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ABSTRACT

There is a tremendous focus on the application of nanomaterials for the treatment of cancer.
Non-primate models are conventionally used to assess the biomedical utility of nanomaterials.
However, these animals often lack an intact immunological background and the tumors in these
animals do not develop spontaneously. We introduce a pre-clinical woodchuck hepatitis virus
(WHV) induced liver cancer model as a platform for nanoparticle (NP)-based in vivo
experiments. Liver cancer development in these out-bred animals occurs as a result of persistent
viral infection, mimicking human hepatitis B virus (HBV)-induced HCC development. We
highlight how this model addresses key gaps associated with other commonly used tumor
models. We employed this model to: (1) Track organ biodistribution of gold NPs after
intravenous administration; (2) Examine their subcellular localization in the liver; (3) Determine
clearance kinetics, and (4) Characterize the identity of hepatic macrophages that take up NPs
using RNA-sequencing (RNA-seq). We found that the liver and spleen were the primary sites of
NP accumulation. Subcellular analyses revealed accumulation of NPs in the lysosomes of CD14"
cells. Through RNA-seq, we uncovered that immunosuppressive macrophages within the
woodchuck liver are the major cell type that take up injected NPs. The woodchuck-HCC model
has the potential to be an invaluable tool to examine NP-based immune modifiers that promote

host anti-tumor immunity.

KEYWORDS: marmota monax, hepatocellular carcinoma, gold nanoparticles, tumor

microenvironment, biodistribution, woodchuck hepatitis virus
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A major barrier to understanding and targeting liver cancer is that there is a paucity of animal
models that faithfully recapitulate the development of human primary hepatocellular carcinoma
(HCC) on an intact immunological background. Given that ~80% of HCC cases result from
chronic hepatitis B or C virus infection,' an attractive pre-clinical animal model to test HCC
therapies is the well-established woodchuck hepatitis virus (WHV)-induced HCC.>* In brief, the
eastern North American woodchuck (Marmota monax) naturally or experimentally infected with
WHYV can establish chronic hepatitis that naturally (spontaneously) progresses to HCC.* The
viral life cycles of WHV and HBV are very similar and both viruses share up to 70% nucleotide
homology.” ® We compared the genomes of woodchucks and humans using BLASTp’ and found
that 90% of woodchuck protein sequences show significant similarity to proteins in the human
genome, indicating a high degree of sequence homology at the protein level (Supplementary
Table 1). As such, the woodchuck model has been used to validate the effectiveness of nearly
every single FDA approved antiviral for the treatment of chronic HBV infection in humans, such
as lamivudine, entecavir, tenofovir disoproxil fumrate, telbivudine, and adefovir dipivo><il.8'14
The overall high success rate of approved therapeutics indicates that the woodchuck animal
model can be employed as a robust predictor of therapy success in clinic. Currently, this is the
only in vivo experimental system that incorporates and effectively models the viral infection, the
subsequent development of HCC, and the immune response against both virus and tumor.

Although infected woodchucks do not develop cirrhosis and ascites, which frequently
accompany HCC in HBV-infected humans, they recapitulate the prevailing mechanisms of
human hepatocarcinogenesis related to virus integration, and chronic necroinflammation
damaging hepatocytes and their cycles of regeneration. Mouse models of liver carcinogenesis do

not fully incorporate tumor development in the context of chronic hepatitis on an intact
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immunological background (Figure 1A).">"” For example, tumors that develop from chemically
treated animals lack key drivers of human hepatitis-induced hepatocarcinogenesis that are
characteristic of WHV and HBV chronic infections.'® '® Several non-mouse models of HCC,
such as those from rabbit, pig, or rat, also fail to recapitulate human virally-induced HCC."***

Specific caveats of these models and how the woodchuck HCC model addresses these

deficiencies have been summarized in Figure S1A and S1B.

At the molecular level, several subtypes of HCC in humans resulting from chronic HBV
infection have been recognized, such as the common S2 and “poor survival” subtypes®’ or the
less common S3 and G5 subtypes. The molecular profile of WHV-induced HCC was found most
closely reflecting the common subtypes, but not the S3 and G5 subtypes.”® This indicates that at
the molecular level, woodchuck HCC is fundamentally similar to the more common subtypes of
HCC in humans. While other tumor models may provide a basis to study select components of
the underlying intracellular signaling pathways, the majority are unable to uncover the more
detailed picture of the signaling alterations that occur during the step-wise progression of viral
hepatitis-induced HCC. Given that one of the major issues that impedes the successful clinical
translation of pre-clinical animal models is the lack of tumor models that accurately recapitulate

29, 30

human cancers, the woodchuck model of HCC provides a pathobiologically relevant in vivo

system that can be used to investigate therapeutic platforms for HCC and other liver disease.

The importance of using an animal model that closely resembles the disease course in humans is
highlighted when investigating how cancer therapies will likely behave within the human tumor
microenvironment (TME). The TME is a tumor-supportive niche that has been shown to exist in
various solid cancers such as those of breast, lung, and colon.”’ In particular, tumor-associated
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macrophages (TAMs) are a major cellular component of the TME which play a pivotal role in
determining tumor fate’> The balance between inflammatory (tumoricidal) and
immunoregulatory (tumor promoting) TAMs controls tumor development, progression, and
metastasis.”®>® Furthermore, different ratios of tumoricidal to tumor promoting TAMs have been

identified to be important prognostic factor in cancer patients.””™*!

The identification of therapies
that can target tumor promoting TAMs may serve as a valuable approach to prevent the

development and/or progression of solid tumors by promoting anti-tumor immunity within the

TME.

One approach is to use nanoparticles (NPs). NPs are a promising therapeutic strategy for tumor-
cell homing and drug-payload delivery. The idea of targeting one’s own immune cells has been
validated as a promising therapeutic approach as well.** ** In particular, macrophage plasticity

has recently been shown to be exploitable with NPs***

and understanding the key regulatory
networks that govern macrophage uptake as well as phenotype and function will be essential for
improving NP design. Furthermore, since our intended target is actually not the cancer cells
themselves but macrophages, which are known to also sequester NPs, this therapeutic approach
may circumvent issues associated with cancer cell drug resistance and clearance of anti-
cancerous drugs.*” **

The woodchuck model allows for the ability to home in on NP-TME interactions that are likely
more representative of HBV-induced hepatocarcinogenesis in humans. Indeed, the complex
dynamics of the tumor vasculature and microenvironment has been shown to impact NP
accumulation, penetration and ultimately therapeutic efficacy.”’™ In the context of HCC, the
pre-clinical woodchuck model of virally induced HCC provides an ideal system to study the

efficacy of NP-based HCC therapeutics because WHV-induced HCC shares a highly similar
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disease course as HBV-induced HCC and preserves the local TME, and the host’s natural

immunobiological background.

