SCIENCE ADVANCES | RESEARCH ARTICLE

HEALTH AND MEDICINE

Granzyme B nanoreporter for early monitoring of tumor

response to immunotherapy

Anh Nguyen', Anujan Ramesh?*, Sahana Kumar'*, Dipika Nandi?, Anthony Brouillard’,
Alexandria Wells?, Leonid Pobezinsky®*, Barbara Osborne®*, Ashish A. Kulkarni'*>**

Despite recent advancements in cancer immunotherapy, accurate monitoring of its efficacy is challenging due to
heterogeneous immune responses. Conventional imaging techniques lack the sensitivity and specificity for early
response assessment. In this study, we designed a granzyme B (GrB) nanoreporter (GNR) that can deliver an im-
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mune checkpoint inhibitor to the tumor and track time-sensitive GrB activity as a direct way to monitor initiation
of effective immune responses. Anti-programmed death-ligand 1 (PD-L1) antibody-conjugated GNRs inhibited
PD-1/PD-L1 interactions efficiently and induced T cell-mediated GrB release that can be imaged using activatable
imaging probe. GNRs enabled real-time immunotherapy response monitoring in a tumor-bearing mice model
and distinguished between highly responsive and poorly responsive tumors. Furthermore, increasing doses re-
sulted in a better response and enhanced sensitivity in poorly responsive tumors. These findings indicate that
GNR has the potential to serve as a tool for sensitive and noninvasive evaluation of immunotherapy efficacy.

INTRODUCTION

Recent understanding that tumors co-opt important immune check-
point pathways, and that blocking of these checkpoints using anti-
bodies unleashes potent antitumor immune response, has transformed
cancer immunotherapy (1). Immunologic checkpoint blockade therapy
using antibodies that target cytotoxic T lymphocyte (CTL)-associated
antigen 4 (CTLA-4) and the programmed cell death protein 1 path-
way (PD-1/PD-L1) has demonstrated promise in advanced-stage
cancers, leading to their approval in a variety of malignancies (2).
Despite these initial encouraging results, the response has been ob-
served in only a small subset of patients. For example, PD-1 blockade
by pembrolizumab induces a response in ~30% of melanoma, 19%
of non-small cell lung cancer (NSCLC), 20% of gastric and bladder
cancers, and 16% in triple-negative breast cancer (3). Similar lower
response rates were obtained with PD-L1 antibody treatments (3).
While combinations of these immune checkpoint inhibitors have
shown impressive improvement in efficacy, these approaches are
often associated with severe immune-related toxicities due to their
different mechanism of action, resulting in distinct toxicity patterns,
toxicity kinetics, and dose-toxicity relationships (4). These studies
suggest that the “one-size-fits-all” immunotherapy approach may
not succeed, and early classification of patient responders and non-
responders would be crucial to maximizing the benefits of the
cancer immunotherapy.

Standard imaging techniques, including magnetic resonance
imaging (MRI), fluorodeoxyglucose—positron emission tomography
(FDG-PET), and computed tomography (CT), immune response
assays, as well as prognostic and predictive biomarkers, have been
shown to be inadequate in accurately predicting and monitoring
the initial immune response to immunotherapy (5, 6). Immune
checkpoint inhibitor treatments, owing to their unique mechanism
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of action, are often associated with stromal alterations, resulting in
discordant metabolic flux and anatomical changes that result in
heterogeneous immune response patterns (7). For example, “pseudo-
progression” was observed in several patients where either initial
increase in tumor burden was later followed by tumor regression or
durable shrinkage of target lesion was observed while developing
new lesions at other sites (8). These response patterns are often mis-
classified as a progressive disease according to conventional mor-
phological imaging such as MRI. Also, recent studies have shown
that FDG-PET or CT is of limited use in this setting (9, 10). Further-
more, transient increase in '*F-FDG uptake during the immuno-
therapy treatments due to the infiltration of metabolically active
inflammatory cells often gives the impression of disease progres-
sion (9). In addition, recent studies have indicated that the onco-
gene activation status can regulate the internalization of '*F-FDG
(11). To address these challenges, several imaging techniques have
recently been reported that can monitor the infiltration of T cells in
the tumor using PET scans, which are “always-on” imaging systems
(12-14). PET probes have a very short half-life, which makes it
difficult to monitor the slower immune response and multiple
administrations of PET agents, and frequent imaging needs to be
performed. Also, while these techniques can monitor the T cell in-
filtration in tumors, they cannot discriminate between the cells that
have reacted to the tumor (inducing response), in contrast to those
that are not responding to the tumor due to immunosuppression
and T cell anergy/exhaustion.

The validation of biomarkers could help in predicting responders
early on. For example, patients with higher PD-L1 expression or
tumor-infiltrating lymphocyte quantity could respond well to
PD-L1 therapy, but these markers alone are not sufficient to predict
immune response (15, 16). A recent clinical study with PD-L1 anti-
body (MPDL3280A) suggests that robust responses were observed
in some patients with low expression levels of PD-L1 (17). Immuno-
histochemistry (IHC) assays for PD-L1 protein expression have
been developed for clinical use. Now, the Food and Drug Adminis-
tration has approved PD-L1 IHC as a companion diagnostic for
anti-PD-1 therapy for patients with NSCLC. Despite this, PD-L1
expression remains an imperfect predictor of Immune Checkpoint
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Inhibitor (ICI) response (16). Several assays for measuring immune
response (T cell or antibody response) have been developed, but
multiple challenges limit their effective use in clinics. For example,
in vitro T cell immune response assays are often nonreproducible,
which has serious implications for accurately correlating immu-
nological biomarker findings with clinical endpoints such as sur-
vival or response (18, 19). Another reason for the lack of correlation
between the immune parameters measured and objective clinical
response might be the complexity of the immune responses required
for a successful tumor eradication, which cannot be dissected through
the most frequently used T cell assays (20). Also, these assays are
mostly carried out on the peripheral blood samples, but recent data
suggest that response patterns in the tumors are markedly different
than systemic immune responses (21). However, the analysis of tumor
microenvironment is only restricted to accessible tumors.
Dynamic imaging of immune cell activity after immunotherapy
treatment, specifically cytotoxic T cell activity in the tumor micro-
environment, could enable direct monitoring of response to cancer
immunotherapy and could provide an early indication of the actual
response. Also, tracking the cellular level changes, instead of mor-
phological and anatomical changes, can be a more efficient way of
differentiating responders from nonresponders early on. Once acti-
vated, T cells bind to target cancer cells via T cell receptor (TCR)-
major histocompatibility class I (MHC I) and induce apoptosis in
the cancer cells by two basic mechanisms: the first one is elicited by
granule exocytosis [i.e., perforin and granule-associated enzymes
(granzymes)] and the second via the death ligand/death receptor
system [Fas Ligand or TNF-related apoptosis-inducing ligand (TRAIL)]
(22, 23). Granzyme B (GrB) is one of the most prominent serine
proteases involved in the cytotoxic effect of T cells, and monitoring
GrB activity will not only allow us to identify the cytotoxic T cells in
action but also enable us to quantitatively measure the kinetics of
the immune response. To achieve this, we designed a functional
activity-based GrB imaging probe where a peptide substrate was
conjugated with a fluorescent dye and a quencher pair. Such an
activatable imaging probe will allow us to selectively detect the en-
zyme functions with low false positives and high signal-to-noise
ratio as compared to the always-on probes. Furthermore, because
T cell-based immune response after immunotherapy treatment and
subsequent functional activity of GrB in cancer cells is a time-
sensitive process, it is important to deliver the immunotherapy drug
and GrB imaging probe to the same cells to efficiently capture the
activity. While several recent studies have shown that smart nano-
particle systems can be designed to simultaneously deliver a drug
and an imaging agent to the tumor cells (24, 25), to our knowl-
edge, there have been no studies on nanomaterials that can deliver
immunotherapy drug and self-monitor GrB activity in real time.
Here, we describe the development of GrB nanoreporter (GNR)
that consists of a stimuli-responsive polymer conjugated with an
immunotherapy drug and activatable GrB imaging probe (Fig. 1).
The GNRs were designed such that they can be used to monitor the
GrB activity both in vitro (with a fluorescent dye-quencher pair in
the visible range) and in vivo [with a fluorescent dye-quencher pair
in the near-infrared (NIR) range]. We demonstrated that GNRs
efficiently and selectively monitor GrB activity that correlates well
with the T cell activity against cancer cells in an in vitro coculture
system. The GNRs were able to distinguish between highly responsive
and poorly responsive tumors at lower doses. This correlated very
well with significantly higher GrB levels, caspase-3 levels, infiltra-
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tion of CD8" T cells, and a higher population of apoptotic cells in
the responsive tumors as compared to poorly responsive tumors. In
addition, we have shown that GNRs can be used to enhance the
imaging efficacy of immunotherapy in poorly responsive tumors
at higher doses and at a much earlier time point than the tumor
volume measurement without any toxicity. Together, these studies
suggest that GNR could emerge as a powerful platform for sensitive,
noninvasive, and direct imaging of immunotherapy response.

