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Monitoring Melanoma Responses to STING Agonism and
Focused Ultrasound Thermal Ablation Using Microneedles
and Ultrasensitive Single Molecule Arrays

Daniel Dahis, Michelle Z. Dion, Alexander M. Cryer, Pere Dosta, Tal Gilboa,
Mariana Alonso, Michael Lewandowski, Niiria Puigmal, Gonzalo Mufioz Taboada,
Haim Azhari, Rushdy Ahmad, David R. Walt, and Natalie Artzi*

Real-time monitoring of immune state and response to therapy can provide a
means to stratify patients and increase the number of responders who will
benefit from approved and emerging immunotherapies. The accessibility of
immune cells in the skin provides an opportunity for local immune
modulation as well as for noninvasive sampling of disease biomarkers in the
skin interstitial fluid (ISF). Here, a monitoring strategy for melanoma
immunotherapy is investigated by longitudinal sampling of biomarkers in the
skin ISF using Hyaluronic acid (HA)-based microneedles (MNs). Focused
ultrasound ablation and delivery of nanoparticulate stimulator of interferon
genes agonist are used as model immunotherapies. It is shown that this
combination therapy induces potent inflammatory responses in a melanoma
mouse model, promoting tumor elimination and immune memory formation.
Indeed, quantifying soluble, protein-based biomarkers following therapy using
conventional immunoassay reveals a pronounced proinflammatory program
in the tumor. However, conventional assays fail to detect the low
concentration of biomarkers in plasma and in MN-sampled ISF. It is shown
that ultrasensitive single molecule arrays (Simoa) effectively detected
proinflammatory biomarkers that are upregulated in response to the therapy
in MN-sampled ISF, in plasma, and in tumors, supporting the feasibility of
monitoring melanoma immunotherapy using MNs.

1. Introduction

Melanoma accounts for more than 60-
75% of all skin cancer-related mortality
globally,!! with rising annual incidence.[?!
Melanoma treatment was substantially im-
proved following the 2011 FDA approval
of novel immunotherapeutic drugs such as
the checkpoint inhibitors anticytotoxic T-
lymphocyte associated protein 4 (aCTLA-
4) and antiprogrammed cell death protein
1 (aPD-1),! with numerous cases of tu-
mor remission and long-term survival.[**]
However, less than 52% of patients bene-
fit from this class of drugs, potentially due
to differences in the composition and phe-
notype of their immune cells in the tu-
mor microenvironment (TME).[%”] Among
responders to immunotherapy, resistance
can be primary or acquired following an ini-
tial response period.”] Consequently, there
is an acute need for alternative strategies
to monitor melanoma responses to therapy.

Existing methods for monitoring
melanoma immunotherapy are broadly
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designed to predict which patients would benefit from the
therapy, or over-time monitoring of tumor responses.®! Ex-
amples of predictive strategies include measuring checkpoint
expression and cellular compositions in tumor biopsies®! and
circulating biomarkers such as lactate dehydrogenase (LDH!'?)),
which is a negative prognostic marker associated with tumor
burden.!) Direct monitoring of responses to therapy utilize
molecular imaging techniques such as positron emission
tomography—computed tomography (PET-CT) with 2-deoxy-2-
(*®F)fluoro-D-glucose (¥F-FDG) which have been in clinical use
for tumor staging and metastasis tracing!'?! with novel preclin-
ical tracers for predicting the response rate.'>*] Additionally,
the analysis of biomarkers, such as circulating tumor DNA
(ctDNA) and tumor cells (CTCs) in the blood (liquid biopsy!'*)
have been proposed for continuous treatment monitoring given
its advantageous minimally invasive nature. However, these
techniques can be time-consuming and expensive (PET-CT),
invasive (biopsy), or lack appropriate sensitivity and specificity
(biomarkers in liquid biopsy, such as ctDNA).[16:17]

Skin interstitial fluid (ISF), is a rich source of local biomark-
ers that correlate with the ones in plasma.[’8-21] ISF is currently
being used for continuous glucose monitoring,?*?*! and preclini-
cal work has highlighted its potential for revealing features of the
tumor microenvironment.[?*?5] Consequently, ISF sampling is a
promising localized method for monitoring melanoma tumors.
However, ISF sampling is challenging as 70% of the ISF is found
in the lower dermis layer.2¢]

Strategies for collecting skin ISF include invasive
biopsies,[??8] suction blisters, 2023 microanalysis arrays,[3132]
and reverse iontophoresis.’3**] We and others have pro-
posed using hydrogel-based microneedles (MNs) for skin ISF
sampling.[*>~*%] MNs are comprised of an array of submillimetric
needles that are engineered to allow efficient tissue penetration
and high swelling capacity. Hyaluronic acid-based micronee-
dles (HA MNs) are especially attractive as these hydrogels
are biocompatible and were shown to achieve high swelling
characteristics postapplication, allowing for efficient collection
of cells!®! and other biomarkers present in the ISF, such as
proteins.3%4° Analyzing cytokines and chemokines in the ISF
could provide valuable insights, as these biomolecules are key
mediators of immune cell communication in the TME.*!
However, the ISF volume collected by MNs is low (<3 pL),
and gets further diluted while isolating proteins from it. As a
result, there is a need for a sensitive and accurate method for
detecting low levels of biomarkers isolated from ISF. Single
molecule arrays (Simoa) are a bead-based digital enzyme-linked
immunosorbent assay (ELISA), that is capable of detecting low
levels (i.e., attomolar/femtomolar concentrations!*?]) of proteins
with ultrasensitivity and high accuracy.[****] Hence, we hypothe-
sized that combining MNs for biomarker collection and Simoa
for protein quantification could result in an efficient method for
monitoring immunotherapy responses.