RESULTS AND DISCUSSION:

To establish the basis for the use of NPs in this pre-clinical animal system, we injected 14 mg/kg
of 60-nm gold NPs via intravenous injection into 7 woodchucks (3 healthy, 4 WHV-positive
tumor bearing) to assess the biodistribution, cellular uptake, and subcellular localization of these
particles. We found that the liver was the primary organ that takes up these particles. NP
subcellular localization was mainly restricted to the lysosomal compartment of CD14" cells. This
indicated that the liver is the organ of choice to process and metabolize NPs in the body, and
lysosomes of CD14" cells were the main subcellular compartment that sequesters 60-nm gold
NPs. These findings correspond to what has been previously shown in other rodent models and
humans which validates woodchucks as a model for testing of NP therapies.’*>®

Experimental Outline and Summary of Experimental Techniques.

The experimental outline and time points for the in vivo injection experiments are shown in
Figure 1B. Blood was collected at four time points including a pre-injection control (T=0). In
order to identify the biodistribution of injected NPs first at the organ level, we harvested whole
organs for analysis using inductive coupled mass spectrometry (ICP-MS). Next, to identify the
cellular localization of injected NPs, we performed flow cytometry on tissue homogenates from
dissociated liver and lung tissues of healthy and WHV-infected animals. We used both electron
and confocal microscopy to identify the subcellular localization of these particles at 12 h post-
injection (p.1). Finally, we performed RNA-seq on cells dissociated from liver tissue, with a
focus on CD14" cells, to investigate the transcriptional differences between the cells that take up
NPs compared to those that do not.

6
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Characterization of 60-nm Gold Nanoparticles.
Penetration and accumulation in tumor tissue are important factors when considering NP
design.”® 60-nm particles are well-studied in mouse models and allows the comparison of results

obtained from our woodchuck animal model to previously studied mouse models.*®*

In general,
gold NPs are also relatively easy to synthesize and can be conjugated with a wide array of
surface moieties including fluorophores for downstream analysis. The near infrared dye IR750
was conjugated to the injected NPs making them visible by confocal microscopy and flow
cytometry (Figure 2A). Two polyethylene glycol (PEG) sizes were used; 5-kDA and 10-kDA.
The IR750 dye was conjugated to the 5-kDA PEG on a backfill of 10-kDA PEG which increased
the half-life and stability of the fluorescent molecule in solution. Attaching the IR750 dye to the
shorter PEG also minimizes the possible interactions it may have with the biological
environment. For example, particle charge has been shown to impact the kinetics and

internalization of NPs by phagocytic cells like macrophages,®

therefore shielding the dye
from the biological environment minimizes potential charge-mediated effects. Additional
information on characterization parameters is summarized in Figure 2B and Figure S2. The
injected NPs are notably stable and remain intact after injection as shown by electron microscopy
of woodchuck liver tissue (Figure 2C). Once the biodistribution of gold NPs has been established

in woodchucks, we will eventually test biocompatible particles that will be geared towards

therapeutic translation.

Biodistribution of Intravenously Injected NPs in Healthy and WHV-Infected Woodchucks.
We investigated the biodistribution of intravenously injected NPs in woodchucks at the cellular
and organ level using flow cytometry (Figure 3A, 3Biv-v, and 3Civ-v) and ICP-MS (Figures
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3Bi-iii and 3Ci-ii1). Organ tissue was isolated from healthy and WHV-positive woodchucks. In
the healthy animal group (n=3), we found that the liver is the primary organ that takes up 60-nm
gold NPs when compared to other organs (Figure 3Bi). As expected, the spleen also accumulated
a significant amount of gold NPs but only made up a fraction of the total injected dose because
the spleen was much smaller than the liver (Figure 3Bii). These results were very similar to
previous biodistribution experiments in rodents.”* ® A negligible quantity of NPs were detected
in the urine 12 h p.i. indicating that the injected particles were not excreted via kidneys (Figure
3Bii1). This was consistent with previous NP elimination studies in mice that showed that
particles greater than 5.5-nm in diameter cannot be excreted through the kidneys.*® ®’ In addition,
given the significant decrease of circulating NPs in blood between 5 min and 12 h p.i with
negligible uptake in any organ except for the liver and spleen, we suspect that the majority of the
circulating NPs were sequestered by these two organs (Figure 3Biii).

We performed flow cytometry to investigate the distribution of injected NPs in different immune
cell types. Woodchuck cross-reactive anti-CD14 and anti-CD3 antibodies (Figure S3) were used
to compare the uptake of NPs in macrophages and T cells, respectively. We investigated
macrophages because they are known to sequester large amounts of NPs in mice and humans.
We investigated T cells because they are known to mediate hepatocyte destruction in HBV. Also,
previous studies have shown that T cells do not take up injected NPs and we wanted to confirm
this in woodchuck.®® We observed that <5% of T cells took up NPs, while up to 63.4% of CD14"
cells took up NPs (Figure 3A). This trend was also observed in the lung and blood (Figure 3Biv).
Relative mean fluorescence intensity (MFI), a proxy for NP abundance, and the percentage of
CD14" cells that took up NPs from all healthy animals are summarized (Figure 3Bv). The liver
had the highest relative MFI and percentage of NP-positive CD14 " cells when compared to lung
and blood. These trends were also observed in WHV-infected animals (n=4) (Figure 3Ci-v). For
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instance, of the CD14" cells isolated from the liver, lung and PBMC of chronically infected
animals, 51.0%, 22.6%, and 1.05%, respectively, had taken up NPs. These results suggest that
the total injected dose of gold NPs was primarily concentrated in the liver and that CD14" cells
were able to take up injected NPs up to approximately 30 times more than T cells isolated from
the woodchuck liver in both animal groups. Additional gating strategies for all experiments are
provided in Figure S3 and general gating strategy is provided in Figure 3A.

In order to assess NP biodistribution and the kinetics of particle sequestration by the organs over
a longer time period, preliminary experiments using three additional animals (1 healthy, 2 WHV-
infected) treated with 60-nm gold NPs for 48 h p.i. were conducted (Figure S4). Our results
indicate that there was approximately 40% more uptake (50-70% injected dose) of NPs by the
liver at 48 h p.i. compared to 12 h p.i. in both animal groups (Figures S4Ai, S4Bi, and S4C). This
suggests that circulating NPs continue to become sequestered by the liver up to 48 h p.i. These
results are consistent with previous biodistribution experiments in mice where approximately
70% of the injected dose was found in the liver after 1 day post-infusion with gold-based
nanorods.”’ The average particle half-life was approximately 7.5 h and 3.7 h for WHV-infected
and healthy animals, respectively (Figures S4Aii and S4Bii). We measured the amount of gold in
bile and feces at 48 h p.i. by ICP-MS (Figures S4Ai and S4Bi). A negligible amount (<0.0001%
injected dose) of gold was detected, indicating that at 48 h p.i, 60-nm gold NPs remain
sequestered in the liver and were not readily excreted through the hepatobiliary route. These
findings are consistent with other studies in mice. For example, the elimination of 50-nm
PEGylated gold NPs in mice through the hepatobiliary pathway was low, between 0.2-1.0% of

total injected dose.””’