RESULTS

Rationalization and synthesis of GrB imaging probe

The principal mechanism of CTL-mediated tumor cell killing is the
delivery of cytotoxic proteins (granzyme and perforin) to the tumor
cell, thereby triggering the caspase-3-mediated apoptosis of the tu-
mor cell (22). GrB has been shown to be the most important serine
protease (proteins that cleave aspartate residues) required for CTL
activity in tumors. We rationalized that monitoring of GrB activity
in the tumors in real-time post-immunotherapy treatment could
enable direct visualization of immunotherapy response. In this
study, we have designed an activatable GrB imaging probe that can
track the GrB activity both in vitro and in vivo with higher sensitivity
and selectivity than conventional imaging tools and with the max-
imum signal-to-noise ratio.

The GrB imaging probe was designed using a short peptide that
contains a GrB-cleavable Gly-Lys-Ile-Glu-Pro-Asp-Ala-Pro-Cys
(GK-IEPD-APC) sequence. The IEPD short peptide sequence was
used because it is an established substrate for GrB enzyme (26, 27).
This cleavable peptide sequence was conjugated with a fluorescence
resonance energy transfer (FRET) pair of either visible-range or
NIR fluorophores and quenchers. The visible-spectrum FRET pair
consisted of 5-carboxyfluorescein (5-FAM) as a dye (donor) and
QSY-7 as a quencher (acceptor). Meanwhile, the NIR-FRET pair
included DyLight 755 as donor and DyLight 766Q as an acceptor.
We designed the GrB imaging probe with FRET pair in the visible
range to elucidate the kinetics of GrB activity in vitro and in the NIR
range to enable the noninvasive imaging of GrB activity in vivo.
Both visible and NIR pair-tagged enzyme-based cleavage of quenched
fluorescent-tagged peptide substrates have been used in tracking
different molecular activities of biological systems (28). However,
these activatable systems have not been used for tracking GrB activity
as a direct way to monitor immunotherapy efficacy to the best of
our knowledge. The conjugation of the FRET pair to the peptide
sequence was accomplished by carbodiimide formation on the
lysine and thiol-maleimide coupling on the cysteine. 5-FAM/QSY-7
was chosen as a visible-range FRET pair due to the common use of
488-nm fluorophores in in vitro studies (fig. S1, A and B). Mean-
while, DyLight 755/DyLight 766Q was used as a NIR FRET probe
for in vivo experiments to maximize fluorescence signal after acti-
vation of the probe when using a NIR small-animal imaging system
(fig. S1, C and D). Both visible and NIR FRET pairs have an excel-
lent spectral overlap of donor and acceptor so that the donor fluo-
rophore can transfer its excitation energy to the nearby acceptor in
a short distance of less than or equal to 10 nm. These donor-acceptor
pairs with excellent spectral overlap when spatially constrained after
conjugation to the peptide sequence resulted in maximum quench-
ing efficacies. We first studied the enzymatic susceptibility of the
GrB imaging probe by incubating with activated recombinant GrB
at 37°C and measured the fluorescence activation after the cleavage
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Fig. 1. Schematics showing the mechanism of real-time monitoring of CTL activity using GNRs. GNRs are conjugated with an immune checkpoint inhibitor (anti-PD-L1
antibody) and also carry an activatable imaging probe. The imaging probe consists of a GrB-responsive peptide sequence (GK-IEPD-APC-CONH,) and a dye-quencher
pair conjugated on either side of the GrB-cleavable peptide sequence (-IEPD-). When injected intravenously into the tumor-bearing mice, the GNRs accumulate into the
tumor, where the binding of an anti-PD-L1 antibody to PD-L1-overexpressing cancer cells results in their internalization. (A) In highly immunogenic tumors, this blockade
of the PD-L1/PD-1 axis results in cytotoxic T cell-mediated cancer cell killing by the release of GrB. The released GrB cleaves the IEPD sequence and activates the fluores-
cent signal. (B) In the case of poorly immunogenic tumors, partial response resulting from lower cytotoxic T cell activity and lower GrB release fails to activate the fluores-
cent signal, and the signal remains in the “off” condition. This GrB-mediated fluorescence activation allows direct visualization of the T cell activity in the tumor and can

be used to distinguish between immune-responsive and poorly responsive tumors.

of the quenched dye at different time points. As shown in fig. S1E, a
gradual increase in the fluorescence intensity was observed over time,
resulting in a fourfold increase in fluorescence intensity in 4 hours.
Similar results were obtained for the NIR-FRET pair-conjugated
GrB imaging probe, which demonstrates that the GrB imaging
probes can be used for a range of FRET pairs and can result in acti-
vation of the quenched dye after enzymatic cleavage (fig. S1F).

Fabrication and characterization of GNRs

We next synthesized a GNR using three building blocks: a polymer
backbone, a GrB imaging probe, and an immunotherapy drug.
Poly(isobutylene-alt-maleic anhydride) (PIMA) was used as a poly-
meric backbone to engineer the nanoreporter for several reasons.
PIMA is a low—-molecular weight polymer (6 kDa) with highly
reactive anhydride functional groups (~40) that could easily be con-
jugated to different agents without the use of harsh reaction condi-
tions. In a recent study, we have shown that a variety of drugs and
imaging probes can be efficiently conjugated to PIMA in an opti-
mized ratio to form self-assembled nanostructures (28, 29). These
nanostructures preferentially accumulated into tumors as compared
to other organs and exhibited enhanced anticancer efficacy that
could be imaged in real time using the imaging probe. It was further
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demonstrated that the deterministic delivery of drug and drug function-
activatable imaging agents using the single nanoparticle enables
sensitive imaging of the drug efficacy. We have designed the nano-
reporter system in such a way that the immunotherapy drug and
GrB imaging probe are delivered using the single nanoparticle to
the same cell to maximize the real-time imaging of time-sensitive
GrB enzyme activity. To conjugate the anti-PD-L1 antibody to the
nanoreporter surface that acts as an immunotherapy drug, we first
conjugated carboxy-PEG(8)-amine and GrB imaging probe to PIMA
polymer backbone at a molar ratio of 1:9:1 [PIMA:carboxy-PEG(8)-
amine:GrB imaging probe] to create a complete polymer construct
(fig. S2A). The molar ratio of different components in the polymer
construct was optimized to form nanoparticles by self-assembly in
aqueous conditions. This was followed by conjugation of the anti-
PD-L1 antibody to the polyethylene glycol (PEG)-carboxyl on the
nanoparticle surface via standard carbodiimide chemistry to form
the GNR:s (fig. S2B). To confirm the conjugation of carboxy-PEG(8)-
amine and imaging probe to PIMA polymer backbone, we performed
proton nuclear magnetic resonance and observed the structural
changes in the final construct (fig. S3A). The amount of dye peptide
presented in the nanoconstruct was examined using ultraviolet
(UV)-visible spectroscopy, and the percentage of imaging probe
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after purification was found to be 73.3 + 8.1% (fig. S3B). We next
performed the physiological characterization of the self-assembling
GNRs. Transmission electron microscopy (TEM) analysis shows
nanoreporters with spherical morphology and an average size of
207 + 34 nm (fig. S4A). Previous studies have shown that nano-
particles of size ~200 nm can accumulate in solid tumors while
escaping liver and spleen filtration (30). This advantage imparted
because of the enhanced permeability and retention (EPR) effect,
where 60- to 500-nm particles can penetrate and maintain at the
tumor site (31). EPR effect relies on the induced proangiogenic factors
and the impaired lymphatic drainage that enhances interstitial fluid
pressure to capture extravasated particles (32, 33). Next, we tested
the structural stability of GNRs over time by measuring the size and
zeta potential using a dynamic light scattering instrument. As
shown in fig. S4B, GNRs were shown to be structurally stable for
over 7 days during storage conditions at 4°C and in water as mea-
sured by changes in size and surface charge. Previous studies have
shown that proteins in the biological fluid can rapidly create an
adsorption layer of proteins around the surface of nanoparticles in
circulation (protein corona), causing the destabilization of nano-
particles (34). To evaluate the stability of GNRs in physiologically
relevant conditions, the GNRs were incubated in 10% human serum
in phosphate-buffered saline (PBS) at 37°C for over 48 hours, and
the change in size and zeta potential was monitored over time. We
observed no significant change in size and surface charge of GNRs
(fig. S4C). This result shows that GNRs are able to maintain the
colloidal stability in physiologically mimicking conditions, making
them a suitable nanoplatform to deliver immunotherapy drug to
the tumor and monitor treatment response. Also, it was found that
the zeta potential of GNRs increased with decreasing pH, which in-
dicates the effect of pH environment on the stability of GNRs
(fig. S4D). We also conjugated isotype control immunoglobulin G
(IgG) antibody on the nanoreporter surface to synthesize control
IgG-GNRs, and similar to aPDL1-GNRs, they maintained their
stability under the same physiological condition (fig. S5A). Further-
more, NIR-GrB imaging probe-conjugated GNRs exhibited similar
physicochemical properties (fig. S5B).