Focused ultrasound (FUS)-mediated thermal ablation and
nanoparticulate stimulator of interferon genes (STING) agonism
(CDN NPs) are promising immunotherapies that have been used
here as model immune-modulating therapies. These therapies
were selected in light of previous studies showing that STING
stimulation and thermal ablation therapies induce distinct re-
sponses but result in increased tumor cell killing and potent anti-
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tumor immune responses when combined.[*~*] While promis-
ing, these reports studied the use of endogenous STING ag-
onists such as cGAMP or c-di-GMP, which are significantly
less effective than synthetic cyclic dinucleotides (CDN) analogs,
are typically less stable and require higher doses with poten-
tial for side effects.*®] Additionally, previous studies employed
invasive heating modalities such as microwave ablation,!*! or
photothermal therapy,!**’] which typically reach only a few mil-
limeters within the tissue. FUS is a noninvasive modality that
concentrates acoustic waves into a millimetric volume deep
inside tissues. Where the beams converge, heat dissipates to
the target tissue (e.g., tumor), elevating its temperature to 50—
60 °C in a few seconds, promoting instantaneous and sub-
sequent cancer immunogenic cell death (ICD) and coagula-
tive necrosis.[“-3] FUS sonication has gained particular inter-
est in the last decades because of its noninvasive and nonion-
izing nature, highly precise tissue targeting, deep tissue pen-
etration, and ability to target multiple locations of the tumor
microenvironment. In parallel, STING agonism is capable of
triggering a potent type I interferon (IFN-I)-driven inflamma-
tory responsel®* and has been shown to promote maturation of
antigen presenting cells (APCs), enhance the uptake and pro-
cessing of antigens, and elicit the release of proinflammatory
cytokines, while polarizing myeloid-derived suppressor cells to
become antitumorigenic.>>-7] STING agonists such as cyclic
dinucleotides (CDN) have been investigated preclinically!>®>8-¢]
and clinically (NCT03172936, NCT04144140) in the context of
melanoma. However, the chemical properties of CDNs, includ-
ing their hydrophilicity and negative charge, prevent CDNs
from readily crossing the cell membrane into the cytoplasm of
APCs, thus limiting the potential of this potent innate immune
adjuvant.[’12] We have previously developed a nanoparticulate
form (CDN NPs)>% of CDN (ML-317) conjugated to poly(beta-
amino esters) polymers via a cathepsin linker, which allows its
release in the cell cytosol via enzymatic cleavage.

Here, we studied a novel monitoring strategy employing mi-
croneedles and Simoa to detect changes in protein expression in
the femtomolar range, using FUS-thermal ablation and nanopar-
ticulate STING agonism model immunotherapies (Figure 1).
Our results demonstrate that the potent proinflammatory pro-
gram elicited by the therapies can be sensed by sampling ISF via
MNs, which revealed similar profiles with the ones observed in
plasma and tumors as measured via ultrasensitive Simoa, sug-
gesting the feasibility of a noninvasive MN-based ISF sampling
for melanoma immunotherapy monitoring.

2. Results

The immunogenicity induced by the proposed therapies was
studied for each therapy alone and in combination. Particu-
larly, for STING, we leveraged our recently developed CDN NPs
that were shown to achieve high CDN conjugation and enzyme-
responsive drug release inside immune cells, promoting remark-
able antitumor responses in melanoma tumor-bearing mice, en-
hancing immune cell activation by orders of magnitude com-
pared to free CDN.*) CDN NPs were 54.8 + 1.1 nmin size and +
23.4 mV in surface charge, and were not altered by the heat treat-
ment (Figure S6, Supporting Information). The particles were
stable for ~2 weeks at room temperature with absolute measured
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Figure 1. Proposed strategy for monitoring melanoma immunotherapy. Monitoring strategy employing microneedle-based ISF sampling and Simoa
quantification: Cytokines/chemokines released by activated immune cells in the TME, which are also present in the ISF, are collected via microneedles
applied on top of tumors and analyzed using Simoa. Readings are between tissues and across treatment groups.

size for CDN NPs and heated CDN NPs on day 14 0of 141.9 +14.2
and 165.5 +13.9 nm, respectively (Figure 2C), followed by aggre-
gation over time, which is commonly seen with NPs stored at RT
for prolonged periods of time (Figure S6, Supporting Informa-
tion). To assess the immune activation of CDN NPs, we used the
STING-reporter RAW cells, which are murine macrophages ge-
netically modified to report upon STING activation (Figure 2A).
These cells, effectively uptake CDN NPs (Figure 2B) and respond
by a dose-dependent activation of the interferon regulatory fac-
tors (IRF)-pathway (Figure 2C; and Figure S7, Supporting In-
formation), without depicting a reduction in cell viability which
was also confirmed by exposing cancer cells to NPs treatment
(Figures S6 and S7, Supporting Information). While free CDN
was unable to activate RAW cells below 500 nm, CDN NPs (with
or without heat) initiated a substantial activation at all concen-
trations tested with up to 147-fold higher activation than free
CDN ([CDN] = 62.5 nm). As macrophages and cancer cells are
both present in the tumor microenvironment, we also investi-
gated CDN NPs activation (1 or 10 nm) of RAW cells when in the
presence of cancer cells at varied RAW to cancer cell ratios (Figure
S8, Supporting Information). We found that at 10 nm CDN NPs
concentration the activation of RAW cells was reduced by 31%
on average for the majority of cell ratios tested, suggesting that
CDN NPs are being uptaken by both RAW cells and B16-F10 cells.
We also studied the effect of CDN NPs in the phagocytic activity
of bone-marrow derived macrophages (BMDMs) of cancer cells
(Figure S9, Supporting Information). Primary cells treated with
CDN NPs exhibited 73.8% increased phagocytosis of cancer cells
when compared to naive BMDMs. This effect was similar when
primary cells were treated in the presence of ablated cancer cells,
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exhibiting 76.1% enhanced phagocytosis to naive cells when also
treated with CDN NPs.

In parallel, we assessed the effects of thermal ablation on
melanoma B16-F10 cells in the context of ICD (as measured by
the released ATP, high mobility group box-1 (HMGB-1), calreti-
culin (CRT) expression), and necrosis (as measured via Annexin
V, viability dye assay) (Figure 2D). While thermal treatment effec-
tively reduced B16-F10 cell viability to 50% after 24 h (Figure 2E),
ATP presence in the supernatant was significantly higher follow-
ing treatment as a function of thermal dose (0, 15, 30, or 45 s at
60 °C) (Figure 2F), with a similar trend observed for high mo-
bility group box-1 (Figure 2G). Notably, B16-F10 calreticulin ex-
pression following 60 s at 60 °C was significantly increased com-
pared to other groups (Figure 2H; and Figure S10, Supporting In-
formation). Annexin V—viability dye assessment of necrosis and
apoptosis quantification revealed increased percentages of cancer
cells undergoing primary (Figure 2I) and secondary (Figure 2J)
necrosis as a function of thermal dose (Figure S11, Supporting
Information). Collectively, these results reaffirm the potential of
nanoparticulate STING agonism to stimulate a type I interferon
response, while thermal ablation serves as an ICD inducer agent.

