dynamic relationship between the tumor vasculature
dysfunction and NP uptake and retention in solid
tumors [18, 38, 39]. However, tumor vasculature
dysfunction or the EPR effects is not constant and
varies with tumor type, stage, and a number of
underlying factors such as the tumor stroma,
lymphatics and inflammatory cytokines [19, 40, 41]. It
is important to understand the effect of these vascular
variability factors on NP uptake and therapy
response, especially in emerging personalized
medicine paradigms, both for selecting patient
specific nanotherapies, as well as to modulate
nanotherapy regimens with complimentary vascular
therapies such as DLL4 blockade [42, 43] in patients
with therapy resistance. Despite the underlying
importance of vascular variability, the inherited
factors which determine the heterogeneity of EPR,
and thus predict the success or failure of
tumor-targeted nanomedicine, have not been studied
extensively. One of the reasons for this inadequate
knowledge is the limited availability of relevant
animal models of cancer. To address these knowledge
gaps, Song et al., evaluated the therapeutic efficacy of
NPs in models with variable TME and tumor types by
using genomically-validated and engineered mouse
models of basal-like (C3(1)/SV40 T/t-antigen) and
claudin-low [T11/TP53/(T11)] mammary tumors
[44].

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 12 5376

A Sodium Oleate HMT/Ln3+
— —_— .
9 ZroTh > = —goc3R P
CTAB-GNRs NaOA-GNRs TNP
APTES
o MAL
£ Ve L
Y P . S N MAL PEG-MAL e N
NH;Y N % \ A
; TNP-NH,
~ TINP-Ab TNP-NH,-MAL
APTES = (3-Aminopropyl)triethoxysilane Ln = Gd3*/18%YDb3*/2%Er*

B HMT = Hexamethylenetetramine

T

D
5
mnuuuuuuuu%_
=18 » - i b Q ) Ny
SLEIEAEAEREAEAEAEAN] ¢ i1 2 ,
o
N
©
E
o
=z

IgG
conjugated

O Anti-DLL4
conjugated

E

— — 88-IgG-TNPs+PTT = = SS.BN3-IgG-TNPs+PTT
—— 55-antiDLL4-TNPs+PTT —— SS.BN3-antiDLL4-TNPs+PTT

S o [MDAMB-231 3 [Hoc-1806

SS.BN3'L2

\Y
Y

[HALAL AR AERERE Y
fCig(e(2[RIRIRIEIR |
QU |-
%ﬂﬂ“ﬂ[! Oo'i "2 % Od'%'1H‘2l1‘2'8
0 0.2 0.4 0.6 0.8 1.0 Days

T

Figure 6. Conjugation of anti-DLL4 antibody to TNPs, evaluation of SSIL2R", and SS.BN3/L2R"- strains response to photothermal therapy after the injection of DLL4 targeted TNPs.
SSIL2R™ and SS.BN3IL2R" rats were injected with IgG-conjugated and anti-DLL4 conjugated TNPs and followed by PTT. (A) Schematic for the synthesis of antibody (anti-DLL4/IgG)
functionalized TNPs. (B) Distribution patterns of TNPs conjugated with IgG and anti-DLL4 in endothelial cells derived from heart of SS rats. Phase Contrast images of cells, Dark
field images of TNPs, DAPI stains cell nucleus in blue. The three channels (DAPI, Phase Contrast and Dark Field) are overlaid. Images were acquired at X20 magnification. Scale
bar, 100 um. (C) Representative images of IgG-conjugated-TNPs and anti-DLL4-conjugated-TNPs treated SSIL2R"- and SS.BN3IL2R" rats. SSIL2R"- rats injected with IgG-TNPs (n=5)
experienced a continuous increase of bioluminescence, while all SS.BN3IL2R"- (n=5) and SSIL2R" (n=5) rats injected with anti-DLL4 conjugated TNPs rats experienced tumor
inhibition after laser treatment. Rats were followed for 4 weeks after treatment. (D) The luciferase signal in all groups of SSIL2R"-and SS.BN3!L2R"-rats was normalized to the signal
before treatment. The normalized luciferase signal from SS!-2R"-and SS.BN3IL2R" rats implanted with HCC1806 tumors. SSL2R" rats injected with IgG-TNPs (n=4) experienced
a continuous increase of bioluminescence, while SS.BN3!L2R"-(n=4) injected with IgG-TNPs and both SS.BN3!L2R"-(n=5) and SS'-2R"-(n=5) rats injected with anti-DLL4 conjugated
TNPs rats experienced tumor inhibition after laser treatment. Rats were followed for 4 weeks after treatment. *Significant difference in bioluminescence of SS IL2R'- treated with