In vitro efficacy and monitoring studies of GNRs

To determine whether the GNRs themselves are toxic to cancer cells,
wild type-B16/F10 (WT-B16/F10; hereafter referred to as B16/F10)
melanoma cells were incubated with different concentrations of
GNRs for 48 hours. As shown in fig. S5C, B16/F10 melanoma cells
maintained their viability even at a higher concentration of GNRs.
Next, we tested whether the anti-PD-L1 antibody conjugation on
the GNRs surface retains its binding to PD-L1 on cancer cells and
results in its efficient uptake by the cells. First, B16/F10 cells were
treated with interferon-y (IFN-y) (20 ng/ml), which resulted in
overexpression of PD-L1 on the surface of B16/F10 as compared to
untreated cells (fig. S6). Recent studies have shown that IFN-y secreted
from CD8" T lymphocytes can up-regulate PD-L1 expression on
the surface of tumor cells by inducing Janus kinase (JAK)/signal
transducer and activator of transcription (STAT) signaling (35).
These IFN-y-treated and untreated B16/F10 melanoma cells were
then incubated with HiLyte 647-tagged GNRs (far-red dye-tagged
GNRs) for 6 hours at 37°C and 5% CO,; condition. As shown in
Fig. 2A, PD-L1-overexpressing B16/F10 cells internalized PD-L1
GNRs at a significantly higher concentration as compared with cells
that were not treated with IFN-y. We further examined different

Nguyen et al., Sci. Adv. 2020; 6 : eabc2777 2 October 2020

conditions that could affect the internalization of GNRs by cancer
cells including different dye tag, time of incubation, and concentra-
tion of GNRs. Figure S7A displayed temporal uptake of fluorescein
isothiocyanate (FITC)-tagged GNRs (green dye-tagged GNRs)
through the endolysosomal pathway. Different concentrations of
GNRs incubated with cancer cells also varied the number of inter-
nalized GNRs; however, there was no significant difference in up-
taking of GNRs between 5 and 10 pM (fig. S7, B and C). Together
with the fact that GNRs do not show toxicity to healthy cancer cells
at a high concentration of up to 100 uM, all in vitro experiments
were conducted with 5 uM GNRs.

We next evaluated the efficacy of GNRs to report on T cell activity
in an in vitro setting using WT B16/F10 tumor cells in comparison
with B16/F10-OVA. Here, transgenic tumor and T cells were used
to direct antigen-specific immune response. Specifically, we hypoth-
esized that upon recognizing specific antigenic peptide by transgenic
TCR, a greater T cell-mediated cytotoxicity would eventually augment
higher activation of GNRs. This would allow us to differentiate more
effectively the antigen-specific (responding) from non-antigen-
specific (nonresponding) cytotoxic effect in vitro and evaluate the
ability of GNRs to monitor the GrB activity. B16/F10-OVA cells are
transfected cells derived from B16/10 melanoma cells that express
chicken ovalbumin antigen (OVA). OVA peptide residues are pre-
sented on the surface of tumor cells in the context of H-2K® MHC
class I molecules. For the specific killing of B16/F10-OVA, we used
in vitro generated CTLs from OT-I CD8 T cells, where OT-I trans-
genic TCR recognizes the OV A;s7_364 peptide (SIINFEKL) via the
TCR-MHC I interaction. The ability to monitor immune response
in real time using GNRs was further evaluated with another set of
cells: B16/F10 cells that were loaded with gp33 peptide compared to
np396 as the control peptide. Similarly, transgenic P14 TCR on
cytotoxic T cells will specifically recognize the lymphocytic chorio-
meningitis virus (LCMV)-derived gp33-41 peptide presented in
the context of H-2D® molecules (36). All of the experiments with
P14 CTLs involved LCMV np396-404 as nonspecific control peptide
to compare with gp33-41. P14 CTLs were expected to induce a
higher level of apoptosis toward gp33-loaded tumor cells, resulting
in the greater fluorescent signal caused by activated GrB probe than
np396-loaded cells (36).

First, we examined the killing efficacy of antigen-specific CD8"
CTLs toward their targets. As shown in fig. S8, with an increasing
number of OT-I T cells in coculture with tumor cells, higher cyto-
toxic activity against B16/F10-OV A was observed using flow cytom-
etry analysis of propidium iodide (PI) uptake as an indication of cell
death. We also observed that when the same ratio of OT-I CTLs to
tumor cells was used, significantly lower cytotoxicity was exhibited
against B16/F10 (Fig. 2B and fig. S8). We further conducted studies
to investigate whether fluorescent activation of the GrB reporter
probe delivered by GNRs correlates with the apoptosis in cancer
cells (fig. S9A). We first tested the activation of GNRs with different
ratios of T cells to B16/F10-OVA by incubating GNRs with tumor
cells for 6 hours before differing numbers of OT-I CTLs cells were
added. We observed that a 20-fold higher fluorescence signal was
detected in the coculture of OT-I CTLs cells and B16/F10-OVA ata
ratio of 5:1 compared to 1:5, which correlated with an increase in cell
death (Fig. 2C). To explore the ability to monitor apoptosis caused
by GrB released from CD8 T cells in real time, we conducted a
time-dependent fluorescence assay when B16/F10-OVA cells were
incubated with OT-I CTLs over a period of 24 hours. Not only did
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Fig. 2. GNRs enable efficient and selective monitoring of T cell activity against cancer cells in an in vitro coculture system. (A) Representative confocal images
show internalization of HiLyte 647-tagged GNRs in B16/F10 cells after 6-hour incubation. Cell nuclei were labeled with DAPI (blue), and GNRs were tagged with HiLyte
647 dye (red). Scale bar, 100 um. Graph shows the quantification of GNR internalization in B16/F10 cells. (B) Representative flow cytometry plots show cytotoxic effect of
OT-I CD8" T cells when cocultured with B16/F10 and B16/F10-OVA with a 5:1 ratio of T cells to tumor cells for 24 hours. (C) Quantification of fluorescence signal of activat-
ed GNRs in coculture of different ratios of OT-I T cells to B16/F10-OVA tumor cells. (D) Time-dependent GNR activation when OT-I cells were incubated with either B16/
F10 or B16/F10-OVA. (E) Representative confocal images show activation of GNRs (green) when B16/F10-OVA cells were cultured with OT-I T cells (red) compared to
control B16/F10. Cell nuclei were stained with DAPI (blue). Scale bar, 50 um. (F) Quantification of fluorescence signal of activated GrB probe when OT-I T cells were incu-
bated with cancer cells at a 5:1 ratio. (G) Time-dependent measurement of GNR fluorescence intensity in coculture of gp33-coated B16/F10 or control np396-coated B16/
F10 cells with P14 T cells. Data in (A), (C), (F), and (G) represent means + SEM (n = 3; ns, no significance; *P < 0.05 and **P < 0.01) with Student’s t test statistical analysis. Data

in (D) are means = SEM (n = 3; ***P < 0.001 and ****P < 0.0001) using one-way ANOVA followed by Bonferroni post-test.

we observe that fluorescence signal caused by GNRs gradually in-
creased with time in coculture of OT-I CTLs and OV A-expressing
tumor cells, but we also showed that GNR activation in B16/F10
cells was significantly lower when there was no specific killing
(Fig. 2D). We further confirmed the monitoring efficacy of GNRs
by confocal microscopy imaging of coculture of either B16/F10-
OVA or B16/F10 cells with OT-I CTLs at a ratio of 5:1 of T cells to
targets after 16 to 18 hours, and quantification of the signal was
done to confirm the significant difference in fluorescence signal re-
ported by GNRs (Fig. 2, E and F).

Next, we wanted to confirm the monitoring capability of GNRs
for cell death caused by cytotoxic T cells using B16/F10 melanoma
cells loaded with gp33 and np396 peptides. As shown in fig. S9B,
similar cell death pattern was observed when an increasing number of
P14 CTLs to the cancer cells was used. However, we observed that
the cytotoxic effect of P14 T cells to gp33-loaded B16/F10 was not as
high as OT-I T cells to B16/F10-OVA. Despite the overall lower cell
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death percentage observed in this cytotoxicity assay, GNRs were able
to capture the difference in the GrB level released from P14 CTLs
to kill the gp33-loaded cells as compared to the control ones. As shown
in Fig. 2G and fig. S9C, fluorescence measurement and confocal im-
aging studies reveal that incubation of GNRs with cancer cells and T cell
coculture system results in the time-dependent activation of the GrB
fluorescent signal. These studies validate that GNRs could effectively
monitor the antigen-specific cytotoxic response of P14 CTLs.

GNRs not only enable early response monitoring but also
distinguish between poorly responsive and highly
responsive tumors at alower dose

To test whether GNRs can enable monitoring of anti-PD-L1 treat-
ment in real time, we performed efficacy studies in two different
tumor models: WT-B16/F10 melanoma (poorly responsive tumor)
and WT-MC38 colon adenocarcinoma tumor (highly responsive
tumor). In this set of animal study, we used WT murine C57BL/6
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tumor models rather than transgenic ones to maximize the correla-
tion between natural immunogenicity of the two tumor models and
the efficacy of therapy. Furthermore, we have chosen B16/F10
because it has been shown to exhibit poorer immunogenicity com-
pared to MC38 tumors in recent studies, resulting in a substandard
response to a PD-L1 checkpoint inhibitor (37, 38). On the basis of
these observations, we rationalized that the suboptimal dosage of the
anti-PD-L1 antibody delivered by GNRs would result in significant
cytotoxic T cell response in MC38 tumors as compared to B16/F10
tumors. This activation of the immune response, in turn, would
activate the GrB imaging probe in MC38 tumors at a significantly
higher degree than in B16/F10 tumors.