Given the observed immune-stimulating effects in vitro, we
next tested the combination of these therapies in vivo. Mice were
orthotopically implanted with B16-F10 tumors and treated on
days 7 and 9 post-tumor inoculation with the combination of
CDNs and thermal ablation. The combined treatment was com-
pared to each monotherapy alone or no-treatment control. On
both treatment days, animals received an intratumoral injection
of CDN NPs, while FUS-mediated thermal ablation was applied
to the relevant groups on day 9 (Figure 3A). FUS was applied
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Figure 2. Thermal treatment does not affect CDN NPs stability and induces cancer-cell ICD. A) Schematic illustration depicting the STING activation
mechanism of CDN NPs. B) Fluorescent images of internalized CDN NPs (Cy5) in RAW cells. C) RAW cell IRF activation upon CDN or CDN NPs
(with/without heat) treatment. D) Schematic of cancer-cell ICD and expression of ATP, HMGB-1 secretion, calreticulin (CRT), and Annexin V E) B16-F10
viability 24 h following heat treatment at 60 °C for different durations. F) Quantification of ATP in the supernatant 24 h post-treatments. G) Quantification
of HMGBT1 in the supernatant 24 h post-treatments. H) CRT expression using flow cytometry of untreated cancer cells and cells treated for 60 s at 60 °C
24 h post-treatment. 1) Primary and J) secondary necrosis assessed via flow cytometry (Annexin V™ /Fixable viability dye™). Data are expressed as mean

+ SEM, n=3.

in 4 X 4 target spots atop tumors where each target was sepa-
rated by 2 mm. Tumors treated with FUS-mediated thermal ab-
lation reached T > 50 °C, measured at the focal spot (Figure S12,
Supporting Information). Fluorescence microscopy revealed in-
creased necrosis levels (assessed via H&E and Ki-67) and calretic-
ulin expression in the cells surrounding the ablated region com-
pared to untreated tumors (Figure S13, Supporting Information).
The selected CDN dose was 250 ng based on a preliminary study
showing robust responses (Figure S14, Supporting Information).
Tumor growth curves revealed substantially reduced tumor size
for animals with CDN NPs treatment and CDN NPs + FUS abla-
tion, while FUS ablation monotherapy was unable to prevent tu-
mor growth compared to control untreated tumors (Figure 3B,C).
Animals treated with the combination treatment exhibited 100%
(9/9) survival upon primary challenge, whereas 75% of animals
(6/8) treated with CDN NPs-only achieved long-term survival
(Figure 3D; CDN NPs treatment with and without ablation are
not statistically different). Ablation-only and untreated animals
depicted median survival of 20 and 22 days, respectively. Long-
term survivors (60 days postprimary challenge) that were rechal-
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lenged with a contralateral tumor depicted comparable levels of
tumor rejection (83.3% for CDN NPs only and 77.8% for CDN
NPs + ablation; not statistically different) (Figure S14, Support-
ing Information). Interestingly, the effect of each monotherapy
on survival differed; 0/9 animals survived more than 24 days
following FUS-thermal ablation alone and 6/8 animals survived
more than 60 days for CDN NPs alone. However, the combined
treatment increased the survival rate, with 9/9 animals surviving
more than 60 days.

We next investigated whether the responses observed in the
efficacy study (Figure 3) could be monitored noninvasively. To
achieve that, we first devised an in vitro experiment recapitulat-
ing the in vivo treatment of day 9, which reflects the recruitment
and activation of immune cells to the site of ablation in the hours
post treatment.[”%8] We assessed the effect of coculturing RAW
cells with thermally ablated B16-F10 cells and the simultaneous
addition of CDN NPs (Figure 4A), and noted that the groups
that included B16-F10 cells treated with the ablative regimen ex-
hibited higher activation measurements than the CDN NPs de-
livery to RAW cells alone (Figure 4B,C). To investigate if these

© 2023 Wiley-VCH GmbH
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Figure 3. Treatment efficacy of CDN NPs and FUS-mediated thermal ablation. A) Treatment schedule comprised CDN NPs treatment at days 7 and
9 post-tumor inoculation as well as FUS-mediated thermal ablation on day 9. B) Individual tumor size curves following the first treatment. C) pooled
tumor size curves. D) Survival plot for untreated (0/8), thermal ablation alone (0/8), CDN NPs alone (6/8), and thermal ablation + CDN NPs (9/9);

Data are presented as mean + SEM.

effects could be detected in vivo, we conducted a study in which
tumor-bearing mice were treated with each therapy and then ap-
plied with microneedles atop of tumors for subsequent ISF sam-
pling. We then measured the dynamics of cytokines/chemokines
in tumors, plasma, and microneedle-collected skin interstitial
fluid (ISF). Biomarker analysis was initially performed using
the commercially available Legendplex multiplex assay (Antivi-
ral Response Panel, BioLegend), a bead-based immunoassay that
uses the principles of sandwich ELISAs to quantify thirteen sol-
uble analytes relevant to our therapies, using flow cytometry
(Figure 4D). This assay revealed a broad increase in proinflam-
matory cytokine/chemokine levels following treatment with sta-
tistically significant increases in chemoattractants MCP-1, IP-
10, IL12p10, and Rantes, in particular for tumors treated with
CDN NPs only and CDN NPs + Ablative treatment (Figure S15,
Supporting Information), while cytokine levels of tumors treated
with FUS-ablation depicted characteristic elevations in KC and
IL-6 expression. The assay, however, revealed several values be-
low the limit of detection (LOD) when analyzed using skin ISF
extracted by the MNs and plasma (Figure 4E).