anti-DLL4 conjugated TNPs (P < 0.002) with respect to SSI.2R'- treated with IgG-conjugated TNPs was determined by fit linear regression model. All the data are shown as the
meants.e.
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Although, this study provided evidence that
broader TME and/or tumor characteristics affect NP
delivery and therapeutic efficacy, the specific effect of
EPR differences in the host stroma could not be
evaluated in these genetic engineered mouse models.
Here, we used germline genetic variants in the host
TME which differed in both tumor vascular density
and function, while maintaining identical tumor cell
implants. The consomic and congenic models
reported in this manuscript are unique and to date, no
such preclinical model, which perfectly reiterates
differences in germline-driven vascular microenvi-
ronment in otherwise identical tumors, has been
reported to study the uptake and response of
nanomedicine.

Recent studies have emphasized the role of
imaging in identifying patients likely to favorably
respond to nanomedicine. Clinical dynamic MRI
imaging of breast cancer patients has indicated a
strong correlation of EPR dependent contrast wash-in
and wash-out profiles with eventual cancer
progression and therapy response [45]. Barbier and
Jean-Luc Coll et al. reported dynamic contrast-
enhanced MRI (DCE-MRI) and steady-state vessel
size index MRI to quantitatively determine vascular
parameters of the tumor and the TME and identified
vascular permeability and tumor blood volume
fraction as predictive markers of “effective EPR”
[46-49]. We reported previously that SS.BN3IL2R'--
hosted tumors with low-DLL4 expression in the
tumor-associated vasculature has tumor permeability
and contrast retention behavior similar to the therapy
responsive disease observed in clinic [25]. The results
in this study demonstrate that these DLL4-driven
differences in tumor vascular function directly impact
nanoparticle  distribution and response to
photothermal therapy, thus DCE-MRI or other
vascular function imaging alone or in combination
with genomic profiling can be developed to identify
tumors with favorable prognosis to nanoparticle
therapies [25, 26].

The MR visible TNPs reported here allow direct
monitoring of NP deposition in tumors to allow the
determination of optimal therapy time-points. Our
MRI findings agreed with the quantitative ICP-MS
results to verify tumor uptake performed after
systemic delivery of both AuNRs and TNPs (Figure
2). Our previous and present results suggested that
morphological and functional differences in tumor
vasculature in SSIL2R- and SS.BN3IL2R"- consomics [26].
The vasculature of S5.BN3 have higher permeability
but lower perfusion but high DLL4 expressing SSIL2R"-
hosted tumors retain higher overall levels of NPs at 4
h time point due to a better perfusion effect
dominated at the initial time-point. Although this

delivery advantage was not significant enough to
impact the temperature rise in tumors, and
counterintuitively the SSIL2R* hosted tumors had a
much worse therapy response compared with lower
DLL4 expressing and dysfunctional angiogenesis-
bearing tumors in SS.BN3!L2R"- hosts. Approximately
60-80% of SS.BN3IL2R"- animals that were treated with
AuNRs or TNPs and laser had complete responses,
whereas none of SS1L2R*- strains showed strong growth
inhibition (Figure 3). Surprisingly, this observation
could not be attributed to differences in post-PTT
ablative temperatures within tumors implanted in
either strain, nor could it be linked to differences in
total NP accumulation between the tumors. Rather,
we found that the differences in therapeutic response
between the SSIL2R"- and SS.BN3L2R" host strains were
due to differing intratumoral distribution of NPs,
which were likely attributed to the inherited
differences in vascular patterning between the two
strains (Figure 1 and Figure S2). The effect of DLL4
levels in the tumor microenvironment on uptake and
therapy response was independent of the NP
configuration in terms of shape and sizes for the two
variants tested in this manuscript: (1) PEGylated Au
nanorods with dimensions 10 by 40 nm,
hydrodynamic radius: 80 nm, charge -9 mV, and (2)
PEGylated TNPs with Gd203 coating on Au
nanorods resulting in oblong spheroid shape of size
75 nm, hydrodynamic radius 235 nm, +7.6 mV. We
note that both rod and spheroid shapes of differing
nanoparticle dimensions, similar tumor uptake and
therapy response differences were observed in
DLL4-high and low tumors as illustrated in Figure 3A
(TNPs) and Figure S2 (Au-NRs). Thus, we expect that
for nanoparticles sizes of 50 - 100 nm, the role of DLL4
microenvironment on the wuptake and therapy
response is independent of size and these findings
should hold for other plasmonic nanostructures in
these size regimes [50-52].