To validate this hypothesis, we designed an animal study where
C57BL/6 mice were subcutaneously inoculated with MC38 colon ad-
enocarcinoma cells to the right flank and B16/F10 melanoma cells
to the left flank of the same mouse. After tumors reached the size
of approximately 100 mm?, tumor-bearing mice were randomly
grouped into different GNR treatment groups. Treatment groups
included anti-PD-L1-coated GNRs (¢PDL1-GNRs), isotype control-
coated GNRs (IgG-GNRs), and vehicle. Each dose of GNRs was
normalized to deliver 100 ug per mouse equivalent of each anti-
body and 70 pg per mouse of NIR GrB reporter probe. We hypoth-
esized that the administration of suboptimal doses of 100 ug per
mouse would allow us to effectively distinguish the fluorescence
signal detected between highly responsive versus poorly responsive
tumors on the same animal much earlier than the observed tumor
volume changes. The schematic in Fig. 3A shows the design of the
study, where injections of treatments were performed on days 0, 2,
and 5. Live animal imaging was performed using the In vivo Imag-
ing System (IVIS) every 24 hours after the first injection on day 0. As
shown in Fig. 3 (B and C), NIR fluorescence signal due to activation
of the GrB imaging probe was detected in MC38 tumors as early as
24 hours after the first dose of cPDL1-GNRs, whereas B16/F10 tu-
mor did not show any detectable signal. The NIR signal was detected
as long as 7 days in the MC38 tumors after cPDL1-GNR treatment
and was significantly higher than the signal observed in B16/F10
tumors. Control IgG-GNR-treated tumors did not exhibit signifi-
cant activation of the fluorescence signal in both MC38 and B16/F10
tumors (Fig. 3, B and C). These studies demonstrate that the GNRs
not only monitor immunotherapy response in MC38 tumors in real
time but also enable distinction in treatment efficacy between B16/
F10 and MC38 tumors within the same mice with the systematic
injection of the treatment. This also validated the results obtained
by recent studies that showed that MC38 responded to anti-PD-
L1 treatment with a greater degree than B16/F10 tumors (38). Note
that these studies used tumor volume measurements or tumor im-
mune components analysis to assess the tumor response to immu-
notherapy. These methods require a longer time to analyze whether
the immunotherapy is working or not because it requires more
time to see significant changes in tumor growth inhibition. Also,
immune profiling in the tumor requires an invasive procedure to
isolate tumor samples or can only be done at the end of the study.
However, using GNRs allowed us to noninvasively monitor the re-
sponse early on as well as for the longer period of time, even before
significant tumor volume changes in MC38 and B16/F10 tumors
were evident (Fig. 3, D and E). In a recent study by Lin et al. (37),
it was observed that both MC38 and B16/F10 tumors did not show
any significant tumor growth inhibition in treatment groups until
around 7 days after the first injection of 100 pg of anti-PD-L1 anti-
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body per mouse. A significant difference in the survival rate was ob-
served between MC38 and B16/F10 tumor-bearing mice at the end of
day 20 after the first treatment, with MC38 tumor-bearing mice
showing better survival profile as compared to B16/F10 tumor-
bearing mice. The result was expected, as higher immunogenicity
of MC38 tumor allowed a more effective antitumor response. A sim-
ilar trend of tumor progression was obtained by Juneja et al. (38)
where B16/F10 melanoma tumor was used as a less sensitive model
to PD-1/PD-L1 blockade therapy as compared to MC38 colon ad-
enocarcinoma. As shown in Fig. 3F, no notable changes in mice
body weights were observed, validating that the GNRs did not ex-
hibit any toxicity. Also, terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick end labeling (TUNEL)
staining of liver tissues from different treatment groups showed no
significant levels of apoptotic cells in all the treatments (fig. S10, A
and B). In a separate experiment, mice were inoculated with MC38
and B16/F10 tumors on the right and left flanks, respectively, as
described previously. The tumors were allowed to reach ~1000 mm’
and then administered with a single dose of tPDL1-GNR. After
48 hours, the mice were sacrificed, and the harvested tumors were
imaged using an IVIS imaging system (Fig. 4A). The fluorescence
signal in MC38 was found to be ~2000% higher as compared with
B16/F10 tumor (Fig. 4B). This validates our previous studies where
MC38 showed higher activation of fluorescence signal than B16/
F10 tumors and the GNRs were able to differentiate between highly
responsive versus poorly responsive tumors.

We next evaluated the mechanism of GNR efficacy by perform-
ing quantitative analysis of infiltrated T lymphocytes in the tumor
microenvironment using flow cytometry. At the end of the study (as
described in Fig. 3), the mice were sacrificed, and the tumors were
harvested for further mechanistic analysis. As shown in Fig. 4 (Cand D),
tumor tissues excised from oPDL1-GNR-treated mice showed higher
infiltration of CD8" T cells in MC38 tumor as compared to other
groups, but unexpectedly, CD4" T cells did not show statistically
significant infiltration in different treatment groups. MC38 tumors
that were treated with vehicle or IgG-GNR control groups showed a
basal level of CD8" T cell infiltration, which was significantly higher
than B16/F10 tumors, which validates the fact that MC38 tumors
are immunologically active tumors as compared to B16/F10. Next,
we wanted to validate that the NIR probe activation in GNRs at the
tumor site was due to an increased level of GrB released from acti-
vated CD8" T cells infiltrated in the tumors. Excised tumors were
flash-frozen using optimal cutting temperature (OCT) bedding, and
tumor tissues were cross-sectioned for further immunofluorescence
staining of CD8" T cells and GrB. As shown in Fig. 4E, the aPDL1-
GNR treatment showed the highest infiltration of CD8" and the
highest release of GrB in MC38 tumor as compared with other
treatment groups and with B16/F10 tumor sections. Higher infiltra-
tion of CD8" T cells and a higher level of GrB release resulted in
significantly higher tumor cell death in MC38 tumors as observed
in TUNEL-stained cross sections as compared to B16/F10 tumors
(Fig. 4, F and G). Furthermore, comprehensive Western blot analysis
showed that aPDL1-GNR treatment resulted in the highest level of
GrB and cleaved caspase-3 at the tumor site for both MC38 and
B16/F10 compared to IgG-GNR or vehicle groups (Fig. 4, Hto]). In
addition, in MC38 tumors, both GrB and cleaved caspase-3 were
detected at a much greater extent than in B16/F10 tumors, validating
the fact that tPDL1-GNRs inhibit the PD-1-PD-L1 axis that results
in higher infiltration and activity of CD8" T cells.
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Fig. 3. GNRs enable real-time immunotherapy response monitoring and distinguish between poorly responsive and highly responsive tumors at a lower dose
in the C57BL/6 mice model. (A) Schematic represents GNR treatment schedule and animal imaging timeline. MC38 tumor (sensitive to anti—-PD-L1) and B16/F10 tumor
(poorly responsive to anti-PD-L1) were inoculated into the right and left flanks of the same mouse, respectively. After day 7, aPDL1-GNRs (dose equivalent of 5 mg/kg
antibody) were injected intravenously into animals, and live mice imaging was performed every 24 hours for 7 days. All the experiments were performed in comparison
with isotype control IgG-coated GNR-treated group. (B) Representative bright-field and fluorescence images of MC38 (dotted oval) and B16/F10 (solid oval) tumors in
mice from different GNR treatment groups, showing time-course fluorescence activation detected by in vivo imaging system (IVIS). (C) Quantification of tumor response
to different GNR treatments at different time points, as measured by changes in NIR fluorescence intensity in MC38 and B16/F10 tumors and normalized to the fluores-
cence signal in normal tissues. (D and E) Treatment efficacy on (D) MC38 and (E) B16/F10 as measured by changes in tumor volume. No statistically significant difference
was observed between different treatments in both tumors. (F) Changes in overall body weight as an assessment of toxicity of GNR treatments. Data in (C) to (F) are
means + SEM (n =3 to 4, for each treatment group). Statistical analysis in data (C to E) was determined using one-way ANOVA followed by Bonferroni post-test (*P < 0.05
and **P < 0.01).

Increasing GNRs dosage allows real-time monitoring of antibodies and 100 pg per mouse of NIR probe) every alternate

of immunotherapy treatment efficacy in poorly

responsive tumor

While using suboptimal therapeutic doses allowed us to differentiate
the immunotherapy response between highly immunogenic versus
poorly immunogenic tumors, we next wanted to check whether the
response in poorly immunogenic WT B16/F10 tumors could be en-
hanced by increasing the GNR dosage. To test this, B16/F10 mela-
noma tumor-bearing C57BL/6 mice were injected with either
oPDL1-GNRs or IgG-GNRs (equivalent dosage of 300 p1g per mouse
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day during the study course of 7 days (Fig. 5A). The first live animal
imaging was performed 12 hours after the first treatment and then
every day after that. With the administration of aPDL1-GNR at a
threefold higher dose, significant activation of fluorescence signal was
observed in the tumor site as early as 12 hours after the first injec-
tion, while there was minimal signal observed in IgG-GNR-injected
tumors (Fig. 5, B and C). The fluorescence signal was quantified at
all the acquired time points to show the difference in fluorescence
signal detected between the two treatment groups (Fig. 5D). The
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Fig. 4. Ex vivo mechanistic analysis of GNR efficacy in MC38 and B16/F10 tumors. (A) Representative NIR fluorescence image of excised MC38 and B16/F10 tumors
after a single dose of aPDL1-GNR treatment on day 14 after tumor inoculation; tumors were excised after 48 hours of the treatment. NIR fluorescence was detected and
measured using IVIS. (B) Quantification of fluorescent signal from (A) using PerkinElmer live imaging software. (C and D) Quantification of tumor-infiltrating lymphocytes
using CD3*/CD4* and CD3*/CD8" surface markers from single-cell suspension of excised tumors as quantified by flow cytometry. (E) Representative confocal images of
cross section of excised MC38 and B16/F10 tumors from different treatment groups. Tumor sections were stained for cytotoxic T cell marker CD8a (green) and GrB (red)
with DAPI nuclei counterstain (blue). Scale bar, 200 um. Graphs show quantification of GrB and CD8" levels in both tumors after different treatments. (F) Representative
confocal images of tumor sections obtained from oPDL1-GNR treatment that were stained for apoptotic cells using TUNEL staining (red) with DAPI nuclei counterstain
(blue). Scale bar, 100 um. (G) Total amount of apoptotic cells from (F). Total TUNEL" cells (red) were quantified per 100 cells (blue). (H to J) Western blot analysis shows
expression of GrB and cleaved caspase-3 in representative B16/F10 and MC38 tumors from different treatment groups. Data in (B) to (E), (G), (I), and (J) are means + SEM,
and statistical significance was analyzed using Student’s t test (n = 3; *P < 0.0 and **P < 0.01).