We therefore assessed the feasibility of using Simoa for sen-
sitive longitudinal detection of cytokines in the context of our
treatments. We developed Simoa assays for the detection of
keratinocytes-derived chemokine (KC) and monocyte chemoat-
tractant 1 (MCP-1), as these chemokines are responsible for the
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recruitment of neutrophils and monocytes and were previously
shown to be influenced by thermal treatment.[®7!] While IFN-
p is directly overexpressed due to STING stimulation,5%72! IL-6
is an acute inflammatory cytokine sensitive to both ablation!”3!
and STING agonism.l”*] We therefore developed Simoa assays
for these four biomarkers, significantly enhancing their detec-
tion sensitivity to the femtomolar range, resulting in Legend-
plex:Simoa LOD ratios of 321, 2060, 258, and 1400, for KC,
MCP-1, IEN-, and IL-6, respectively (Figure S16, Supporting
Information). When comparing the readings between plasma
and MNs post treatment (Figure 4F; and Figure S17, Support-
ing Information), we observed that MNs effectively recapitulated
trends seen in plasma of animals receiving combination treat-
ment (CDN NPs + FUS ablation) broadly exhibiting higher lev-
els of the biomarkers studied which also reflected close relation-
ships with their expression in tumors (Figure S15, Supporting In-
formation). When comparing the number of samples above the
detection limit of the different methods assessing the ISF col-
lected via MNs, we observed that Legendplex immunoassay was
able to detect a signal in 1/16 (6%), 2/16 (13%), 1/16 (6%), 6/16
(38%), of the samples for KC, MCP-1, IFN-g, and IL-6, respec-
tively, while Simoa was able to accurately detect 16/16 (100%),
15/19 (79%), 13/19 (68%), and 17/19 (89%) of samples for the
same cytokines, measured on the day of treatment. When ana-
lyzing the same cytokines measured 24 h following treatment,
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Figure 4. Thermal treatment can enhance CDN NPs immune activation, as reflected by inflammatory biomarker elevations in microneedles and plasma,
sensed via Simoa. A) Treatment regimen comprising of treating B16-F10 cells with heat and immediate co-culture with RAW cells treated with CDN NPs
at the same time. B) IRF activation of RAW cells cocultured with thermally treated B16F10 and CDN NPs. C) Fluorescence imaging of thermally treated
B16-F10 cells (60 °C for 60 s) (Texas Red) interacting with CDN NPs-transfected RAW cells (Cy5- CDN NPs, Hoerst—RAW nuclei). D) In vivo treatment
schedule comprising of treatments: untreated, CDN NPs, FUS-mediated Ablation, and CDN NPs+ FUS Ablation. E) Heatmaps of the Legendplex-based
plasma and microneed|e cytokine measurements, of MNs and plasma collected 3 h post-treatment. Values below the limit of detection (LOD) are plotted
in gray. F) Simoa measurements for MCP-1, IFN-$, KC, and IL-6, in plasma and MNs at the same timepoint. Data are presented as mean + SEM.
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we observed that the number of samples above the LOD were
even higher for the Simoa group, 0f 16/16 (100%), 16/16 (100%),
16/16 (100%), and 14/18 (78%) versus 9/16 (56%), 1/16 (6%),
1/16 (6%), and 7/16 (44%) in the Legendplex method, for the
same biomarkers, respectively (Figure S18, Supporting Informa-
tion). Collectively, these results confirm the ultrasensitive ability
of Simoa, as well as its suitability to be used in combination with
MNs-ISF collection for immunotherapy monitoring.

We next investigated the effects of introducing a pretreatment
with CDN NPs on day 7 prior to FUS + CDN NPs on day 9 in our
efficacy study (Figure 5A). This treatment protocol was also stud-
ied in light of previous reports highlighting the positive effects
of introducing immunotherapy prior to thermal ablation.!”>7!
We hypothesized that the ablation of B16-F10 cells pretreated
with CDN NPs (which are major recipients of the CDN NPs in
the TME) could result in high immunogenicity. To assess that,
B16-F10 cells were first pretreated with CDN NPs for 48 h prior
to thermal ablation and then cultured with RAW macrophages
following heat treatment (Figure 5B). We found that B16-F10
cells pretreated with CDN NPs, and then treated with heat (60
s at 60 °C) elicited the most potent IRF activation levels in RAW
macrophages. We observed more than 20-fold IRF increase com-
pared to RAWSs only (Figure 5C), and more than twofold in-
crease when RAW cells were cocultured with conditioned media
of B16-F10 cells pretreated with CDN NPs and then thermally ab-
lated (Figure S19, Supporting Information). Interestingly, RAW
cells cultured with ablated pretreated B16-F10 exhibited 1.6-fold
higher activation than RAW cells cultured with live, not ablated
pretreated with CDN NPs B16-F10 cells. Nonetheless, >15-fold
higher levels of IRF activation than RAW cells alone were noted
for the nonablated group (Figure 5B), likely due to phagocyto-
sis of cancer cells and/or the transfer of CDN NPs to RAW cells
as we previously demonstrated.l>>’”IFluorescence assessment of
the conditioned media of B16-F10 cells pretreated with AF647-
labeled CDN NPs followed by thermal ablation, revealed increas-
ing fluorescence levels in wells containing cells treated with heat,
suggesting the likely release of cancer-cell internalized CDN NPs
to the supernatant (Figure S20, Supporting Information).

We then investigated the monitoring ability of microneedles
to effectively report on the immunogenicity, comparing its read-
ings with plasma (Figure 5D). Indeed, we observed an increase in
the inflammatory markers in treatment groups for both MNs and
plasma, as reflected by a broad upregulation of these biomarkers
for the FUS ablation + CDN NPs group, followed by CDN NPs
alone, FUS, and untreated group (Figure 5E). These effects could
be also observed in animals receiving CDN NPs treatment ver-
sus no treatment at day 7 (Figure S21, Supporting Information).
Collectively, these results suggest that ISF sampling using nonin-
vasive microneedle patches applied atop of treated tumors can ef-
fectively recapitulate over-time changes of cytokines/chemokines
in plasma following immunotherapy treatment.

3. Discussion

More than 50% of melanoma patients do not respond to exist-
ing immunotherapies,!*! due to primary or acquired resistance,
which can arise following an initial response.l”] Hence, the devel-
opment of noninvasive methods able to longitudinally and non-
invasively monitor melanoma responses to immunotherapy is
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crucial for efficient patient stratification and personalization of
treatments. In this study, we propose a novel monitoring strategy
using polymeric microneedles for ISF sampling and ultrasensi-
tive biomarker detection using Simoa. We used an engineered
HA-based MN formulation that affords facile application, rapid
swelling, and collection of biomarkers following on-demand MN
degradation.