Histopathological Evaluation of Woodchuck HCC.
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The NP biodistribution patterns described above in WHV-induced chronic hepatitis can only be
applied to human disease if WHV and HBV cause similar patterns of liver damage at a
histological level. Chronic HBV infection causes necrosis in the periportal and, when severe,
intralobular hepatocytes which disrupts the liver architecture. In the WHV-infected woodchuck
livers, we observed a similar histological pattern (Figure S5A), confirming that inflammation-
mediated hepatocyte damage occurs both in woodchucks and humans, as described.>” Indeed, it
i1s well established that T lymphocyte-mediated hepatocyte destruction contribute to the overall
picture of chronic hepatitis in woodchucks and humans.” Our results also indicate that T cells
are recruited to sites of inflammation including the junction between tumor and non-tumor tissue
(Figure S5Bi-vi). This was not caused by the injected NPs since the healthy animals did not
develop such lesions following administration of NPs. The histological features were common
between woodchucks used in this study and tumor histomorphology was consistent between
tumors from different animals and between tumors from the same animal (multi-focal HCC).
This suggests that the HCCs that develop in woodchuck including the observed T cell
distribution patterns are fairly homogenous. Finally, we also investigated the differences between
healthy and HCC liver architecture using scanning electron microscopy (Figure S6). We noted
that, just like human HCC, distinct liver fenestrations were lost in HCC (Figure S6B) compared
to healthy liver (Figure S6A). These results further indicated that WHV-induced HCC is highly
similar to HBV-induced HCC, as reported,5 and validates the woodchuck model as an excellent

biological system to test NP-based therapies.

Identifying the Subcellular Localization of Injected NPs.
Having established the biodistribution of 60-nm gold NPs at the organ and cellular level in
healthy and WHV-infected woodchucks, we next investigated the subcellular localization of the
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injected NPs. Thus, transmission electron microscopy (TEM) was applied to visualize the
subcellular structures of bulk tissue segments and confocal microscopy was used on magnetically
sorted CD14" cells isolated from the woodchuck liver (Figure 4). We observed no uptake of NPs
by hepatocytes using TEM after analyzing the tissue sections taken from the HCC uninvolved
liver, tumor adjacent tissue, and tumor of three chronic animals and the liver of 3 healthy
animals. We observed that macrophages lining the sinusoid of healthy and infected but HCC
uninvolved liver tissue took up NPs (Figure 4Ai-ii and 4Bi-ii). These NPs appeared to
accumulate in lysosomal compartments. We observed this in TAMs as well (Figure 5Biii). We
confirmed this finding using confocal microscopy in healthy (Figure 4C) and WHV-infected
animals (Supplemental Video 1). These findings indicated that hepatic CD14" cells preferentially
take up injected gold NPs and that these particles are located in cytoplasmic lysosomal vesicles.
Given that the subcellular distribution pattern of our injected particles showed confinement to
lysosomes, the utilization of pH-sensitive therapeutic particles would be a potential future area of
interest in the design of NPs that modulate macrophage function. Indeed, several of these

formulations have already been studied and validated in both in vitro and in vivo settings.”' "

Distribution of Injected NPs in Different Areas of the Tumor and Tumor Interface.

Having characterized the biodistribution of the injected NPs at the organ, cellular and subcellular
levels, we next investigated the dispersion of particles throughout the tumor and at the interface
between non-tumorous and tumor tissue. The tumor core was taken by removing a segment of
tissue (about one cm’) from the center of the tumor, while the tumor periphery included a piece
of tissue near the tumor capsule at the invading edge. ICP-MS was performed on these two tissue
compartments (core and periphery) for all tumors. The accumulation of gold at the tumor
periphery was significantly greater than that of the core (Figure 5Ai). This data corresponded
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well with results from other studies investigating particle or dye distribution as a function of

2 4
tumor vasculature.’” %7

Indeed, other formulations, such as liposomes and antibody-based
therapies, are also known to show similar peripheral distribution patterns in mice.”>” To provide
a more detailed assessment of gold NP distribution within the tumor and the non-tumor-tumor
interface, multiple tissue segments (about one cm’ each), ranging from the tumor core to the
surrounding normal liver tissue, were isolated for ICP-MS analysis as shown in Figure 5Aii. In
this figure, increasing numerical value represents increasing distance from the tumor core while
each of the 9 tissue segments roughly estimates the distance from the tumor core in centimeters.
For example, segments 3 is about 3 cm from the tumor core but still contained within the tumor
capsule, while segment 8 is non-tumorous liver tissue that is about 8 cm away from the tumor
core. A picture of the tissue segments used for analysis is provided in Figure S7Ai-ii. We
observed a significant (p=0.0149) increase in gold NP uptake at the tumor periphery (segments
5) compared to the inner area of the tumor such as segment 4. Given that macrophages within the
tumor did show discrete accumulation of NPs in lysosomes (Figure 5Aiii) and that a large
majority of TAMs took up NPs (Figure 5Bi-iii and Figure S8), we hypothesized that the apparent
decrease in gold abundance in the tumor seen in Figure 5Ai-ii could be a result of the abundance
of macrophages penetrating the tumor. To answer this question, we performed
immunohistochemistry (IHC) staining using CD68 as a marker for liver resident macrophages
(Figure 5C). Although both CD14 and CD68 IHC staining were performed, only staining with
the polyclonal CD68 antibody produced expected patterns of specific staining as assessed by a
liver pathologist. Using CD14 to stain for monocytes/macrophages resulted in high levels of
background staining which did not allow for the identification of monocyte/macrophage
population in the woodchuck liver. Interestingly, we found that there was more CD68" cells in
the uninvolved liver of HCC- baring woodchucks compared to the tumor. This suggests that the
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decrease in NP accumulation observed in the tumor may, at least in part, be mediated by a higher
amount of CD68" cells in uninvolved tissue. Our finding with respect to the low uptake and poor
penetration of NPs in HCC tumors provides a possible explanation on why previous attempts
using HCC therapeutics such as NP-based doxorubicin in HCC patients were relatively
unsuccessful.”® Since macrophages are the primary cell type that take up intravenously injected
NPs, targeting TAMs surrounding the tumor by re-polarizing these TAMs into a more
inflammatory phenotype to promote anti-tumor immunity may be a viable approach to treat liver
cancer. Indeed, NP-mediated repolarization of macrophages has already been shown to be
feasible in numerous studies.*® 7" Furthermore, NPs with hydrodynamic (HD) size of ~100nm
have been shown to accumulate in macrophages effectively.*® Our NP with core size 60nm and
HD of 103.6nm are consistent with these findings as they are avidly taken up by macrophages in
the woodchuck liver. Although our primary target is macrophages, future studies will
characterize the effect(s) of NP size on woodchuck macrophages and HCC tumor targeting to
determine the optimal size of therapeutic NPs. Our results demonstrate that the naturally
augmented uptake of 60-nm gold NPs by the liver in the spontaneously occurring WHV-induced
HCC model may have value for the development and testing of immunomodulatory interventions

based on intravenous delivery of NPs for treating and preventing HCC.