oPDLI1-GNR treatment resulted in a consistently higher activation
of the fluorescence signal, which was observed until the end of the
study period, whereas IgG-GNR treatment did not show any acti-
vation of the fluorescent probe. Also, the spike in the NIR signal
was observed in the tumors after each administration of aPDL1-
GNR, demonstrating the dose-dependent immunotherapy activ-
ity that can be captured using the GrB imaging probe in real time.
No significant change in the tumor volumes was observed be-
tween the aPDL1-GNR treatment group and control IgG-GNRs,
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validating the hypothesis that GNRs can enable sensitive immuno-
therapy response monitoring at much earlier time points than ac-
tual tumor volume changes (Fig. 5E). The animal body weights did
not show any notable changes, validating that the higher GNR dos-
age did not exhibit any toxicity to the mice (Fig. 5F). Minimal off-
site toxicity of GNRs was further confirmed, as higher doses of
GNRs did not exhibit any liver toxicity as shown by TUNEL stain-
ing of liver tissues from tumor-bearing mice after different treatments
(fig. S10, C and D).
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Fig. 5. GNRs monitor immunotherapy response in poorly responsive B16/F10 tumor model at higher dose. (A) Schematic shows GNR treatment and imaging
schedule. When tumors reached ~500 mm?, different GNR treatments (aPDL1-GNRs and IgG-GNRs at a dose equivalent of total 15 mg/kg of antibodies) were systemati-
cally injected through the tail vein of the mice every alternate day with a total of four doses. Live imaging was performed every 24 hours. (B and C) Representative fluo-
rescence images of tumors from both treatment groups at different time points using IVIS. (D) Quantification of time-dependent tumor response in two treatment groups,
as measured by changes in NIR signal in tumors and normalized to normal tissues. (E) Efficacy of different GNR treatments on B16/F10 tumors as measured by changes in
tumor volumes. (F) Different treatments were not toxic to the mice as measured by the change in overall body weight during the course of study. Data in (D) and (E) are
means + SEM, and statistical significance at each respective time point was analyzed using Student’s t test (n = 3; *P < 0.05).

To evaluate the efficacy of GNR treatment to poorly responsive
B16/F10 tumor after increasing the dosage of oPDL1-GNR, mecha-
nistic evaluation of the immune status of the tumors was performed.
Consistent with previous studies, immunofluorescence staining of
tumor cross sections showed higher infiltration of CD8" T cells in
the mice treated with aPDL1-GNRs, resulting in a higher level of
GrB at the tumor site as compared to IgG-GNR treatment group
(Fig. 6A). This result is consistent with the number of apoptotic
cells detected as TUNEL" signal. As shown in Fig. 6 (B and C),
oPDL1-GNR treatment induced a notably greater number of apop-
totic cells compared to its control treatment. Flow cytometry data
also revealed that aPDL1-GNR treatment resulted in significantly
higher infiltration of CD4" and CD8" T cells (Fig. 6, D and E). Re-
cent studies have highlighted the fact that natural killer (NK) cells in
addition to T cells mediate the immunotherapy effect after PD-1/
PD-L1 blockade in some cancers with low MHC expression. As NK
cells use similar killing pathway by releasing their cytotoxic granule
GrB, we further investigated whether oPD-L1 was specific to en-
hance immune response caused by infiltrated T lymphocytes. How-
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ever, no significant difference was observed in the number of NK
cells infiltrated into B16/F10 tumors between the two treatment
groups (Fig. 6F). We further confirmed the immunotherapy efficacy
of GNRs in B16/F10 tumor cells by Western blotting, which revealed
an increased level of both GrB and cleaved caspase-3 when mice
were treated with aPDL1-GNR instead of the control GNR group
(Fig. 6, G to I).

DISCUSSION

Immunotherapy has evolved as a crucial pillar of cancer treatment,
and immune checkpoint inhibitors targeting CTLA-4 and PD-1/
PD-L1 have produced impressive results in many hard-to-treat
cancers (I). However, the response remains heterogeneous among
patients from different tumor types, with an overall survival benefit
occurring in a small number of patients, while inflammatory and other
immune-mediated adverse effects resulting from immunotherapy
complicate the outcome (39). This calls for the identification of
robust predictors of response and development of imaging modalities
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Fig. 6. Mechanistic evaluation of GNR treatment efficacy at higher doses in the B16/F10 tumor model. (A) Representative confocal images showing cross sections
of excised B16/F10 tumors from aPDL1-GNR and IgG-GNR treatment groups (from the study described in Fig. 5). Tumor sections were stained for CD8a (green) to show
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for early diagnosis of the treatment effectiveness. Such a tool will ~ PET), which are used to monitor therapeutic status, cannot differ-

help clinicians to ramp up treatments for those patients who are
responding and switch quickly to alternative treatments for patients
who are not responding, thus avoiding overtreatment and unnecessary
toxicity. Recent studies demonstrated that while infiltration of
immune cells correlates with immune response, there are no con-
sistent associations between tumor mutational burden, gene muta-
tions, and gene expression patterns with clinical outcomes, making
biomarkers for certain cancer types still elusive for immunotherapy
(40). Also, conventional clinical imaging methods (MRI, CT, BE_FDG
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entiate tumor progression from the pseudoprogression that is com-
monly caused by infiltrated immune cells (5, 6). We have recently
demonstrated that '*F-FDG PET/CT imaging was not sensitive to
monitor the immunotherapy response in a melanoma mouse model
(28). In recent studies, a combination of immuno-PET on different
biomarkers, CD8" and CD11b", was used to track the status of both
infiltrated myeloid cells and lymphocytes to better understand their
roles in immunotherapy treatment (12-14, 41). Ou et al. (42) de-
signed immunoactive gold nanostars that were able to detect
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PD-L1"and CD8" signals concurrentlﬁy in the tumor microenviron-
ment using both Raman reporter and **Cu radiolabel for PET imag-
ing. While these studies show that correlation of T cell infiltration
with therapeutic efficacy may be beneficial in some tumor types,
they do not factor in phenomena such as T cell exhaustion, anergy,
or the role played by the immunosuppressive tumor microenviron-
ment in repressing T cell activities. Hence, diagnostic approaches
that focus on measuring intratumoral T cell activity are required
rather than quantifying total immune cell infiltrates that may or
may not induce response against tumor cells.

Theranostic systems have been explored as a two-in-one platform
for the targeted delivery of both the therapeutic drug and an imag-
ing agent that can simultaneously treat and monitor the status of
the nanomaterial delivery in the tumor (43, 44). Previous studies
have demonstrated the utility of these theranostic systems in
“image-guided therapy” applications including monitoring pharma-
cokinetics, target site accumulation, drug release profiles at the tar-
get site, and off-target accumulation of the nanomaterials (43, 44).
However, the always-on aspects of the imaging modalities used in
these systems, including PET tracers, MRI agents, and fluorescence
dyes, meant that these systems would show signals independent of
the drug activity and could not discriminate between drug-responsive
versus nonresponsive tumors. Also, while these systems have been
explored in delivery and tracking of nanomaterials carrying chemo-
therapy agents, their use in monitoring immunotherapy response is
limited because of delayed and heterogenous response kinetics ob-
served in immunotherapy. Thus, the idea of tracking cellular and
molecular level changes after immunotherapy has motivated us to
design activatable imaging probes as an effective way to track the
immune response.