As mentioned above, we and others have
demonstrated that DLLA4 is a key regulator of vascular
patterning and angiogenesis [28-35], which can lead to
inherited differences in vascular patterning. Here, we
demonstrated using ex vivo 3D microCT images that
vascular structure, density, and thickness of
vasculature differ in the SS.BN3IL2R" host (low-DLL4)
compared with the SSL2R* host (high-DLL4), which
was further supported by immunofluorescence
imaging of tumor sections (Figure 1 and Figure S2).
The increased branching and tortuosity of tumor
blood vessels in the SS.BN3IL2R"- hosted (low-DLL4)
tumors fits with previously reported data
demonstrating that pharmacological inhibition of
DLL4 attenuates tumor growth and progression by
eliciting nonproductive angiogenesis (i.e., a higher
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density of poorly functioning vasculature) [31-34].
Despite the well-known role of DLL4 in vascular
patterning, the impact of inherited differences in
vascular patterning on PTT with NPs was not
previously explored. By overlaying dark field
imaging of NPs with immunofluorescent imaging of
tumor blood vessels, we found marked differences in
intratumoral distribution of NPs in tumors growing in
the SS.BN3IL2R"- host (low-DLL4) compared with the
SSILR- host (high-DLL4) (Figure 5). SSIL2R- hosted
tumors with higher reported perfusion [26] had
consistently higher uptake of NPs at the therapy
time-points of 4-24 h, yet the nanoparticles were on
the average distributed away from the vasculature
compared to SS.BN3!L2R"- hosts. We postulate that the
greater concentration of NPs near the blood vessels in
the SS.BN3ILZR- host tumors provides a distinct
advantage during PTT by obliterating tumor blood
vessels, whereas this effect is dampened in SSIL2R"-
tumors with more diffuse distribution of NPs. Since
tumor blood vessels are critical for delivering oxygen
and nutrients to support tumor cell viability, we
conclude that host TME modifiers of vascular
patterning, such as DLL4, can dramatically impact the
intratumoral distribution of NPs and, in turn, the
responsiveness of tumors to PTT with NPs. Optical
Imaging techniques have demonstrated that
microvascular  remodeling and hemodynamic
changes occur during tumor growth and
inflammation [53, 54]. These studies clearly
demonstrate that tumor growth requires a dense
vascular system to supply nutrients and oxygen to
tissues, and without this vascular support tumor
growth falters and a complete vascular shutdown can
eradicate tumors, as seen in therapy response in
SS.BN3IL2R"- rats. This complete eradication of tumor
can be in response to photothermal therapy or
photodynamic effect. The interesting observation
regarding limited penetration of nanoparticles in
SS.BN3IL2R* (within the distance of 15-30 pm) will
require further in depth study. On the basis of
evidence in literature about the likely reasons for
limited penetration in DLL4-low tumors. We believe
that this difference could be due to absence of
a-smooth muscle actin (SMA) in SS.BN3IL2R-
vasculature. DLL-4-Notch signaling controls cell fate
in endothelial cells and also plays a regulatory role in
pericyte formation [55]. In Ewing sarcoma mouse
models, it has been demonstrated that inhibition of
DLL4 expression results in reduced numbers of bone
marrow derived pericytes/ vascular smooth muscle
cells (vSMCs) and less functional vessels than tumors
of control-treated mice [55]. In bladder cancer, it has
been reported that compared to approximately 60% of
DLL4-negative vessels, 98% of DLL4-positive tumor