Transcriptome Analysis of FACS Sorted NP™" Cells.

We next investigated how macrophage phenotype may impact NP uptake. We performed
fluorescence activated cell sorting (FACS) analysis on dissociated, live cells from the uninvolved
liver of a WHV-positive tumor bearing animal and sorted into 4 groups: CD14 NP, CD14'NP’,
CD14'NP", and CD14'NP" (Figure S9Ai-iii). We profiled the molecular signatures of these four
cell populations using RNA-seq (Figure 6A). To focus primarily on the CD14" compartment, we

13

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Nano

first gated out lymphocytes that were CD3 NP~ and, as expected, the large majority of CD3" cells
were indeed NP". We also observed an enrichment of CD/4 gene expression in the CD14 NP’
and CD14'NP" cell populations which suggests that the mouse anti-human CDI4 antibody
(clone: TUK4) used for cell sorting and flow cytometry analyses was cross-reactive with
woodchuck CD14" cells (Figure S9B). To determine if NP uptake by CDI14" cells is
preferentially associated with a particular molecular signature, we compared the genes that were
differentially expressed between the CD14'NP™ and CD14'NP" cell populations. Our current
results showed that the CD14'NP~ population was enriched for inflammatory genes, such as
IL1b, S10048/9, and CXCL8. The CD14 NP" population was enriched for immunoregulatory
gene expression, such as MARCO, VSIG4, GPNMB, and MRCI (CD206) (Figure 6A1). This
aligns with our previous work that showed higher NP wuptake in immunomodulatory
macrophages, compared to their inflammatory counterparts.”® The overexpression of GPNMB
which encodes a transmembrane glycoprotein has been well established in human breast
cancer.” This protein is known to be a potent inhibitor of T cell activation.*> * Given that the
CDI14'NP" cell population was enriched for immunoregulatory markers, including GPNMB, this
suggests that this population may also contribute to HCC progression by potentially inhibiting T
cell activation in part by GPNMB-mediated mechanisms. Therefore, subsequent experiments
aimed at validating TAM-mediated mechanisms of T cell inhibition will be important to
elucidate their potential role(s) in modulating host anti-tumor immunity. Lastly, the
immunoregulatory nature of the CD14™ NP' population provides further support for the
possibility of using NPs to target immunoregulatory TAMs, which are known to support tumor

growth in the context of HCC.
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To identify what other cell populations take up injected NPs, we hypothesized that the CD14
NP population could consist of CD14'CD68" macrophages as it has been shown that hepatic
macrophage expression of CD14 and CD68 are diverse.** Given that CD68 is predominantly a
marker of resident macrophages, this population could represent a subset of Kupffer cells within
the woodchuck liver. Although there is no woodchuck cross-reactive CD68 antibody available
for cell sorting or flow-based assays, our RNA-seq results indicated that CD68 expression is
comparatively enriched in the CD14NP" population compared to all other populations (Figure
6Ai). This suggests the CD14” NP" population is indeed composed primarily of liver resident
macrophages which exhibit a similar tolerogenic transcriptional profile to the CD14'NP" cell
population. Furthermore, in line with our findings suggesting that the CD14 NP population was
an inflammatory monocyte/macrophage population, it is likely that this group of cells also
represents a population of recruited monocytes from peripheral blood, given the comparatively
lower expression of macrophage resident marker CD68 and MRC1 (Figure 6Ai). Another
indicator that suggests this population was recruited from blood is their high expression of
S100A48 and S100A49 genes which encode a heterodimer known as calprotectin. Calprotectin has a
well-established role as an inflammatory mediator that is expressed on circulating and recently

recruited monocytes.**’

To validate the relative proportions of different immune populations present in our tissue
samples, we employed cell-type identification by estimating relative subsets of RNA transcripts
(CIBERSORT).*® CIBERSORT deconvolutes RNA-seq data by correlating the relative
abundance of detected transcripts in a sample to a signature gene matrix. We used the previously
developed signature gene matrix LM22,* which contains 547 genes that help define 22 different
human hematopoietic cell lineages. Our analysis indicates that both the CD14” NP" and CD14"
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NP" cell populations were enriched for immunoregulatory macrophages (denoted as “M¢ anti-
inflam™), while the CD14" NP population was enriched in both monocytes and M0 macrophages
(Figure 6Aii). These findings further support the notion that the degree of NP uptake is
dependent on macrophage phenotype. Although previous studies in other animal models have
suggested that B cells also play a large role in mediating NP uptake,®" *° using CIBERSORT to
evaluate the relative cell identity of NP-positive and negative fractions in the more
pathophysiologically relevant woodchuck model of HCC, we found that B and plasma cell
signatures made up one-third of the CD14" NP" signature. Whereas the proportion of B and
plasma cells in the two NP" populations was much lower (up to 8% of total signature). In support
of this, the expression of classical B cell markers (i.e., MS4A1, CDI19) from our RNA-seq
analysis were predominately expressed in the CD14" NP population (Figure 6Ai). For each
macrophage and B cell subtype listed in Figure 6Aii, the top 10 genes that define an immune cell
sub-set from LM22 and their corresponding expression levels in each of the four FACS sorted
populations were presented as a heatmap (Figure 6Aiii). These findings highlight the selective
nature of our injected NPs since they seem to be largely accumulating in immunoregulatory
macrophages compared to other phagocytic cells, such as inflammatory macrophages or B cells.
This is an important point to consider since only a few studies thus far in mouse tumor models
have shown the ability for NPs to specifically target immunoregulatory macrophages.’’
Therefore, the woodchuck HCC model may serve as a superior experimental system compared to
mouse and other rodent tumor models for evaluating the efficacy of macrophage-specific gold
NP-based therapeutics as a potential treatment of human HCC.

In order to identify the specific differences in biological pathways that may exist between the
sorted cell populations investigated in this study, we performed gene set variation analysis
(GSVA) (Figure 6B). GSVA provides a more robust assessment of pathway variation between
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heterogenous cell populations and can help highlight important biological differences between
the macrophages that take up NPs compared to those that do not. These results support our
previous findings from this study that the cell populations that took up NPs (CD14" NP" and
CD14" NP") expressed immunosuppressive pathways, such as those involving IL-10, 1L-27/6
signaling. Several studies have shown that IL-27-mediated signaling has potent
immunoregulatory function such as inducing PD-L1 expression on naive T cells °* and inhibiting
IL-2 production by CD4" T cells.” In contrast, the CD14" NP~ cell population expressed pro-
inflammatory pathways, such as reactive oxygen generation, tumor necrosis factor super family 1
(TNFSF1) signaling, and symbiont cell killing. Interestingly, previous work identified that
SEMAJ3A is significantly correlated with HCC recurrence in patients and the metastatic potential
of HCC cancer cell lines.”* It has been shown that SEMA3A was responsible for enhancing HCC
cell proliferation and acted as a chemoattractant for TAMs into the TME. Our results suggest that
both CD14” NP and CD14" NP" cell populations are enriched in the SEMA3A pathway which
well agrees with our expectation that these populations exhibit characteristics of

immunoregulatory TAMs that are known to promote tumor progression and metastasis.