In this study, we have designed a GNR that can concurrently
deliver immunotherapy agents and track the T cell-mediated GrB
activity in real time. We rationalized that the real-time monitoring
of GrB in the tumor as a marker of T cell activity could enable a
more comprehensive examination of tumoral response. Recent
studies have shown that GrB expression can be quantitatively cor-
related to immunotherapy responses and can be used as a biomarker
for assessment of therapeutic efficacy (45). To accomplish this, we
engineered a GNR that contained three components: PIMA polymer
as a backbone, anti-PD-L1 immune checkpoint antibodies conju-
gated to PEG linkers, and a NIR FRET pair conjugated on either
side of GrB peptide substrate (-IEPD-). In this study, while we have
used PIMA polymer as a backbone to conjugate GrB imaging probe
and anti-PD-L1 antibody to synthesize GNRs, extensive toxicity
evaluation is warranted to evaluate the potential of this polymer for
clinical translation. We have used the peptide sequence (-IEPD-) as
a part of a GrB-responsive linker because it has been shown to be
selective for this enzyme (26, 27). The optimized molar ratios of each
component were used to form a polymer construct. Because of the
amphiphilic nature of the polymer construct, it can self-assemble
into GNRs, capturing the FRET GrB probe in the core shell while
carrying the anti-PD-L1 antibodies on the surface for easier access
and binding to PD-L1 ligand-expressing cancer cells. While in this
study we have successfully conjugated full-length antibody to GNR
surface using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/
N-hydroxysuccinimide (NHS) conjugation chemistry, there is a
possibility that EDC-NHS coupling may mask the antigen-binding
regions of PD-L1 antibody, or the cross-linking of the antibodies
due to excess reagents may cause detrimental effects on the binding
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efficacy and tumor accumulation, as well as penetration and overall
pharmacokinetic profiles. Alternatively, the thiol-maleimide coupling
can be used. In this report, we validated that activatable GrB imaging
is used as a reliable way for early detection of immune checkpoint
inhibitors and can be used for longitudinal imaging of the immuno-
therapy response. Using a tumor model where MC38 colon adeno-
carcinoma and B16/F10 melanoma tumors were inoculated onto
each of its flanks, the GNRs were able to distinguish between the
responding and nonresponding tumors. We have used MC38 be-
cause it has been demonstrated in recent studies that MC38 tumors
respond to immunotherapy treatments with much higher efficiency
leading to higher infiltration of T cells and GrB levels in the tumor
as compared to B16/F10 tumors (37, 38). This imaging outcome is
highly correlated to the quantitative GrB level secreted in tumor
tissue, T cell infiltration, and tumor cell death, justifying the ability
to determine responders to the treatment by GNRs with exceptional
accuracy when no significant divergence in tumor volume could be
observed. Moreover, delivering PD-L1 inhibitors and GrB-activatable
probe by a single nanocarrier allows capturing the peak of activated
fluorescence by synchronizing the spatial and temporal distribution
of both therapeutic and reporting elements.

In conclusion, we demonstrated that targeted delivery of immuno-
therapeutic agent and activatable GrB imaging probe using a nano-
reporter can significantly assist in the early determination of effective
and ineffective immunotherapy treatments. With the promising
results of integrating the GrB biomarker into immunoimaging, this
self-reporting platform provides a foundation for translational
imaging for anticancer therapy efficacy. Early assessment of cellular
activities is therefore a potential application for nuclear imaging to
avoid unexpected side effects of ineffective treatment. Furthermore,
the reliable correlation between signal quantification from imaging
and level of GrB expression allows adjustment of therapy, for example,
from single anti-PD-L1 or anti-PD-1 treatment to a combination
of anti-PD-L1/PD-1 and anti-CTLA-4. This self-activating imaging
platform provides a much earlier and more comprehensive view of
the overall immune response after immunotherapy treatments than
measurements that depend on changes in anatomical configura-
tions of tumor volume. In addition, the nanoreporter system could
also be used as a tool for early monitoring of treatment efficacy
in the development of new immunotherapy treatments in future
clinical trials.

MATERIALS AND METHODS

Materials

Murine models

All animal experiments were conducted following institutional and
national guidelines with established ethics, and all the procedures were
approved by the University of Massachusetts Amherst Institutional
Use and Care of Animals Committee. C57BL/6 (WT; 4 to 6 weeks)
animals were obtained from the Charles River Laboratories to conduct
in vivo experiments. Transgenic C57BL/6-Tg(TcraTcrb)1100Mjb/]
(stock no. 003831) animals were obtained from The Jackson Labo-
ratory to generate OT-I T cells. B6 Tg(TcrLCMV)327Sdz/JDvs/]
P14" mice were crossed with WT C57BL/6] mice on a Rag2™'~ back-
ground (The Jackson Laboratory) to generate WT P14" mice. WT
P14" mice were used to generate P14 T cells. B16/F10 (CRL-6475)
melanoma cells were purchased from the American Type Culture
Collection. Transduced B16/F10-OVA cells were provided by R. Kamm
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(Massachusetts Institute of Technology). MC38 colon adenocarcinoma
cells were a gift from B. A. Osborne (Department of Veterinary and
Animal Sciences at the University of Massachusetts Amherst). B16/
F10 and B16/F10-OVA cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) and 1% penicillin-streptomycin
(Invitrogen) at 37°C and 15% CO, humidified incubator. MC38 colon
adenocarcinoma cells were cultured in RPMI 1640 (Gibco) supple-
mented with 10% FBS, 1% penicillin-streptomycin, 2 mM L-glutamine,
1 mM sodium pyruvate, 0.05 mM 2-mercaptoethanol, and 25 mM
Hepes at 37°C humidified incubator maintained at 5% CO,.
Reagents

Chemical reagents and solvents used in this study were of analyt-
ical grade, and there was no further purification before usage.
Dichloromethane (DCM), dimethylformamide (DMF), trifluoro-
acetic acid (TFA), 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU), EDC,
N-hydroxysulfosuccinimide (Sulfo-NHS), and PIMA were purchased
from Sigma-Aldrich. Carboxy-PEGs-amine was purchased from
Thermo Fisher Scientific. 5-FAM and QSY-7 C5-maleimide were
purchased from Invitrogen. DyLight 777 maleimide and DyLight
766 NHS ester quencher were purchased from Pierce (Thermo
Fisher Scientific). HiLyte 647 amine was purchased from AnaSpec.
Deoxyribonuclease I (DNase I) was purchased from Roche. Colla-
genase type I was purchased from Gibco (Life Technologies).
CellTiter 96 AQueous one-solution cell proliferation assay (MTS)
was purchased from Promega. Sephadex G-25 was purchased from
Sigma Aldrich. 4',6-Diamidino-2-phenylindole (DAPI) dilactate was
purchased from BioLegend. Dialysis tubing was purchased from
Spectrum Laboratories. Dynabeads human/mouse T-activator CD3/
CD28 was purchased from Thermo Fisher Scientific. The EasySep
Human/Mouse T Cell Isolation Kit was purchased from STEMCELL
Technologies. IFN-y and recombinant interleukin-2 (IL-2) carrier-
free were purchased from BioLegend. Recombinant mouse GrB
enzyme was purchased from BioLegend. All purified and colored
antibodies used for in vitro and ex vivo assays were purchased from
BioLegend. All isotype controls were used as stated from the manu-
facturer’s instruction. Anti-mouse PD-L1 and rat IgG2b isotype
control used from in vivo study were purchased from Bio X Cell.
Alexa Fluor 647 goat anti-rat IgG (H+L) was purchased from Invitrogen
(Thermo Fisher Scientific). Anti-rabbit goat monoclonal antibody
(mAD) Alexa Fluor 594 antibody was purchased from Molecular
Probes (Life Technologies). Rabbit anti-mouse GrB, rabbit mAb
cleaved caspase-3 antibody, and B-actin antibody were purchased
from Cell Signaling Technology. The APC Annexin V Apoptosis
Detection Kit with PI was purchased from BioLegend. DMEM and
RPMI 1640 (+ L-glutamine) were purchased from Gibco. Reporter
elements were characterized using high-performance liquid chroma-
tography (HPLC) with a Gilson GX-271 preparative system and a
Bruker ultrafleXtreme matrix-assisted laser desorption/ionization-
time-of-flight (MALDI-TOF)/TOF instrument. Nanoparticle hydro-
dynamic size and zeta potential were measured by dynamic light
scattering using Malvern Zetasizer Nano ZSP. Nanoparticle size
and morphology were imaged using TEM FEI Tecnai T-12 TEM
(Philips). The fluorescence spectrum was measured using a BioTek
plate reader. Flow cytometry was conducted using ACEA NovoFlow
flow cytometry, and flow data analysis was done using NovoExpress
software. Confocal fluorescence images were performed using the
Nikon A1 Resonant Scanning Confocal with TIFF Module and Zeiss
Spinning Disc Cell Observer SD (Zeiss).
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Methods

Reporter element (peptide-FRET) synthesis

GKIEPDAPC-Resin was made following standard Fmoc solid-phase
peptide synthesis on a 0.1-mmol scale. Rink amide resin was used as
a solid backbone that was first attached to cysteine amino acid. All
Fmoc L-amino acids were conjugated to each other following the
GKIEPDAPC sequence using N,N’-diisopropylcarbodiimide (DIC)
and 1-hydroxy-7-azabenzotriazole (HOAt) coupling agents. Dde
protection group on lysine was deprotected using 2% hydrazine in
DMEF for 10 min. The supernatant was removed, and the removal of
Dde was analyzed by UV-visible (UV-vis) spectroscopy. The Dde
deprotection step was repeated several times until no more spectrum
of Dde was detected by UV-vis spectroscopy. To the IEPD sequence
with a free amine group on the lysine, five molar excess of 5-FAM
fluorescein dye was used to conjugate to the lysine group through
amide bonding. The resin-IEPD sequence with 5-FAM was then cleaved
from the solid resin with cleavage cocktail [82.5% trifluoroacetic acid,
5% triisopropylsilane (TIS), 5% deionized water, 5% thioanisole,
and 2.5% 3,6-dioxa-1,8-octanedithiol (DODT)], and the peptide
was collected by precipitation in ice-cold diethyl ether. The precip-
itated product was collected by centrifuging at 4000 rpm, and the
cold ether was decanted. This step was repeated five more times to
completely remove the cleavage mixture from the peptide. The pel-
let was then dried and lyophilized to form a GK(5-FAM)IEPDAPC-
CONH, with C-terminal amidation and free thiol group on cysteine
amino acid. Quencher QSY-7-C5-maleimide was then conjugated
to the peptide through a thiol-maleimide reaction in 1 ml of DMF
at ambient temperature overnight. The product was then purified
using HPLC and lyophilized to obtain a dried pure quenched
peptide. The final product was checked for molecular weight
using MALDI-TOF mass spectrometry performed on a Bruker
ultrafleXtreme MALDI-TOF/TOF instrument. The obtained prod-
uct was a GrB-cleavable probe with a FRET pair of 5-FAM/QSY-7,
where 5-FAM is the donor and QSY-7 is the acceptor, or DyLight
755/DyLight 766, where DyLight 755 is the donor and DyLight
766 is the acceptor.