vessels are surrounded by pericytes and vSMCs cells
[34]. Pericytes and vSMCs, collectively referred to as
mural cells, lend support and contractility to blood
vessels [56]. We hypothesize that pericytes and
VSMCs are absent or less in SS.BN3!L2R"- blood vessels
which results in localization of nanoparticles only at a
distance of 15-30 pm of the blood vessels.

Further, we verified our hypothesis and injected
anti-DLL4 conjugated TNPs (0.75-1 mg/Kg of DLL4
antibody) in SSL2R*- strain with MDA MB 231 and
HCC 1806 tumors. PTT with anti-DLL4 conjugated
TNPs demonstrated positive therapeutic outcome and
tumor growth inhibition similar to SS.BN3IL2R"
(DLL4-low) strain (Figure 6). These results confirmed
previous preclinical conclusions that vascular
targeted NPs increase the efficacy of PTT [57],
radiotherapy  [58, 59] and  delivery  of
chemotherapeutics to tumor tissues by exerting
cytotoxic effects on both endothelial and tumor cells.
Targets on the tumor endothelium/blood vessels such
as peptides, proteins, antibodies, genes, siRNAs and
miRNAs that suppress different aspects of endothelial
cell behaviors or simultaneously eradicate tumor cells
have been conjugated to NPs and assessed for
vascular targeted therapies. Among these, af
integrins [60, 61], VEGR-VEGFR-2 [62], endoglin [63],
and nucleolin [64] have been successfully studied to
target NPs to tumor associated endothelium.
Recently, several groups have independently
identified DLL4, a member of the Notch/Delta family
located to the tumor endothelium, as a potential target
for vascular targeted therapy of tumors [31, 35, 65].
We previously reported that in SS.BN3!2R"- hosts,
increased vascular branching and density coincided
with decreased expression of DLL4 [25]. We confirm
in this work that either low expression of DLL4 or
DLL4-targeted nanoparticles can result in improved
therapeutic responses. Several anti-DLL4 monoclonal
antibodies have successfully demonstrated broad
preclinical ~antitumor activity, with multiple
anti-DLL4 molecules currently investigated as
potential cancer therapeutics [33, 42, 66-68]. Despite
successful results, clinical trials with DLL4-targeted
antibodies and various preclinical studies with rats
reported that intravenous injections of anti-DLL4 at
10 mg/kg every 3 days for a total of five doses results
in pathological changes of liver and vascular
neoplasms of skin, heart, and lungs [69]. We
demonstrated that DLL4-targeted nanoparticles with
a small fraction of anti-DLL4 dose (0.75-1 mg/Kg of
DLL4 antibody) compared with anti-DLL4
monotherapy provides an effective therapeutic option
for patients whose genetic variants promote
upregulated DLL4 expression in the tumor
vasculature and nanoparticle mediated blockade of
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DLL4 may not cause dose-related liver and vascular
toxicities. In summary, we demonstrate that DLL4 is
an important component of the Notch signaling
pathway and mediates tumor growth through
self-renewal of tumor initiating cells and vascular
development. The high expression of DLL4 in
endothelial cells of ovarian [70], breast [71],
nasopharyngeal [12] and renal cancer [43] has been
reported. We have assessed inherited DLL4
expression in endothelial cells modulates EPR effects
in tumors, and molecular targeting of endothelial
DLL4 via nanoparticles is an effective nanomedicine
strategy. This strategy can be an effective treatment in
most of the tumor models that overexpress
endothelial DLL4. Since, tumor angiogenesis is
governed by cross-talk between VEGF and
Delta-Notch pathway, in some cases, effective tumor
regression can be obtained by nanoparticles bounded
with dual-specific antibodies targeting both DLL4 and
VEGEF as reported in glioblastoma [72].