CONCLUSION:

We demonstrated that intravenously injected 60-nm gold NPs in the woodchuck hepatitis-
induced HCC model 1) primarily accumulate in the liver and spleen 2) are taken up by liver
resident macrophages and are sequestered in lysosomes 3) are not eliminated through the
hepatobiliary route or kidneys at 48 h p.. and 4) are preferentially taken up by
immunoregulatory macrophages. With respect to NP distribution in woodchuck HCC, NP
abundance decreases from periphery to tumor core. This finding might be attributed to the lower
abundance of macrophages penetrating into the tumor and the ability of macrophages to
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sequester injected NPs. We also identified that our NPs are concentrated at the tumor margin
which will be a key point in future HCC therapy design. A summary of these findings is
illustrated in Figure 7.

The preclinical woodchuck model of primary liver cancer can closely recapitulate the
spontaneous development as well as the disease course of hepatitis-induced HCC. Therefore, this
animal model should be considered as a robust tool for studying the molecular mechanisms that
drive hepatocarcinogenesis and should be used to validate the efficacy of therapeutics in the
treatment of human liver cancer. Future therapeutic strategies aimed at re-polarizing
immunoregulatory macrophages in the local TME may be a viable strategy to promote anti-

tumor immunity and increase accumulation of NPs in the tumor.

METHODS:

Animals and Tissue

In vivo nanoparticle delivery experiments were performed at the Woodchuck Viral Hepatitis
Research Facility at Memorial University, St. John’s, NL, Canada under the approval of the
Institutional Committee on Animal Bioethics and Care (protocol 15-155-M). Animals in this
study were infected by intravenous injection with a single dose of WHV inoculum containing 6.5
x 10" DNase digestion-protected virus copies (also called virion genome equivalents). Animals
were followed by bi-monthly evaluations of serum WHYV surface antigen (WHsAg), WHV DNA
and gamma-glutamyl transferase (GGT) levels. Since progressively increasing level of serum
GGT 1is an indicator of HCC development in woodchucks and GGT levels above 50 IU/L are
indicative of well-established HCC, the animals examined were injected with NPs when GGT
levels achieved values between 61 and 484 IU/L. These animals were followed between 15 and

30 months after injection with WHV. A total of 10 adult woodchucks, 6 chronically infected
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with WHV and bearing HCC and 4 healthy animals were used of which 7 animals were
examined after 12 h p.i. with NPs and 3 after 48 h p.i. with NPs tested. The animals’ hematology
and biochemistry assessments are summarized in Figure S10B. Total blood was estimated as 5%
of total body weight using the lowest measured weight in the previous 12 months to account for
significant seasonal fluctuations in body weight. Woodchuck seasonal weight is mainly a
function of an increase in adipose tissue during fall and is not connected with changes in total

blood volume.

Synthesis of 60-nm Citrate-Coated Gold Nanoparticles

15-nm gold NPs were synthesized by the citrate reduction method described previously.” To
make 15-nm particles, 1 mL of 1% (w/v) HAuCl, solution was added to 98 mL of ultra-pure
water in a 250 mL Erlenmeyer flask and the mixture was brought to a rapid boil on a stir plate set
to 300°C. One mL of 3% (w/v) Na;CcHsO7 was then quickly injected under intense stirring and
the mixture was kept on a heated stir plate for 10 min, then cooled on ice, and 15-nm gold NPs
concentration was adjusted to 2.4 nM. Next, 415 mL of ultra-pure water in a 1 L Erlenmeyer
flask, 4.93 mL of 10% (w/v) HAuCly solution, 4.93 mL of 4.4% (w/v) trisodium citrate solution,
4.93 mL of 2.75% (w/v) hydroquinone solution, and 70.5 mL of 2.4 nM 15-nm NPs were all
cooled on ice for 1 hour. The Erlenmeyer flask containing ultra-pure water was then placed in an
ice bath and under intense stirring, the cooled solutions listed above were rapidly injected
sequentially. After overnight stirring, 60-nm gold NPs were purified by centrifugation twice at
1,200 x g using ultra-pure water with 0.05% (v/v) Tween-20 as the resuspension buffer. NPs’

concentration was adjusted to 16 nM.
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To synthesize fluorescently labeled nanoparticles, 10 mL of 60-nm gold NPs at 15 nM
concentration were reacted with 13.6 mg of amine and thiol terminated 5-kDa polyethylene
glycol (NH2-PEG-SH) and 153.8 mg of methoxy and thiol terminated 10-kDa polyethylene
glycol (mPEG-SH). Reactions were incubated at 60°C for 30 min, followed by purification of
resulting nanoparticles by centrifugation 3 times at 1,200 x g in PBS and further reacted with IR
750 NHS ester dye for 1 hour at room temperature. Finally, NPs were purified by centrifugation
as above and resuspended in filtered through 0.22-uym membrane PBS at a concentration of 77

mg/mL.

Sources of chemicals: IR 750 NHS ester dye was purchased from Fluoroprobes (Scottsdale, AZ,
USA) and Tween-20 from Biobasic (Markham, Ontario, Canada). All other chemicals were

purchased from Sigma-Aldrich.

In vivo Injection of 60-nm Gold Nanoparticles

In vivo NP experiments were carried out at Memorial University. Briefly, 60-nm gold NPs were
i.v. injected into a vein located on the front of the back-leg paws. The dose delivered was 14
mg/kg at a concentration of 77.3 mg/mL. Animals were monitored over the course of 12 or 48
hours. Blood was taken at 4 different time points, i.e., t= 0 minutes, 5 minutes, 4 h, and 12 h p.1.,
to assess pharmacokinetics, blood biochemistry and hematology. Over the course of the
experiment we did not observe any measurable signs of toxicity (also see Figure S10B). At 12 h
p.i, animals were euthanized by injection of a mixture of ketamine and rompun (xylazine).
Internal organs, blood, and urine samples were collected, and NP biodistribution was assessed
through ICP-MS and FACS analyses, confocal and electron microscopy, and liver assessed by
histology and immunocytochemistry.
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Woodchuck Organ Tissue Dissociation

Tumor uninvolved woodchuck liver tissue was dissociated as previously described using a 2-step
collagenase perfusion.”® Bulk tissue was dissociated in a 60-mm tissue culture plate in the
presence of a pre-warmed mixture of collagenase MA (VitaCyte, 001-2030) and neutral protease
(VitaCyte, 003-1000) in 1 X Hanks’ balanced salt solution. 4 mL of digestion mixture was added
to each tissue fragment which contained 0.1 million units of collagen degrading activity (CDA)
and 0.044 million neutral protease units. Tissue was incubated at 37°C for 10 min, and was
further minced and incubated for an additional 10 min. Next, 3.7 mL of cell suspension was
homogenized via a gentleMACS tissue dissociator using built in protocol m_liver 03, then
filtered through a 70-pum filter on ice. Enzymes were further inactivated by adding a 1:1 ratio of
5% fetal bovine serum (FBS) in PBS to the single-cell suspension. Cell viability was assessed
using Vi-Cell XR (Beckman) and single cell suspension from liver tumor, tumor margin and
non-tumorous tissue, as well as lung, heart, spleen, and bone marrow were prepared for flow

cytometry in 1% FBS in PBS.