Activation of GrB reporter probe using GrB enzyme
Recombinant mouse GrB (100 pg/ml) was activated by incubating
with active mouse cathepsin C (100 ug/ml) in activation buffer (50 mM
MES and 50 mM NaCl; pH 5.5) for 4 hours at 37°C. Activated re-
combinant mouse GrB was then diluted to 0.5 ng/ul in 200 uM
5,5’-dithiobis-(2-nitrobenzoic acid) (Ellman’s Reagent) in assay
buffer. Following this, 50 pl of activated GrB enzyme was added to
50 ul of 5-FAM reporter element (50 uM) and allowed to incubate
over the course of 4 hours at 37°C in a 96-well plate. Fluorescence
intensity was quantified over time, and measurements were recorded
every 30 min using a BioTek plate reader at a 5-FAM excitation/
emission of 488/520 nm.

GNRs synthesis and characterization

PIMA, 5-FAM or DyLight 755 FRET IEPD sequence, and carboxy-PEGs-
amine with a ratio of 1:9:1 were dissolved in DMF and added together.
DBU was added as an organic base to catalyze the reaction. The
mixture was stirred at room temperature for 48 hours. After 48 hours
of reaction, the resulting sample was dialyzed with a regenerated
cellulose dialysis tube with a 1-kDa molecular cutoft size. The mix-
ture was then lyophilized to get a prenanoparticle product. The
complete construct of polymer backbone (PIMA) with reporter ele-
ment and PEGg-carboxyl was then resuspended in Milli-Q water
or PBS, and the mixture was sonicated for 10 min to acquire the
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reporter nanoparticles by self-assembly. Anti-PD-L1 or IgG isotype
control with free amine group was added to conjugate to PEGg-
carboxyl using 1.5 molar excess of EDC and Sulfo-NHS as coupling
agents. The mixture was then gently rocked at 4°C overnight. The
resulting nanoparticles were dialyzed or ran through the size-exclusion
Sephadex G-25 column. Size and zeta potential were measured by
dynamic light scattering using Malvern Zetasizer ZSP. Hydrodynamic
change in mean size and colloidal surface charge overtime at 4°C
storage conditions were reported as an indication for the physical
stability of the nanoparticles. TEM was conducted to measure the
morphology of the nanoparticles using FEI Tecnai-T12 (Philips) at
cryo. Zeta potential of polymeric nanoparticles incubated at different
pH conditions (3.5 and 5.5) was measured using Malvern Zetasizer.
Transmission electron microscopy of GNRs

GNRs were diluted in Milli-Q water and then applied to 400-mesh
copper grids. Briefly, 15 ul of the diluted nanoparticle suspension
was placed onto the copper grids and allowed to incubate for
30 min. Grids were then wicked with filter paper and allowed to dry
for 48 hours. Electron microscopy was performed using a Phillips
FEI Tecnai-T12 TEM operating at 120 keV using a TVIPS TemCam-F216
2k by 2k CCD camera system.

In vitro toxicity analysis of polymeric nanopatrticles

Blank polymeric nanoparticles (no attached reporter element) were
synthesized following the previously described procedure. In short,
PIMA and carboxy-PEGg-amine were added to each other for a re-
action in 1 ml of DMF over 48 hours at room temperature. Follow-
ing this, dialysis was done overnight and lyophilized to obtain a clear
thin film. PBS was added to resuspend polymeric film to form
nanoparticles at 100 pM concentration (PIMA equivalent) initially
with anti-PD-L1 antibody coating. Serial dilution was done to pre-
pare different concentrations of nanoparticles (0.1, 1, 10, and 100 uM);
the concentrations correspond to particle abundance. To obtain the
desired concentration of particle sample, the M;V; = M,V, equation
was used, where M; is the final concentration for the assay, V] is the
volume of the culture size, M, is the concentration of stock particles,
and V; is the volume of stock particle suspension. M; and V; were
first determined for each assay to calculate the stock nanomaterial
concentration M, with V; = 0.05 V; to maintain the living condi-
tions of cells. From M, and V>, the amount of crude nanomaterial
was calculated to resuspend with PBS to obtain V,. B16/F10 melanoma
cells were seeded (10 x 10°) in a tissue culture 96-well plate and
allowed to adhere. Following this, the cells were incubated with
nanoparticles over 48 hours at 37°C after 24 hours of being treated
with IFN-y (20 ng/ml). Cells were then washed twice with PBS to
remove the media and nanoparticles that were not uptaken by the
cells. Cell viability was then measured using an MTS assay kit based
on the generation of formazan dye. Formazan dye was quantified
using a BioTek plate reader with absorbance measurement at 490 nm.
Internalization study of fluorescent-tagged nanoparticles
B16/F10 melanoma cells (2.0 x 10%) were seeded onto an eight-chamber
slide system and allowed to adhere. Cells were treated with IFN-y
(20 ng/ml) for 24 hours to up-regulate PD-L1 on the surface of the
cells. Cells were washed with 1x PBS and incubated with HiLyte 647-
or 5-FAM-tagged PIMA nanoparticles for 1 to 6 hours in a 5% CO,
atmosphere at 37°C. Cells were fixed using 4% paraformaldehyde
and stained for DAPI. Stained cells were mounted using ProLong
Glass Antifade Mountant (Invitrogen). Cell slides were imaged
using a Nikon A1 resonant confocal microscope. Image analysis
was done using NIS Elements 4.6 software.
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Isolation of T lymphocytes from mouse spleen and activation
of cytotoxic T cells

Spleen was harvested from C57BL/6 mice and disrupted in PBS
containing 2% FBS. Single cells were collected and ready for CD8"
isolation. CD8" was separated following the STEMCELL EasySep
Mouse CD8" T Cell Isolation Kit instruction of either negative or
positive selection. Naive CD8" mouse T cells were then stimulated
to become effector T cells using Dynabeads Mouse T-Activator
CD3/CD28 and expanded with mouse IL-2 cytokines (30 U/ml).
CD8" T cells were cultured in Gibco RPMI 1640 supplemented with
10% FBS, penicillin (100 U)-streptomycin (100 ug) (Invitrogen),
10 mM Hepes, 1 mM sodium pyruvate, 2 mM L-glutamine, 1% non-
essential amino acids, 0.05 mM 2-mercaptoethanol, and mouse IL-2
(30 U/ml).

Lymph nodes were harvested from WT P14" mice and gently
disrupted to obtain lymphocytes. CD8 T lymphocytes were enriched
using antibody-mediated depletion of B cells with anti-mouse IgG
magnetic beads (BioMag, Qiagen). CD8 T cells were then stimulated
using plate-bound anti-CD28 mAbs (5 pg/ml) and anti-TCRB mAbs
(10 pg/ml). T cells were cultured and differentiated for 5 days in
RPMI 1640 (Gibco) supplemented with 10% FBS, 1% penicillin-
streptomycin, 10 mM Hepes, 1 mM sodium pyruvate, 2 mM L-
glutamine, 1% nonessential amino acids, 0.05 mM 2-mercaptoethanol,
and human IL-2 (100 U/ml).

In vitro cell death assay

B16/F10-OVA and B16/F10 were labeled with CellTrace Far Red
(CTFR) following the manufacturer’s protocol. Labeled cells (2.0 x
10*) were added per well in an ultralow attachment round-bottom
96-well plate and cocultured with a different number of activated
T cells for 24 hours. Cells in each well were obtained and stained with
PI (10 pl/0.5 ml per test) for 15 min at 4°C. Cell death was analyzed
using flow cytometry with phycoerythrin (PE)/Texas Red at
Ex = 488 nm (PI staining) and allophycocyanin (APC) at Ex = 650 nm
(CTFR). Data were analyzed using NovoExpress 1.2.5, where APC
and PI" cells were gated for the percentage of cell death. In the
case of cell death assay performed with P14 T cells, B16/F10 cells
were first labeled with CTFR; then, cells were incubated with
1 pM of either LCMV gp33-4lor LCMV np396-404 peptide
(GenScript) for 1 hour in 5% CO, atmosphere at 37°C. Cells coated
with np396-404 peptide were referred to as negative control for
gp33 cells. Cells were then plated and cocultured with P14 CD8" cells
for 24 hours. PI staining and flow cytometry were performed with the
same procedure.

In vitro fluorescence spectra monitoring assay

B16/F10-OVA, B16/F10, gp33-B16/F10, and np396-B16/F10 cells
(2.0 x 10*) were seeded onto a 96-well black polystyrene microplate
with clear bottom (Corning) and allowed to adhere at the bottom of
the plate. Cells were then treated with IFN-y (20 ng/ml) overnight
or over 24 hours to induce PD-L1 expression. Cells were washed and
incubated with 5 uM oPDL1-GNRs for 6 hours, and CD8" T cells
were added with a 5:1 ratio of T cells to targets at different time
points. Tumor cells and T cells were cocultured in complete clear
RPMI 1640 at 37°C in 5% CO,. At the final time point, fluorescence
spectra were measured using a BioTek microplate reader at 5-FAM
excitation/emission filter.