In conclusion, our study highlights that cancer is
a highly heterogeneous disease and success of
nanomedicine depends critically on inherited tumor
vascular microenvironment genes, independent of
tumor type. These host genes such as DLL4 can
determine individual differences in uptake,
distribution of nanoparticles and response of
nanoparticle mediated therapies. Here, we showed
that such differences can be identified and modeled in
animal systems, and therapy resistant hosts can be
specifically targeted for increased nanomedicine
efficacy. Personalized nanomedicine can be
developed by mapping genetic differences such as
DLL4 which are involved in vessel branching and
maturation and play an important role in
nanomedicine therapy response. Thus patients with
high endothelial DLL4 expression can be selected for
treatment with anti-DIll4 targeted nanoparticles, vs
patients with low-DLL4 expression, where PEGylated
nanoparticles will provide sufficient therapy
response.

Methods

Synthesis and Characterization of NPs. TNPs
were synthesized by the method as previously
published [36]. TNPs composed of NIR
plasmon-resonant core (GNRs) and a Gd (Il
inorganic layer as the shell. Au core was first
synthesized using a seed-mediated growth process
[73] followed by sodium oleate coating at 80°C for 1 h.
Uniform Gd(III) shell was achieved in the presence of
hexamethylenetetramine at 120 °C for 3 h. In typical
synthesis process, Au seed particles were prepared by
adding 05 mL of a 5 mM HAuCly solution
(HAuCly 3H;O, >99.9%, Fluka) to 5 mL of distilled

water and 5 mL of 02 M CTAB (Hexadecyl-
trimethylammonium bromide, >98%, Sigma-Aldrich)
solution. The resulting solution was stirred, and ~0.6
mL of ice-cold 0.1 M NaBH, (Sodium borohydride,
>98%, Sigma-Aldrich) was added. The seed particles
were kept at room temperature. For the growth of
GNRs, 1.14 mL of AgNOs (ACS reagent, >99%, Sigma-
Aldrich) solution (0.1 M) and 1.125 mL of 1.2 M HCl
(VWR Analytical) were added to 450 mL of CTAB (0.2
M), and the resulting solution was vortexed. Then, 90
mL of 0.005 M HAuCl; was added and mixed with
55.5 mL of 0.01 M ascorbic acid (AA, 99%, Sigma). The
color of the resulting solution became dark yellow
first and immediately turned colorless. Then, 750 pL
of Au seed solution was added and mixed for 20 s,
and GNRs were grown for 12 h. Then,
CTAB-stabilized GNRs were centrifuged at 12,000
rpm for 15 min and redispersed in distilled water.
Centrifugation was performed twice, and the GNRs
were dispersed in 0.02 M NaOA and heated at 80 °C
for 1 h. The final concentration of NaOA—-GNR was
adjusted to 5 x 10" NP/mL.