We studied the effectiveness of MN mediated ISF-biomarker
sampling following tumor treatment using two model
immunotherapies—STING agonism and thermal ablation.
Our survival study revealed two contrasting effects for each
of the therapies, with animals receiving thermal ablation ex-
hibiting reduced survival, in contrast to CDN NPs that induced
substantial tumor rejection. Interestingly, remarkable tumor
rejection was observed when the therapies were combined, with
a survival trend similar to that seen with CDN NPs delivery.
These observations suggest that the antitumor responses noted
are likely a result of STING-mediated immunity involving
production of IFN-I and induction of cross-presenting DCs. 787!
Immunoassay profiling of tumors revealed increased IL-6 and
KC expression in tumors treated with ablation only. This observa-
tion is in tandem with previous reports suggesting that without
additional stimuli, DAMPs released following thermal ablation
are rapidly cleared from the ablation zone, and a sterile immune
response associated with wound healing phenotype arises,!308!]
as a result of an influx of neutrophils and monocytes recruited
to the site of injury and the overexpression of IL-14 and IL-
6.15082-86] I the case of animals receiving CDN NPs only or with
ablation, multiple proinflammatory cytokines/chemokines were
upregulated with notable elevations in MCP-1, KC, RANTES,
IP-10, IL-6, and IL-12p70 and GM-CSF and IFN-g, suggesting an
effective proinflammatory modulation of tumors. Collectively,
these observations support the argument that proinflamma-
tory signals provided by thermal ablation can be leveraged to
promote an antitumor response, especially when combined
with immunomodulators, as observed in previous preclinical
work,[4647.758287.88] and is currently being investigated in clinical
settings (NCT03993678, NCT04116320).

To investigate if these trends may be sensed using the pro-
posed monitoring strategy, we next tested the ability of MNs to
effectively collect ISF biomarkers under different regimens of ei-
ther simultaneous FUS-ablation and STING agonism or CDN
NPs serving as neoadjuvant therapy. Previous reports suggested
that immune modulation prior to thermal treatment promotes
an inflammatory tumor microenvironment that is able to deceler-
ate the clearance of tumor antigens generated following thermal
ablation.!”>#588] Both of the tested regimens exhibited potent in-
flammatory responses, characterized by most proinflammatory
elevations in animals treated with combination treatment (FUS-
ablation + CDN NPs) in vitro and in vivo, when compared to the
monotherapies. We quantified biomarkers in MNs and plasma of
treated animals using Legendplex, an ELISA-based immunoas-
says widely available and previously used as means of profiling
biomarkers in the context of cancer.[#%°] However, as the detec-
tion limit of this immunoassay was of ~pg mL~! range and given
the small volume of ISF collected (<3 pL), we were unable to
quantify biomarkers in plasma and MNs-retrieved ISF. Hence,
as a proof of concept, we developed ultrasensitive Simoa assays
to measure selected biomarkers of high biological relevance to

© 2023 Wiley-VCH GmbH
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our therapies (KC, MCP-1, IFN-4, and IL-6). Using this approach,
we were able to successfully detect biomarker trends at different
days in the course of the treatment, which were correlated to their
plasma measurements as a function of treatment, with measured
limit of detection levels in the fg mL-! range. For example, MNs
were able to effectively sense a spike in IFN-f expression shortly
after CDN NPs administration in the groups receiving NPs in-
tratumoral injection (Figure 4F), which returned to baseline lev-
els 24 h later (Figure S17B, Supporting Information), a potential
prognostic effect of therapy efficacy as we and others have ob-
served in the past.’I-3

To date, multiple methods have been proposed with predictive
or prognostic value in the context of immunotherapy monitoring.
These include the measurement of biomarkers such as muta-
tional load or PD-L1 expression, plasma analysis of cells,[**%] tu-
mor exosomes,!>%] and biomarkers such as soluble PD-L1 (sPD-
L1),7981 S100B and LDH,['% ctDNA, cfRNA, and cmiRNA,[1>16]
cytokines,®”l molecular imaging techniques studying growth and
response of tumors,!1°%1% and microbiota analysis.[19%19] While
these methods provide clinically significant information in the
context of patient stratification, their clinical adoption may be
suboptimal due to their invasive nature, associated costs, and
the low sensitivity for biomarkers that are diluted in the circulat-
ing blood. This study provides an additional tool for continuous
monitoring of patient responses to the abovementioned arsenal
of methods, by harnessing the facile application and digestion of
engineered diagnostic MNs for subsequent multiplexed analysis
of biomarkers via Simoa. Collecting biomarkers in a noninvasive
and painless manner from the skin interstitial fluid in the vicinity
of tumors may provide unique advantages, such as patient com-
pliance, longitudinal monitoring of tumors, and higher amount
of solutes sampled when compared to plasma collection. Ulti-
mately, MNs can also be used for drug delivery applications,1%440]
as well as for monitoring providing a theranostic platform.

Overall, our study demonstrates that melanoma immunother-
apy can be monitored using polymeric microneedles, revealing
the levels of relevant biomarkers that report on treatment out-
comes, and correlate with those measured in the tumor and in
plasma. Our results support the future use of this strategy for
monitoring melanoma immunotherapy.

4, Conclusions

This study describes a monitoring strategy employing polymeric
microneedles for skin interstitial fluid collection and single-
molecule arrays (Simoa) for ultrasensitive protein detection,
with potential to improve patient care. Our monitoring strat-
egy confirmed the ability of biocompatible microneedles to suc-
cessfully and noninvasively probe changes in biomarker pro-
files in ISF. These biomarkers correlate with those in plasma
and tumors following treatment with model immunotherapies,

www.afm-journal.de

thereby serving as a reliable monitoring tool that can assist
in providing personalized therapies with improved therapeutic
outcomes.

5. Experimental Section

All the reagents and solvents used in this manuscript were acquired
from Sigma-Aldrich unless stated otherwise. Sodium hyaluronate (60
kDa) was obtained from LifeCore Medical with a purity of at least 95%.
NHS terminated 8-arm PEG was purchased from Creative PEG Works.
Microneedle molds made from PDMS (11 X 11 needles with height 600
um, base width 300 um and tip to tip spacing of 600 um) were acquired
from Blueacre Technology. Annexin V-FITC Apoptosis Detection Kit was
obtained from Sigma-Aldrich. Fixable viability dye Near-IR was obtained
from Thermo Fisher Scientific (MA). Antibodies against calreticulin (CRT)
were obtained from Abcam (Cambridge, UK). High mobility group box-1
(HMGB1) ELISA kit was obtained from Chondrex (Washington, USA). ATP
Determination Kit was obtained from Thermo Fisher Scientific (MA). Argi-
nine peptide (H-Cys-Arg-Arg-Arg-NH2) was obtained from CPC Scientific
with a purity of more than 90%. TCDN-2 Mal was provided by Takeda Phar-
maceuticals. AlexaFluor 647 (AF647) was obtained from Thermo Fisher
Scientific.