Histology

Woodchuck organ tissue was fixed in 10% formalin. Fixed tissue was then prepared using
standard protocols for Hematoxylin and Eosin (H&E) and trichrome staining. For IHC
identification of CD68 and CD3 -positive cells (Dako A0452), specimens were incubated in the

presence of pepsin, washed, and stained with a 1/150 antibody dilution for one hour.

Multicolor Flow Cytometry
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Cells were added to polystyrene flow cytometry tubes (Falcon) and centrifuged for 10 min, 400 x
g at 4°C. Cells were then stained for 30 min at 4°C in 1% FBS in PBS with the following
antibodies: 1:50, APC-conjugated anti-human CD14 (Miltenyi, TUK4), 1:20 FITC-labelled anti-
mouse CD3 (Biolegend,1F4), 1:100 Zombie Aqua Viability Dye (Biolegend). CD14 (Clone:
TUK4) was the antibody employed to identify monocyte/macrophages since we found the
antibody was woodchuck cross-reactive and it was optimized for flow-based assays. Afterwards,
cells were fixed with cytofix/perm (BD) for 15 min at 4°C and washed twice with 1% FBS in

PBS. Finally, stained cells were examined by flow cytometry using an LSRII cytometer (BD).

Immunofluorescence and Confocal Microscopy

Liver non-parenchymal cell (NPC) fraction was enriched by removing hepatocytes from the total
liver cell suspension prepared from the NP-injected healthy and WHV-infected woodchuck liver
via centrifugation at 50 x g for 5 min. A CD14" cell enrichment was performed on this fraction
by positive selection using magnetic labelling by MACS CD14 microbeads (Miltenyi, 130-050-
201). The cells were fixed in 4% paraformaldehyde, 20 mins, room temperature (RT) and
permeabilized in 0.5% Triton X-100 for 10 mins at RT prior to staining. CD14" cells were either
stained for actin conjugated to AF488  (Phalloidin, Catalogue: A12379, Company:
ThermoFisher), or stained with a nuclear stain (2 pg/mL Hoechst 33342 (Catalogue: H3570,
Company: ThermoFisher)) for 1 h at RT, or with FITC-labelled anti-CD14 (Clone: TUK4,
Catalogue: 130-113-146, Company: Miltenyi) antibody at a 1:50 dilution, and nucleus stain at
4°C for 10 mins. Low-melting agarose slides were prepared using 25 pL of 10 mg/mL solution
per slide which were air-dried for 10-20 mins. The slides were prepared by applying the stained
cells resuspended in 20 uLL PBS with cover slips on top. Cells were imaged using Nikon A1R

confocal microscope at 40 X objective.
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Electron Microscopy:

For transmission electron microscopy (TEM) experiments, the samples were fixed in 3%
glutaraldehyde in 0.1 M Sorenson’s phosphate buffer (pH 7.4), rinsed and post-fixed in 1% OsO4
(Electron Microscopy Sciences) for 1 hour. Following fixation, the tissue was again rinsed with
0.1 M Sorenson’s phosphate buffer, dehydrated through an ascending ethanol series, then
infiltrated with and embedded in modified Spurr’s resin. For the area of interest, identified by
thick sectioning, ultrathin sections (90-100 nm) were cut with a Leica UC6 ultramicrotome. Thin
sections were stained with uranyless and lead citrate then examined under the Hitachi HT7700
transmission electron microscope. All chemicals were purchased from Sigma Aldrich unless
otherwise noted.

For scanning electron microscopy (SEM) experiments, the samples were cut into 2-3mm cubes
and fixed in 2.5% glutaraldehyde in PBS. Tissue was washed in 0.1 M Sorenson’s Phosphate
buffer (pH 7.4), and post-fixed in 1% OsO4 (Electron Microscopy Sciences) for one hour. After,
the tissue was again rinsed with 0.1 M Sorenson’s Phosphate buffer, it was dehydrated through
an ascending ethanol series and further dried wusing increasing ratios of HMDS
(hexamethyldisilazane) and ethanol. Samples were then left in 100% HMDS overnight to dry
completely. The next day they were mounted, sputter coated with gold-palladium with a BAL-
TEC SCD 050 Sputter Coater and examined under the Hitachi SU3500 scanning electron

microscope.

Inductive Coupled Plasma Mass Spectrometry (ICP-MS)
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Organ tissue were collected in 15 mL polypropylene tubes and digested first with 0.8 mL of 16
M nitric acid for 1 hour in water bath at 80C°. Next, 0.2 mL of 12 M hydrochloric acid was
added to each sample and incubated for another hour under the same conditions. Following
digestion, samples were diluted to 40 mL with deionized water for a final acid concentration of
2.5% (v/v). 10 mL of the diluted solution was filtered through a 0.22-uM PES filter (Fisher
Scientific SLGP0O33RS) into a 15 mL tube. Standard curve for elemental gold was prepared with
2% (v/v) nitric acid and 0.5% (v/v) hydrochloric acid beginning with 100 mg/mL and performing
10xdilutions to 0.0001 mg/mL. A reference blank of 0 was also included. Samples were
quantified using NexION 350x ICP-MS (PerkinElmer) with mass analyzer set to gold AU 197.
Carrier solution composed of 2% (v/v) nitric acid and iridium internal standard was mixed with
each sample before injection into the spectrometer. Percent injected dose for each organ was
calculated by multiplying the amount of gold measured per gram of tissue with the total weight

of the organ and then divided by the total measured gold mass in the initial injected dose.

RNA Extraction and Bulk RNA Sequencing of Sorted Fractions of NP-treated Cells

Uninvolved liver homogenate from a NP-treated, WHV-infected, tumor bearing animal was
stained with Live/dead aqua, CD14 and assessed for the expression of CD14 and NP
fluorescence by flow cytometry-based sorting. Four fractions were collected: CD14'NP", CD14
NP, CD14'NP", and CD14'NP" (Figure S9A) and 50,000 cells were targeted for each fraction.
Sorting was performed on a Becton Dickinson Aria III CFI BYRV at the Sick Kids-UHN Flow
Cytometry Facility. RNA was isolated using the AllPrep DNA/RNA/miRNA universal kit
(QIAGEN) with minor modifications to the manufacturer’s protocol. Briefly, 50uL cell pellets
containing approximately 50,000 cells from flow sorted cell fractions taken from the liver

homogenate (uninvolved liver) of a NP-treated WHV-infected, tumor-bearing animal from

24

ACS Paragon Plus Environment

Page 24 of 47



Page 25 of 47

oNOYTULT D WN =

ACS Nano

Experiment 3 (see Figure S10A) was put on dry ice and lysis buffer was added directly to the
pellet to release nucleic acids. Lysate flow-through containing total RNA was proteinase K
treated in the presence of ethanol, bound to a silica gel membrane spin column, purified through
a DNase digest step and ethanol washed before being eluted in 40 uLL of RNase-free water. Other
deviations from standard protocol included: passing the lysate through the DNA spin column
twice; passing RNA-containing flow-through through the RNA spin column twice; extending
elution incubation time to 5 minutes; extending elution spin time to 2 minutes at max speed;
reloading initial eluent onto the column and repeating elution step to increase RNA

concentration.