TNPs were prepared by growing a Gd(IlI) shell
on NIR-resonant GNR-NaOA. For a typical synthesis
of TNPs, 150 mL of GNR-NaOA (101 NP/mL) was
added to 450 mL of distilled water and vortexed.
Then, 1.5 mL of 0.1 M Hexamethylenetetramine
(HMT, >99%, Sigma-Aldrich) and 4.5 mL of
Gd(Ill)-nitrate precursor having Yb/Er = 18:2% (0.01
M, 999%, Aldrich) were added, vortexed, and
sonicated for 30 min using a sonication probe. The
resulting solution was heated at 120 °C for 3 h and
then cooled to room temperature. The TNPs were left
undisturbed  overnight, and the transparent
supernatant was carefully removed. The resulting
solution was centrifuged at 3000 rpm for 5 min and
redispersed in distilled water. Centrifugation was
repeated two times, and the solution was redispersed
in 10 mL of dimethylformamide (DMF) solvent. Then,
100 pL of 10% APTES was added, and the mixture
was vortexed for 3 min, followed by heating the
solvent at 80 °C for 12 h. Excess APTES was removed
by centrifugation. In this manner, amine-
functionalized TNPs (TNP-NH,) were prepared. To
obtain neutral TNP-mPEG, ~101 NPs/mL was
dispersed in 20 mL of DMF solvent with 0.1 mM of
mPEG5k-COOH (Nanocs, New York, NY), 0.12 mM
of  benzotriazol-1-yl-oxy-tris(dimethylamino)phos-
phonium hexafluorophosphate (BOP reagent, 97%,
Aldrich) reagent, and 15 pL of triethylamine (99%,
Sigma-Aldrich). The resulting mixture was stirred at
room temperature for 12 h. The obtained PEGylated
NPs was dispersed in PBS and concentrated to the
desired concentration and stored in a refrigerator for
further use. The surface-modified TNPs were studied
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by dispersing NPs in 10 mM NaCl solution, and the (-
potential was measured. For antibody conjugation,
TNP-NH: nanoparticles were reacted with ~100-folds
excess of MAL-PEG5k-MAL (Nanocs, New York,
NY), and the reaction was continued for 4 h according
to the schematic depicted in Figure 6A. During this
process, some -NH groups were replaced with
maleimide groups. Antibodies (Ab = anti-DLL4/IgG,
HMD4-1, Invitrogen, Carlsbad, CA, USA) initially
reacts with TCEP (tris (2-carboxyethyl) phosphine for
5 min and then PBS added to slowdown the
disulphide reduction reaction. These Ab’s reacts with
maleimide coated TNPs overnight at 4 °C and
redispersed in ultrapure water after three times
washing,  particles  concentrated to  ~101
nanoparticles/mL and stored at 4 °C. The absorption
spectra of TNPs were measured using an Infinite 200
PRO (Tecan, Mannedorf, Switzerland) spectrophoto-
meter. The hydrodynamic size via dynamic light
scattering and C potential of TNPs were measured
using a Malvern Zetasizer Nano ZS (Malvern
Instruments, United Kingdom) operated at 25°C. For
confirmatory experiments with non-theranostic
PEG-coated AuNRs reported in supplementary data,
dense hydrophilic PEGylated AuNRs with 40 nm x 10
nm dimensions and longitudinal plasmon resonances
at 810 nm (D12M-808-Bulk) were obtained from
Nanopartz, a division of Concurrent Analytical, Inc.

Cell Culture and Triple Negative Breast Cancer
Xenografts. Firefly- luciferase expressing
MDA-MB-231tV¢*+  and mCherry-renilla luciferase
expressing HCC1806 cells were maintained in DMEM
media (Sigma), supplemented with 10% FBS (Gibco)
and 1% penicillin and streptomycin (Lonza) and
incubated in 5% CO, at 37°C as described in the
literature. All in vivo studies were conducted in
accordance with institutional guidelines and under
approved IACUC protocols at the Medical College of
Wisconsin. These Luciferase expressing cells (6 x 10°)
in 50% Matrigel were orthotopically implanted into
the mammary fat pads (MFP) of 4- to 6-week-old
female SSIL2R*-, SSBN3IL2R- and the 3 SS.BN3IL2K-
congenic strains JQU2R-, NDILZR"- and MXIL2R"-[25].
Tumors were treated after 10 days of implantation at
an approximate size of 600 mm?3, which was consistent
across all rat strains.

Photothermal Therapy. To study the effect of
photothermal therapy of TNPs on breast cancer, 32 (16
SSIL2RT- and 16 SS.BN3L2R) rats were randomized into
3 study groups for each strain. Group-1 (n = 4;
salinetlaser) was injected with saline and laser
treated, the second Group-2 (n = 4; only TNPs, no
laser treatment) and Group-3 (n = 8; TNPs+laser) was
tail vein injected with 1 pL/g of 10" TNPs/mL and 4
h later treated with laser. For laser treatment, a