Cell Lines: RAW Lucia ISG cells (InvivoGen) and murine B16-F10
and dsRed B16-F10 melanoma cells (ATCC) were maintained in Dul-
becco’s Modified Eagle Medium (DMEM) supplemented with 10% Fetal
Bovine Serum (FBS), 2 mm L-glutamine, 25 mm (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), and 100 ug mL~" penicillin, and
100 ug mL™" streptomycin. RAW cells were also cultured with 100 ug mL™!
Normocin and Zeocin 200 pg mL™! (InvivoGen). Cell lines were main-
tained in a humidified incubator at 37 °C and 5% CO,.

CDN NPs Fabrication: CDN NPs were fabricated following the proto-
col fully described in Dosta et al.[®] In brief, 25 pL of pBAE-CR3 polymer
(100 mg mL~"), 20 pL pBAE-TCDN-2 (4 mg mL™"), and 5 pL of pBAE-
AF647 (2 mg mL~") were mixed resulting in conjugated TCDN2 NPs (CDN
NPs). Polymer characterization was performed by dissolving in an appro-
priate deuterated solvent and analyzed by "H-NMR, recorded in a 400
MHz Varian (NMR Instruments, Clarendon Hills, IL) (Figures S1 and S2,
Supporting Information). Then, 450 uL of AcONa at 12.5 mm was added
to the polymer solution and mixed. Then, following 10 min incubation at
room temperature, the mixture was nanoprecipitated with 2 mL of Phos-
phate Buffered Saline (PBS). Finally, nanoparticle PEGylation was achieved
by adding 230 pL of NHS-PEG (2 kDa, Laysan Bio Inc.) (10 mg mL™") to the
nanoparticles and reacted overnight at room temperature. The final NPs
solution was purified and concentrated using centrifugal 10 kDa MWCO
filters and filtered through a sterile 0.22 pm membrane. The synthesized
particles were characterized using a Zetasizer Nano ZS (Malvern Instru-
ments, UK) which assessed size, and zeta potential. For stability, fresh
particles were fabricated and size and zeta potential were acquired daily
for 14 days at 4 °C.

In Vitro Evaluation of Interferon Regulatory Factor (IRF) Pathway: RAW
cells were seeded in 96-well plates at 1T x 10° cells per well and incu-
bated with the different concentrations ranging from 0 to 500 nm of free
CDN, CDN NPs, and CDN NPs previously heated up to 60 °C for 60 s.
IRF activity was examined post-treatment using the QUANTI-Luc reagent
(InvivoGen), which allows the quantification of IRF activation levels via its
reaction with IRF-induced Lucia luciferase secreted into the supernatant.
The experimental protocol followed the manufacturer’s instructions.

Figure 5. Immunotherapy treatment prior to ablation can sustain proinflammatory signals, as reflected by biomarker elevations in microneedles and
plasma, sensed via ultrasensitive Simoa. A) Treatment regimen comprising of B16F 10 pretreatment with CDN NPs for 48 h (pB16-F10; 500 nwm for the
first 24 h followed by 50 nm for the next 24 h, and five washes with fresh media to remove free CDN NPs) followed by heat treatment and coculture
with RAW cells. B) IRF activation of RAW cells cocultured with thermally treated B16F 10 cells which were pre-treated with CDN NPs before ablation. C)
Fluorescent images of thermally treated B16-F10 cells (60 °C for 60 s) (Texas Red) interacting with CDN NPs-transfected RAW cells (Cy5- CDN NPs,
Hoerst—RAW nuclei). D) In vivo treatment schedule comprising of treatments: untreated, CON NPs, FUS-mediated Ablation, and CDN NPs+ FUS
Ablation. E) Simoa measurements for MCP-1, IFN-g, KC, and IL-6, in plasma and collected MNs; Data are presented as mean + SEM.
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B16-F10 and RAW Cell Viability Following CDN NPs or Heat Treatment:
To test the toxicity of CDN NPs, RAW cells, 96-well plates were seeded at
1 x 10° RAW cells per well and incubated with different concentrations of
CDN NPs or free CDN ranging from 0 to 500 nm for 24 h. Then, cells were
exposed to MTS reagent (Promega) at a concentration of 10% v/v. Cells
were kept at 37 °C and absorbance was read at 490 nm. To test the effect
of thermal ablation on cancer cells, Eppendorf tubes containing B16-F10
cells at a concentration of 1.5 X 10° cells mL™" were exposed to 60 °C for
different durations ranging from 0 to 60 s. Heating was confirmed via tem-
perature registration using a thermosensitive probe (IKA Works) inserted
into the Eppendorf tube (Figure S3, Supporting Information). Cells were
exposed to heat by introducing the containers into a digital block heater
(VWR) tuned at 60 °C. Following the ablative treatment, cells were seeded
in 96 well plates at a concentration of 15 x 10® cells per well and were
maintained in a humidified incubator at 37 °C and 5% CO, for a period of
24 h. Then, cell viability was assessed using the same procedure described
above.

Coculture of RAWs or Primary Macrophages, and B16-F10 Cancer Cells:
Using the same heating protocol as described in the previous section,
B16-F10 cell aliquots of 0.375 mL containing 5 x 10° cells were either
nontreated or heated for 30 or 60 s. Following the heating treatment, the
aliquots were left at room temperature for ~5 min for temperature sta-
bilization. The 0.375 mL aliquots were then treated with either free CDN
or CDN NPs (1 x 10° cells mL™" and 5 nm of CDN). Then, the aliquots
were added to wells preseeded for 24 h with RAW cells (24-well plate, 1 x
105 RAW cells per well). The ratio of B16-F10:RAW cells was 1:1 and final
CDN concentration was 1 nm. The coculture plate was then incubated at
37 °C until the IRF activation reading of the supernatant at timepoints 24,
48, and 72 h. In some of the experiments studying the effect of CDN NPs
pretreatment on B16-F10 cells, B16-F10 cells were pretreated with CDN
NPs before the ablative treatment. In these experiments, during the first
24 h of CDN NPs treatment, a B16-F10 flask was treated with CDN NPs
at 500 nMm. Then, between 24 and 48 h the CDN NPs concentration was
reduced to 50 nm (1:10 dilution with fresh media) to account for the in
vivo scenario where the intratumoral concentration of drugs decays over
time.[®%] Finally, before starting the heating process for pretreated B16-F10
cells, five washes with fresh media were performed in order to remove non-
transfected CDN NPs. Additionally, the inhibitory effect of different ratios
of RAW: B16-F10 cells treated with CDN NPs was investigated. In these ex-
periments, a similar protocol as described above was adopted for reading
the IRF activation, comparing cultures of RAW cells alone to cocultures of
the two cell lines (1:5, 1:3, 1:2, and 1:1 ratios). For experiments involving
primary macrophages, the cells were collected as previously described,[°]
washed, and cocultured at a ratio of 1:1 with B16-F10 cells. Cells were then
stained, fixed, and analyzed by flow cytometry.