[llumina RNA Sequencing

Library preparation and sequencing: RNA samples were assessed on a RNA 6000 Pico chip
(Agilent Technologies) using the Agilent Bioanalyzer to determine sample RNA integrity
number (RIN) and quantified by the Qubit RNA HS assay kit (Life Technologies). Samples
ranged in RIN values from 8.7 — 9.3. Ten nanograms of sample RNA was used to prepare RNA
libraries using the SMARTer Stranded Total RNA-seq Kit v2 — Pico Input Mammalian (Takara
Bio USA Inc.). Briefly, the samples underwent first-strand synthesis via random priming oligos
on the 3’-end. A template switching oligo mix (TSO) was then incorporated to allow the RT
reaction to continue replicating the 5’-end of the RNA strand. Following this, the samples were
PCR amplified to incorporate full-length Illumina adapters and sample barcodes by binding to
either the TSO stretch on the 5’-end, or the random priming oligo sequence on the 3’-end. The
amplified cDNA is treated with ZapR which specifically targets ribosomal RNA in the presence
of mammalian-specific R-Probes. This process leaves non-ribosomal RNA untouched, while

ribosomal RNA are cleaved, leaving them unamplifiable. A final PCR reaction is done to enrich
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the uncut strands of cDNA to generate the final RNA library. Final RNA library sizing was
verified on the Agilent high sensitivity DNA kit (Agilent Technologies) using the Agilent
Bioanalyzer while library concentration was quantified by qPCR using the KAPA SYBR FAST
gqPCR kit (Kapa Biosystems). Libraries were normalized to 10 nM, diluted to 2 nM, denatured
using 0.2 N NaOH, and diluted to a final concentration of 2.2 pM before loading onto the
NextSeq 500 system. The samples were sequenced as a pair-end 150 cycle sequencing run to

achieve a minimum of ~40 M reads per sample.
RNA-seq Analysis

Bulk RNA-seq data from woodchuck was aligned against the alpine marmot genome
(GenBank accession number GCA 001458135.1). Alignment was carried out using the
following algorithms: STAR Version 2.6A to align the reads and Feature Count (part of the
SUBREAD package) to calculate gene expression count. Edge R and DSeq2 were used to
calculate differentially expressed genes. Data has been deposited in NCBI GEO (GSE147273).
Pathway analysis was also performed and included pathway enrichment analysis examining
active cellular pathways in sorted cell clusters (shown in Figure 6B) which was carried out using
Gene Set Variation Analysis (GSVA) software from Bioconductor (version 1.28).°” The gene set
Mouse GOBP_AllPathways no GO iea July 05 2019 symbol.gmt from

[http://baderlab.org/GeneSets] was used to identify enriched cellular pathways in GSVA

analysis. Highly related pathways were grouped into a theme and labeled by AutoAnnotate
(version 1.2) in Cytoscape (Version 3.7.2). GSVA results were visualized using the Enrichment
Map app (Version 3.1.0) in Cytoscape (Version 3.7.2).® Gene enrichment values expressed in

log2 are attached in a supplementary excel document (Supplementary Table 2).
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Alignment of Woodchuck and Human Protein Sequence

A total of 41,823 amino acid sequences were identified for woodchuck.” We aligned these
amino acid sequences (GCA 901343595.1 MONAXS protein) with the publicly available
human protein database (GCF_000001405.39 GRCh38.p13 protein) using BLASTp’ and

determined that 37,411 of the 41,823 (~90%) amino acid sequences from woodchuck aligned

with human with a bit-score greater than 50 (See Supplementary Table 1).'”
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Figure 1: Summary of in vivo tumor models and general experimental workflow.

(A) Comparison of the woodchuck hepatitis-induced HCC model and other available in vivo
tumor models used to study hepatocellular carcinoma. (B) Experimental outline showing
downstream analysis after intravenous injection of nanoparticles. (C) Original image of adult
woodchucks that were employed in this model. Illustrations of woodchucks and mice were

designed by Joy Qu.
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Figure 2: Gold nanoparticle characterization. (A) Schematic (left) and transmission electron
microscopy (right) of 60-nm gold nanoparticles used for in vivo injection experiments. Scale bar
represents 250 nm. (B) Fluorescence and emission wavelengths of NPs. Hydrodynamic size
(HD) is measured by dynamic light scattering (DLS) and cumulants analysis was used to
determine the indicated Z-Average and polydispersity index (PDI). (C) Transmission electron
microscopy of 60-nm gold NPs in woodchuck liver highlighting that the particles remain intact
in vivo. Scale bars represents 500 nm (left) and 100 nm (right).

38

ACS Paragon Plus Environment

Page 38 of 47



Page 39 of 47 ACS Nano

Healthy NP+ Liver

Cells Live CD3+/-

CD14+

CD14+ NP+ Liver

CD3+
38,0

Gold Nanoparticles

Macrophage/

oNOYTULT D WN =

Lymphocyte

> CB 63,4

8,37

Live
39,9 CD3-

41,9

Gold Nanoparticles

SSCA— 3

Live/Dead Zombie —)

CD14 ——>»

v

FSC-A

Gold Nanoparticles

SSC-A—

3
>

0

SC-A NP

3
>

% Injected dose

Healthy
n=3

ug of Au
per gram of tissue

ii)

600

400

200

Gated on CD14+ Cells

Liver

Lung

PBMC

No NP Liver

3 63,4

28,9

1,01

Gold Nanoparticles

SSCA —————

Gold Nanoparticles

Gold Nanoparticles

0,97

Relative MFI

Gold Nanoparticles

NP

I

i)
40—

@]

30

% Injected dose

WHV+
n=4

ug of Au
per gram of tissue

i)
800+

IEI

600

400+

Gated on CD14+ Cells

>

Liver

Lung

PBMC

No NP Liver

=

51,0

Gold Nanoparticles

SSCA —————— >

>

22,6

1,05

0,91

Relative MFI

Gold Nanoparticles

Gold Nanoparticles

Gold Nanoparticles

NP

3

39

ACS Paragon Plus

>

Environment

)

100

80—

% Injected dose

Blood
%

p=0.0131

i)