class-IV diode laser (DioMed, D 15 Plus) was
employed and a uniformly expanded beam covering
tumor circumference was generated by coupling the
fiber optic (1" diameter, lens at 20 cm far from animal)
carrying the laser light from the diode with a
plano-convex lens. Average power at skin surface was
kept constant at 1.65 W/cm? for all laser-treated
groups. For the AuNRs-PTT experiment, 16 (8 of
SSIL2RY- and 8 of SS.BN3L2R") were randomized into 2
groups for each strain. Group 1 (n = 3; saline+laser)
was injected with saline, and Group 2 (n = 5;
AuNRs+Laser) was injected with AuNRs via tail vein
followed by laser treatment at 24 h, which was
determined to be the optimal time point for AuNRs
accumulation in tumors via ICP-MS studies. The
injected dose was 1 pL/g (weight of the animal) of
1013 AuNRs/mL stock concentration. The laser
ablation procedure was identical to the TNPs-groups.
Post-therapy all rats were followed wvia
bioluminescence imaging up to 4 weeks or death
(euthanized), whichever was earlier. Animals were
euthanized due to tumor burden according to IACUC
guidelines. There was no obvious toxic effect of TNPs
on the animals as acute toxicity and clearance of
systemically delivered TNPs in healthy male and
female rats has been rigorously verified in our
previous publication [36].

AuNRs and TNPs Bio distribution studies.
After 10 days of tumor implantation, 18 (9 SSIL2R- and
9 SS.BN3ILR") rats were randomized into 3 groups
with 3 rats per group. The injected dose was 1 pL/g
(weight of the animal) of 10> AuNRs/mL. NPs were
injected via tail vein. Four, 24 and 72 h after injection,
animals were sacrificed and organs including brain,
heart, lung, liver, spleen, gut, kidney, blood and
tumor were collected. The organs were washed in PBS
and stored at -80°C until further investigation. For
ICP-MS sample preparation, all tissues were
dissolved in nitric acid (HNOs; 90%) and hydrogen
peroxide (H2O» 10%) and heated at 80°C until
completely dissolved. 3% (by volume) of the
dissolved tissue was diluted with distilled water and
used to determine the metal content per gram of
tissue by inductively coupled plasma mass
spectrometry (ICP-MS, PerkinElmer) analysis. For
TNPs, MRI reported biodistribution was verified
quantitatively via identical ICP-MS studies with 3 rats
each of SS 2R~ and SS.BN3 IL2R- strains bearing
xenografted tumors, and sacrificed post 24 h time
point MRI imaging. The injected dose was 1 pL/g
(weight of animal) of 10'> TNPs/mL, were injected via
tail vein.

Micro-CT. Tumor bearing rats were perfused
with saline containing 5 U/mL of heparin, followed
by systemic injection of the Microfil casting agent
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(Flow Tech, Inc., Carver, MA). The tumor was excised
and further processed, as described previously [25].
The 3D CT data sets were acquired over 230-ms
integration time with 2048 proj/180, 28.9-mm-
diameter field of view at nominal resolution of 27 um
using a Triumph SPECT/CT scanner. An X-ray source
of voltage 65 kVp and a beam current 170 pA were
used. The spatial graph view and vessel fraction of
tumor analysis was performed using Amira 6.2.0
(Amira 6.2; TGS, Berlin, Germany).

Histopathology. Tumors were washed in PBS,
frozen sectioned and immunostained with antibodies
against blood vessel marker, CD31 (BD Biosciences,
San Jose, CA, USA), DLL4 (R&D Systems,
Minneapolis, MN, USA), and the nucleus was stained
with DAPI (Vector Lab, Inc.,, Burlingame, CA) as
described previously [25]. The details of the
antibodies are provided in Table S1. Dark field
microscopy and fluorescence microscopy of tumor
sections were conducted with Nikon Eclipse E600
fluorescent microscope with a 20x and 40 x objectives.
The NPs are visualized due to enhanced light
scattering properties of Au. The illuminated signals
from each dark field image were merged with a
fluorescence image of blood vessels from the same
field of view to determine NPs distribution in both
consomics. The distance of each NP from the nearest
blood vessel was quantitatively analyzed in the
MATLAB environment.

Image Processing and Statistical Analysis.
Image processing, data analysis and PCA were
performed in MATLAB (Matlab 2016b, Mathworks,
Nattick MA, USA) software with Image Processing
Toolbox and custom scripts. Survival Analysis was
performed with Prism software (Prism 7, GraphPad
Software, La Jolla California USA).

Supplementary Material

Supplementary figures and table.
http:/ /www.thno.org/v10p5368s1.pdf
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