DAMP Expression Assays: For quantifying the secretion of HMGB-1
and ATP into the supernatant following heat treatment, containers with
1.15 x 10% B16-F10 cells mL~" were treated and cells were seeded in 6
well plates at a density of 3.5 x 10° cells per well and left 24 h at 37 °C.
Then, the supernatant was used for determining the ATP content released
into the supernatant using the ATP Determination Kit manufacturer’s in-
struction. The supernatants were stored in —80 °C until used for HMGB-1
quantification by ELISA, using the manufacturer’s instructions. To quan-
tify calreticulin expression by B16-F10 cells following heat treatment, cells
were treated at a concentration of 1.2 X 106 mL™" and seeded in 6-well
plates at a concentration of 6 x 10° cells per well. Cells were incubated
for 24 h at 37 °C. Next, cells were prepared for flow cytometric analysis of
calreticulin expression following the manufacturer protocol. In brief, live
cells were first collected by discarding the supernatant and trypsinization
of the adherent cells. Then, DMEM was added to the solution and cells
were washed twice with cell staining buffer and transferred to a 96 well
plate. Next, Fc blocking antibodies (CD16/CD32 TruStain X, Biolegend)
were added to the pellets and incubated for 5-10 min on ice. In the follow-
ing, cells were washed with cell staining buffer (Biolegend) and stained
by resuspending the pellets in a master mix solution containing anti-CRT
(AF647, Thermo Fisher) antibodies and aqua fixable viability dye (Thermo
Fisher). Cells were left in the dark, at 4 °C for 30 min. Then, cells were
washed with CSB twice and resuspended in fixation buffer (Biolegend) for
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10 min. Finally, cells were washed twice in CSB and stored in the dark at
4 °C, until flow cytometric analysis in the following day.

Apoptosis Assay: The state of cells was determined using an Annexin
V kit and fixable viability dye near-IR (Thermo Fisher, 720/780 nm). Briefly,
24 h postheat treatment, cells were detached from wells and washed cell
staining buffer twice. Next cells were washed and resuspended in 1 X
calcium-rich binding buffer and then 7 x 10° cells from each group were
stained with Annexin V. Cells were kept in room temperature for 15 min
in the dark. Cells were then washed 3x and fixated using 1% PFA diluted
in binding buffer for 15 min, then washed twice with binding buffer. Cells
were left in the dark overnight at 4 °C until flow cytometric analysis in
the next day. The stained cells were read using Fortessa HTS Il equip-
ment and data analyzed using FlowJo Software and quantified as percent-
age of living (AnnexV~/PI~), primary necrotic (AnnexV~/PI*), apoptotic
(AnnexV* /PI7), and secondary necrotic cells (AnnexV*/PI*).

Microneedle Synthesis: The same protocol for MNs synthesis de-
scribed previouslyl®®! was implemented. Briefly, chemically activated
60 kDa-sodium hyaluronate (1% w/v in MES buffer) with N-(3-
(dimethylamino) propyl)carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) (1:4:2 molar ratio) was added to a Cysteamine Dihydrochloride so-
lution at 1:10 molar ratio, and was left reacting at room temperature for
12 h. Next, purification of HA-SS-NH2 was performed using continuous
dialysis for 6 days at room temperature. Then, purified HA-SS-NH2 was
freeze dried, and stored at —20 °C until further use (Figure S4, Supporting
Information). Specially designed molds containing an 11 x 11 array of neg-
ative projections, of height of 600 um and a radius of 150 um were used for
microneed|e fabrication. The first step comprised of casting HA-SS-NH2
polymer 10% w/v in PB, pH of 7.4, on top of the molds and centrifuged at
4200 rpm for 5 min. Then, molds were freeze dried following polymer ex-
cess removal. Next, the same procedure was repeated but this time using
8-arm-PEG-NHS 10% w/v in phosphate buffer, pH = 7.4 applied on top
of the molds containing a dried layer of HA-SS-NHS. Then, a PLGA (Re-
somer RG 858 S, Sigma-Aldrich, USA) back layer at 15% w/v was prepared
by dissolving PLGA in acetonitrile and then added dropwise to the molds
until saturating the molds surface area. Microneedles were left at room
temperature for 24 h until removal from molds and subsequent storage
at room temperature until use.

Animal Experiments: Female, 6-8 weeks C57BL/6] mice were pur-
chased from the Jackson Laboratory (Bar Harbour, ME) and housed in
sterile conditions at the Brigham and Women'’s Hospital animal facility.
All animal work was approved by the Institutional Animal Care and Use
Committee of Brigham and Women’s Hospital.

Tumor Inoculation and Experimental Protocol: While anesthetized us-
ing 2-3% isofluorane, the right flank of mice was shaved using an ap-
proved depilatory cream. Next, 5 x 10° B16-F10 cells in a volume of 50
uL were injected intradermally. Animals were then monitored 3 x week
for the assessment of tumor growth via caliper measurement (calculated
tumor volume = width*length*height*P1/6). Tumor-bearing animals re-
ceived two treatments, on days 7 and 9 post-tumor inoculation. On day
7, animals were anesthetized with 2-3% isofluorane and received CDN
NPs intratumoral (1.T.) injections of 0.25 or 0.06 125 pg of CDN in a 25
L volume. On day 9, animals received an acoustic ablative treatment im-
mediately prior to the second I.T. injection of CDN NPs. Immediately after
treatment, all treated and control animals received an application of MN,
taped on top of the tumor region. The MNs were collected at different
timepoints postapplication and used for cytokine collection, as described
in the following.