In vitro fluorescence imaging assay

OT-Iand P14 CD8" T cells were stained with CTFR to distinguish
from tumor cells in the coculture. B16/F10-OVA, B16/F10, gp33-B16/F10,
and np396-B16/F10 cells (2.0 x 10*) were plated in the eight-chamber
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slide system and allowed to adhere. Cells were treated with IFN-y
(20 ng/ml) overnight or over 24 hours to up-regulate PD-L1 expres-
sion. aPDL1-GNRs (5 uM) were added to the plate for 6 hours, and
CTFR-labeled CD8" T cells were added with different ratios of T
cells to targets and incubated for 16 to 18 hours in 5% CO, atmo-
sphere at 37°C. At the end of the culture, the chamber slide was
fixed with 4% paraformaldehyde and counterstained for nuclei using
DAPI. The slide was mounted with ProLong Antifade Mountant
(Invitrogen), and fluorescence imaging was performed using Zeiss
Spinning Disk. Image analysis was done using Zeiss ZEN software,
and quantification of fluorescence was analyzed via Image]-Fiji.

In vivo monitoring of GNRs in MC38 and B16/F10 studies

MC38 colon adenocarcinoma cells and B16/F10 melanoma cells (5 x
10°) were subcutaneously inoculated into the right and left flanks,
respectively, of 4- to 6-week-old C57BL/6 mice weighing around 18 to
20 g (Charles River Laboratories). Tumors were allowed to reach
~100 mm”, and mice were randomized into different groups. Mice
were intravenously injected with either NIR aPDL1-GNRs or NIR
IgG-GNRs with a total of 100 ug per mouse of antibodies and 70 ug
per mouse of NIR GrB probe to be delivered by nanoparticles in 200 ul
of PBS. Treatments were injected at days 0, 2, and 5 of the animal
trial. Weight and tumor volume were monitored every alternate day
for 7 days after injection. Tumor volume was calculated using the
ellipsoid volume formula of B* x L/2, with B being the shorter diameter
and L being the greater one as measured using a Vernier caliper.
Live imaging was done using a PerkinElmer IVIS Spectrum system
every 24 hours after the first injection. The stage settings for animal
imaging were maintained the same during the entire study. The ex-
citation filter range was set to be 710 to 745, and the emission range
was 780 to 820 nm. Fluorescence images of animals were analyzed
using PerkinElmer Live Image Software with spectral unmixing, where
each signal at the tumor site was separated from autofluorescence.
An established spectral library was applied to all raw images for further
analysis. The same radiance scale was also kept consistent for the
whole analysis, and each relative radiance signal was normalized
with background tissue signal. All animal protocols were approved
by the University of Massachusetts Institutional Animal Care and
Use Committee (IACUC).

In vivo monitoring of GNRs in B16/F10 studies

B16/F10 melanoma cells (1 x 10° cells) were subcutaneously inoculated
into the right flanks of 4- to 6-week-old C57BL/6 mice weighing
around 18 to 20 g (Charles River Laboratories). At day 10 after
tumor inoculation, mice were randomly grouped and NIR GNRs
were applied as treatment. The therapy consisted of administration
of aPDL1-GNRs and IgG-GNRs; both treatments were administered
via the tail vein. The nanoparticles were validated to consist of 100 ug
per mouse of responsive NIR GrB probe and 100 pug per mouse of
conjugated anti-PD-L1 antibody in 100 ul of PBS. Control IgG
nanoparticles were prepared with the equivalent formulation.
Additions of 200 pg per mouse of anti-PD-L1 and IgG control anti-
bodies were injected together with prepared reporter nanoparticles.
The treatments were injected every alternate day for a total of four
dosages per group of animals. Weight and tumor size were measured
on the same day of nanoparticle injection until the end of the study.
Tumor diameters were monitored with a Vernier caliper, and tumor
volume was calculated as ellipsoid volume formula of B* x L/2, with
B being the shorter diameter and L being the greater one. To
conduct imaging on the animal, fluorescence measurement was
performed using a PerkinElmer IVIS Spectrum system at the de-
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sired time point, starting from 0.5 days after the first injection of
treatment. The in vivo NIR fluorescence images were captured and
analyzed using Living Image Software with spectral unmixing. All
animal protocols were approved by the University of Massachusetts
IACUC.

Flow cytometry analysis of excised tumor tissues

At the end of the study, all the mice were sacrificed and tumor from
each mouse was harvested. Excised tumors were homogenized in
serum-free medium containing collagenase type I (1 mg/ml) and
DNase I (0.1 mg/ml) and incubated for 1 hour at 37°C and 5% CO..
The cells were passed through a 40-um filter to obtain a single-cell
suspension. The single cells were then used to identify the infiltrating
lymphocytes by surface staining using APC and FITC anti-mouse
antibodies including CD3"/CD4", CD3*/CD8", and CD45"/NK1.1".
Antibodies and isotype control concentrations were prepared fol-
lowing the manufacturer’s instructions. After staining, cells were
washed twice to remove unbound antibodies and analyzed for sur-
face marker using flow cytometry.

Immunofluorescence staining forimaging of CD8* and GrB in
tumor microenvironment

The harvested tumor samples were flash-frozen in Tissue-Tek OCT
at —20°C, and frozen tissues were sectioned using a cryostat to ob-
tain 6-um slices. The tumor sections were fixed with 100% ice-cold
methanol or acetone, and permeabilization was done by incubating
samples with PBS containing 0.1% Triton X-100 for 10 min. After
washing tissue three times with PBS, the samples were incubated
with 1% bovine serum albumin (BSA) in PBS containing 0.1%
Tween 20 (PBST) for 30 min to block nonspecific binding of anti-
bodies on tumor cells. The sectioned samples were then stained
with primary antibodies for CD8a and GrB (rat anti-mouse CD8a
and rabbit anti-mouse GrB) at 4°C overnight. Following this, the
samples were incubated with desired diluted secondary antibodies
(goat anti-rat Alexa Fluor 647 and goat anti-rabbit Alexa Fluor 488)
for an hour at room temperature, protected from light. Cell nuclei
were counterstained with DAPI with a final concentration of 300 nM
(BioLegend). Appropriate PBS washes were done after each step
following the standard immunofluorescence staining protocol. The
tumor sections were then mounted with ProLong Gold Antifade
Mountant. Fluorescence imaging was performed on a Nikon A1R-
TIRF confocal microscope, and images were analyzed using NIS
Elements 4.6 software.

Exvivo TUNEL" signal detection of tissue samples

Tumors and livers were excised and flash-frozen in Tissue-Tek
OCT. Frozen samples were sectioned to obtain 6-um slices using a
cryostat. The sections were fixed with 4% paraformaldehyde. Follow-
ing this, the Click-iT TUNEL Alexa Fluor 594 Assay Kit (Thermo
Fisher Scientific) was used to stain for apoptotic cells on the sectioned
tissue samples as the manufacturer’s protocol. Nuclei of the cells
were counterstained with a final concentration of 300 nM DAPI
(BioLegend). PBS washes were done between each step to remove
excess materials. The sections were then mounted using ProLong
Gold Antifade Mountant and covered with glass coverslip. TUNEL
images were captured with a Nikon A1R-TIRF confocal microscope
and analyzed with NIS Elements v4.6 software and Image]J-Fiji.

Ex vivo Western blot analysis of tumor tissues

Tumors from all of the mice were excised, and tumor tissues were
homogenized in radioimmunoprecipitation assay lysis buffer con-
taining protease and phosphatase inhibitors. The tissue lysate was
then centrifuged at 15,000 rpm, and the supernatant was obtained,
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followed by protein quantification using the Pierce BCA Protein
Assay Kit. An equal amount of 40 pg of protein lysates was mixed
with 1x Laemmli SDS sample buffer (Alfa Aesar) and electro-
phoresed at a constant of 200 V using 10% polyacrylamide gel. The
samples were then transferred to polyvinylidene difluoride (PVDEF)
membrane at a constant current of 35 mA, followed by blocking in
tris-buffered saline and 0.1% Tween 20 (TBST) containing 5% skim
milk. PVDF membranes were incubated in 1% BSA in TBST with
GrB (1:1000 dilution), cleaved caspase-3 (1:1000 dilution), and
B-actin (1:2000 dilution) at 4°C for overnight. Appropriate washes
with TBST were performed to remove excess antibodies, and mem-
branes were incubated with horseradish peroxidase-conjugated
anti-rabbit antibody (1:5000 dilution) in 1% BSA in TBST for 1 hour
at room temperature. Bio-Rad’s Clarity ECL was used for band
detection, and image analysis and quantification were done using
Image Lab 6.0.1 and Image] 2.0.0.

Statistical analysis

All the data are presented as means + SEM. Statistical comparison
between two groups was performed using a two-tailed Student’s ¢ test.
Statistical analysis among multiple groups was conducted using
one-way analysis of variance (ANOVA) followed by Bonferroni
post-test. All the statistical analyses were performed using GraphPad
Prism 8 software. P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/40/eabc2777/DC1

View/request a protocol for this paper from Bio-protocol.
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