% Injected dose

p=0.0251
[ )

£

60-1

40

20




oNOYTULT D WN =

ACS Nano

Figure 3: Biodistribution of 60-nm gold nanoparticles in WHV-positive and healthy,
uninfected woodchucks. (A) Gating strategy to assess uptake of NPs in CD3" and CD3" cell
populations in healthy and WHV-infected animals. NP gates were determined based on FMO
stained samples from animals not injected with NPs. The CD3" cell population was subsequently
used to identify CD14" and NP" cells in liver, lung, and PBMCs. (B) Inductive coupled mass
spectrometry (ICP-MS) was used to assess biodistribution of gold NPs in different organs (i&ii)
and blood (iii). Values are presented as percentage of total injected dose. (iv) Comparative
analysis of CD14'NP" cells in different organs (liver, lung) and PBMCs by flow cytometry
compared to no NP-treated liver control with relative MFI and percentage of NP'CD14" cells
from all healthy animals shown graphically (v). (Ci-v) Identical analysis as in (Bi-v) but for
WHV -positive animals. Error bars are representative of at least 3 experiments £ SEM. Statistical
significance was evaluated using unpaired t test where (*) < 0.05, (**) < 0.01 and not significant
(ns). For Bv and Cv, comparisons between organs and PBMC are not significant (p<<0.05) unless
stated otherwise.
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Figure 4: Electron and confocal microscopy of macrophages from healthy and WHYV-
infected liver. (A) Transmission electron microscopy of NP-positive macrophage in sinusoid of
healthy woodchuck liver. Subcellular localization of NPs are indicated with black arrows in (ii)
and insert. Scale bar represent (1) 5 um (ii) 2 um and 500 nm in insert. (B) Same as (A) but in
tumor uninvolved liver tissue from a WHV-infected animal. Scale bars represent (i) 5 um and (i1)
2 um. (C) Confocal imaging of magnetically sorted CD14" cells obtained after enzymatic
digestion of uninfected healthy liver tissue. NPs are indicated with white arrow in merge photo.
Fluorophores Hoechst, infrared 7 (IR7), and phalloidin stain the nucleus, NPs, and actin,

respectively. Scale bars (white) denote 10 um.
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Figure 5: Dlstrlbutlon of gold nanoparticles in different areas of the tumor and non-
tumorous (uninvolved) tissue. (A) Uptake of gold in pg/g of tissue assessed by ICP-MS. (i)
Comparison of gold accumulation between tumor periphery and core of all tumor bearing
animals. (i1) Assessment of NP abundance in different sections of the tumor. Each sample
number (1-9) corresponds to a 1-cm’ tissue slice taken from either the tumor or uninvolved tissue
compartments (indicated below). Sample 1 is tissue taken from tumor core while sample 5 is
tissue taken from the tumor capsule. Sample 6 is tissue at the interface between normal liver and
tumor, while samples 7-9 were obtained from non-tumorous liver tissue surrounding the tumor.
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Increasing sample number corresponds to increasing distance from tumor core (arrow below
panel). (ii1) Electron microscopy of tumor associated macrophage within tumor sinusoid (top)
and magnified image of enclosed section (bottom). NPs are located in lysosomes. Scale bars
represent 2 pm (top) and 500 nm (bottom). (B) Percentage of CD14" cells from woodchuck HCC
that took up NPs (i). (i1) Summary of NP uptake in cells pre-gated on CD3" (left) and CD3"
CD14" (right) cells across four experiments. (iii) Confocal microscopy of magnetically sorted
CD14" cells from woodchuck HCC where NPs (red) are shown (white arrows) with nuclear
Hoechst (blue) and actin (green) staining. Scale represents 10 um. (C) Immunohistochemical
staining with polyclonal anti-CD68 antibody of tumor uninvolved liver (i-i1) and tumor core (iii-
v). Scale bars denote 700 pm and 200 pm for 20x images. Error bars are representative of at
least 2 replicates +/- SEM. Statistical significance was evaluated using unpaired t test where (*)
<0.05 and (**) < 0.01.
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Figure 6: RNA-seq analysis of NP+ and NP- macrophages. (A) Gene expression profiles of
FACS sorted populations from NP-treated woodchucks. (i) Selected lineage and phenotype
specific genes plotted as a heat map using log2-fold expression for each of the four FACS sorted
cell populations. (ii)) CIBERSORT analysis of the relative proportion of immune cells from
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FACS sorted cell populations of a WHV-infected liver based on RNA-sequencing. The proposed
identity of the major immune cell population in each sort is shown in the associated legend for
each of the four graphs. Four myeloid subpopulations (i.e., Monocytes, M¢ MO, Mp M
inflammatory, and M¢ anti-inflammatory) and three B cell subpopulations (i.e., Naive B,
Memory B, and Plasma Cell) are indicated specifically, while all other immune cells were
grouped into the “other” category. (iii) Corresponding expression of the top 10 genes that define
an immune cell subset from CIBERSORT gene expression matrix LM22. If the gene from LM22
was not identified in woodchuck, the next detected gene was plotted. Data were plotted using
log2-fold expression for each of the four FACS sorted populations. (B) Gene set variation
analysis (GSVA) of the four FACS sorted populations. Populations are color coded and
significantly different pathways between populations are shown. A given pathway is identified
by the title (black text) and each node (black circle) encompasses one or more gene sets (colored
dots) that correspond to a given pathway.
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Figure 7: Summary diagram of 60-nm gold nanoparticle uptake: Distribution of intravenously
injected 60-nm gold NPs (red dots) in different organs (middle), in sinusoid of tumor uninvolved
(healthy) liver (left), and at the tumor margin (right). Density of NPs approximately correlate with
findings from ICP-MS and flow cytometry experiments which indicated that the liver and spleen are the
primary organs that sequester NPs. Macrophages (green cells) and T cells (purple) are shown patrolling
the liver sinusoid in healthy liver tissue (left) and HCC (right). Consistent with our previous findings,
macrophages within the sinusoid are depicted to sequester NPs (presence of red dots), while T cells do
not accumulate NPs (absence of red dots). The tumor interface (right) depicts the area between non-
tumorous and tumorous tissues shown by the segregation of essentially regular vs. dysmorphic
morphology. NP abundance decreases within HCC towards the tumor core as indicated by the red
gradient bar under the panel. Less macrophages were found in the tumor while the distribution of CD3" T
cells was found to be concentrated at the interface. Importantly, based on our findings from electron
microscopy of tumor uninvolved and tumor tissues, hepatocytes themselves did not appear to take up 60-
nm gold NPs. In general, we propose that intravenously injected gold NPs are sequestered by CD14" cells
within the liver, while resident macrophages of other organs, such as in lungs, take up NPs to a much
lesser extent. Importantly, the cellular distribution of NPs seems to be specific for CD14" cells and not for
hepatocytes or T cells which supports the usage of NP-based therapies for macrophage specific targeting.
[llustrations presented in this figure were designed by Joy Qu.
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