Focused Ultrasound Ablation: The experimental setup used for heat
treatment employed a FUS comprising of a 1 MHz ultrasound probe (1
cm? area, Mettler Electronics) coupled with a specially dedicated acous-
tic lens (focal distance = 4 mm). The FUS transducer was attached to a
stereotaxic apparatus (Stoelting) platform to accurately treat distinct tu-
mor regions. The whole observable tumor was treated by performing a
raster scan in which every target received 30 s ablation and was distanced
2 mm apart from the next target in any x-y direction. Treatment was applied
using CW transmission at | = 5.1 W cm~2 and each tumor was treated ei-
ther with 3 targets (total duration of 1.5 min) or 16 ablation spots (total
duration of 8 min). For assessing the temperature elevation in the tumor, a
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thermosensitive probe (Stoelting) was used for measuring the tumor tem-
peratures during the acoustic treatment (max temperature achieved = 59
+1°0).

Microneedle, Plasma, and Tumor Processing: MNs patches collected
from animals were immediately incubated in containers with 200 pL 0.1%
w/v BSA, on ice. Then, the solutions were centrifuged at 10 000 rpm, 4 °C
for 10 min. The supernatant was collected and stored at —80 °C for sub-
sequent analysis using singular molecular assays (Simoa). Blood was col-
lected using heparinized tubes via cheek bleed procedure. The collected
blood was centrifuged at 10 000 rpm, 4 °C for 10 min and plasma was
stored at —80 °C until used for analysis by Simoa, or Legendplex (Biole-
gend), using the manufacturer’s protocol. Tumor tissues were collected
and processed using lysis buffer and 1% Halt protease and phosphatase
inhibitors (T-PER Reagent, Thermo Scientific, cat no. 75810, 78 442) fol-
lowed by filtration by centrifugation Corning Costar SpinX columns (10 000
rpm, 4 °C, 10 min) and supernatant freezing at —80 °C. The concentration
of protein within the supernatants was obtained using bicinchoninic acid
assay (Thermofisher Scientific, Waltham).

Protein Detection Using Simoa: Antimouse antibodies against MCP-
1 (DueSet DY479), KC (DueSet DY453), IL-6 (DueSet DY406), and IFN-
P (DueSet DY8234) were purchased from R&D systems. For each target,
100 pg of the capture antibody was coupled to 2.7 um carboxylated param-
agnetic beads (Quanterix) using EDC (1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride) chemistry (ThermoFisher Scientific) as pre-
viously described.[54] Detection antibodies were purchased with a biotin
modification. The Simoa assays were performed on the HD-X Analyzer
(Quanterix) in an automated two-step assay as previously described.[%’]
IFN-p and IL-6 were measured in singleplex assays using 125 000 antibody-
coated beads and 375 000 helper beads per reaction. MCP-1 and KC were
measured in a multiplex assay with 125 000 antibody-coated dye-encoded
beads for each marker per reaction and 250 000 helper beads per reac-
tion. Biotinylated detection antibodies for MCP-1 and KC were combined
and diluted into one solution in Homebrew Sample/Detector Diluent at a
final concentration of 1 ug mL™" each. Biotinylated detection antibodies
for IFN-$ and IL-6 were diluted in Homebrew Sample/Detector Diluent
1 ug mL~". Streptavidin-g-galactosidase (SG) Concentrate (Quanterix)
was diluted to 20 pm in SAG Diluent (Quanterix). All samples were mea-
sured in duplicate. Average Enzyme per Bead (AEB) values were calculated
by the HD-X software.

Simoa Assay Validation: Protein dropout experiments were performed
to assess the possibility of measuring multiple markers in a multiplexed
assay as previously described.[5¢] The multiplexed MCP-1 and KC had no
detectable false signals arising from cross-reactivity between the two tar-
gets (Figure S5, Supporting Information). The three Simoa assays in ISF
collected by MNs were validated. ISF samples with expected high protein
content were serially diluted in the sample diluent. The working dilution
factor was chosen to be in the middle of the linear range (5X dilution for IL6
assay and IFN-g assay, and 10X dilution for the multiplexed MCP-1 and KC
assay). Each assay was then validated using a spike-and-recovery measure-
ment: ISF samples were diluted to the working dilution factor chosen for
each assay. Two concentrations of each recombinant protein were spiked
into the diluted samples, and the recovery of each assay was calculated.
The recovery percentages for all assays were 75-120%.

Fluorescence Microscopy: ~ Fluorescence microscopy (Evos FL, Thermo
Fisher) was used to visually assess expression of different proteins fol-
lowing treatment. Depending on the fluorophore used, fixed cells were
exposed to different filters, such as brightfield, Texas Red (LED 720/30,
Excitation 708/75, Emission 809/81), DAPI filter (LED 720/30, Excitation
708/75, Emission 809/81), and Cy5 filter (LED 475/28, Excitation 485/26,
Emission 521/27). Tumor sectioning was performed by first fixating the
resected tumors with 4% PFA for 3 days and subsequent ethanol stor-
age. Then, coronal sections (5 um in thickness) were sliced using a Le-
ica CM 3050S-cryostat (Leica Microsystems Nussloch GmbH, Nussloch,
Germany) collected and dried on glass slides. Slide staining started by
deparaffinization and subjected to antigen retrieval using citrate buffer.
Slides were then incubated with anticalreticulin antibodies at a ratio of
1:100 for 1 h following the manufacturers protocol. Then, Hersh stain-
ing was performed for nuclei visualization (1:4000). Finally, slides were
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covered and immediately imaged using the lasers described above. The
imaging parameters were kept constant for different groups to allow for
qualitative comparison.

Statistical Analysis: All statistical analyses performed in this
manuscript were performed using Graph-Pad Prism 8 (GraphPad
Software) for Macintosh. For all in vitro experiments, a minimum of
three biological replicates were used per condition per experiment. While
pairwise comparisons were performed using Student t-tests, multiple
comparisons among groups were determined using nonparametric
one-way ANOVA (Kruskal-Wallis test). No specific pre-processing of data
was performed prior to statistical analyses. Statistical differences among
groups were considered significant if p-values were below 0.05. Illustra-
tions displayed in this manuscript were prepared using the Biorender
software.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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