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Abstract

A group of chemotherapeutic drugs has gained increasing interest in cancer immunotherapy due to
the potential to induce immunogenic cell death (ICD). A critical challenge in using the ICD
inducers in cancer immunotherapy is the immunotoxicity accompanying their antiproliferative
effects. To alleviate this, a nanocapsule formulation of carfilzomib (CFZ), an ICD-inducing
proteasome inhibitor, was developed using interfacial supramolecular assembly of tannic acid (TA)
and iron, supplemented with albumin coating. The albumin-coated CFZ nanocapsules (CFZ-pTA-
alb) attenuated CFZ release, reducing toxicity to immune cells. Moreover, due to the adhesive
nature of TA assembly, CFZ-pTA-alb served as a reservoir of damage-associated molecular
patterns released from dying tumor cells to activate dendritic cells. Upon intratumoral
administration, CFZ-pTA-alb prolonged tumor retention of CFZ and showed consistently greater
antitumor effects than cyclodextrin-solubilized CFZ (CFZ-CD) in B16F10 and CT26 tumor
models. Unlike CFZ-CD, the locally injected CFZ-pTA-alb protected or enhanced CD8* T cell
population in tumors, helped develop splenocytes with tumor-specific interferon-y response, and
delayed tumor development on the contralateral side in immunocompetent mice (but not in
athymic nude mice), which support that CFZ-pTA-alb contributed to activating antitumor
immunity. This study demonstrates that sustained delivery of ICD inducers by TA-based
nanocapsules is an effective way of translating local ICD induction to systemic antitumor
immunity.
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Chemaotherapy is one of the main cancer treatments along with surgery, radiation and
immunotherapy. Chemotherapeutic drugs interfere with the growth of tumor cells by
damaging or blocking the synthesis of nucleic acids, preventing cell division, or inhibiting
homeostatic control of regular cellular functions. Some of the chemotherapeutic drugs have
gained increasing interest as immunogenic cell death (ICD) inducers. ICD-inducing
chemotherapy kills tumor cells such that it induces the production of tumor-associated
antigens and damage-associated molecular patterns (DAMPs), thereby helping the host to
develop adaptive immunity to the tumor cells.? Therefore, ICD inducers can play an
important role in cancer immunotherapy as standalone therapeutics to induce specific anti-
tumor immune responses? as well as companion drugs to enhance the effect of immune
checkpoint blockade therapy.3

Several existing chemotherapeutic drugs are identified to be ICD inducers, which include
anthracyclines (doxorubicin, idarubicin, epirubicin), mitoxantrones, oxaliplatin,
cyclophosphamide, bortezomib, and paclitaxel.# ® In addition, carfilzomib (CFZ), a second-
generation proteasome inhibitor, is considered an emerging ICD inducer,® with improved
efficacy and safety profiles over the first-generation bortezomib.”-® CFZ irreversibly inhibits
the proteolytic activity of the proteasome® and prevents the degradation of misfolded and
other key signaling proteins, causing a significant endoplasmic reticulum (ER) stress, 10 11
the main mechanism of 1CD induction.® Therefore, it is expected that CFZ delivered to
tumors may produce a spatially defined set of tumor-associated antigens and DAMPs, i.e., in
Ssitutumor vaccines and endogenous immune adjuvants.

However, a critical challenge in using chemotherapeutic agents to promote cancer
immunotherapy is that their antiproliferative effects damage not only tumor cells but also
immune cells in the tumor microenvironment, impairing their ability to mount immune
responses to dying tumor cells.12: 13 Given the paradoxical effect of chemotherapy, it is
recognized that the regimen needs to be optimized to maximize its therapeutic benefit in the
context of cancer immunotherapy.1# In fact, compared to the standard maximum tolerated
dose (MTD) regimen, prolonged administration of low doses of chemotherapeutics, called
metronomic chemotherapy, has shown reduced immunotoxicity, thereby improving
antitumor efficacy.1> Moreover, metronomic dosing of chemotherapeutics can selectively
deplete immunosuppressive cell populations, such as myeloid-derived suppressor cells and
regulatory T cells, from the tumor microenvironment.16-18 These studies suggest that
sustained delivery of ICD inducers to tumors may protect antitumor immune cells and help
them to develop effective tumor-specific immune responses.16

Nanoparticles (NPs) have been widely pursued in the delivery of chemotherapeutics. They
have been used to help disperse water-insoluble drugs and/or protect metabolically labile
drugs from the hostile physiological environments.1® NPs may be designed to control the
drug release rate over a prolonged period, facilitating metronomic delivery of
chemotherapeutics.20 In addition, a recent study reports that NPs can capture tumor
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neoantigens and DAMPs from dying tumor cells and, as a favored substrate of phagocytes, 2!
facilitate their delivery to dendritic cells to activate the antitumor immunity.22 Therefore,
NPs may provide multiple benefits to the delivery of ICD inducers: First, NPs can control
the release of ICD inducers to prevent damaging immune cells involved in antitumor
immunity. Second, with the relatively large size and drug release control, NPs can retain a
drug in tumors longer than the free drug counterpart. Third, NP residuals may capture the
tumor-associated antigens and DAMPs produced by dying tumor cells, improving their
exposure to antigen presenting cells.

In the present study, we develop a nanocapsule formulation of CFZ, which can retain the
drug in tumors for a prolonged period, control the drug release, and serve as a reservoir of
tumor antigens and DAMPs. We hypothesize that a prolonged delivery of CFZ puts tumor
cells under extended ER stress to induce ICD,8: 23-25 while minimizing damages to
chemosensitive immune cells recruited to tumors. In addition, nanocapsules capturing tumor
antigens and DAMPs may enhance their delivery to dendritic cells (DCs) and activation of
the cells. For this purpose, we encapsulate CFZ in a supramolecular assembly of tannic acid
(TA) and iron26 and modified the surface with albumin (CFZ-pTA-alb) to control the drug
release. We envision that locally (intratumorally) injected CFZ nanocapsules will activate
antitumor immune responses, which can translate to systemic protection against tumors. We
evaluate the ability of CFZ nanocapsules to control the drug release and capture soluble
proteins released from dying tumor cells. We then compare the effects of CFZ nanocapsules
and unformulated CFZ on tumor cells and immune cells /n7 vitro and evaluate how they
control tumor growth and help develop local and systemic antitumor immunity using mouse
models of B16F10 and CT26 tumors.

CFZ-pTA nanocapsules were prepared by interfacial assembly of TA-iron complexes26
(Figure 1a). An ethanolic solution of tannic acid and concentrated CFZ was added to an
aqueous Fe3* solution. TA and Fe3* formed an instantaneous supramolecular assembly at
the interface between ethanol and water, making spherical nanocapsules in which CFZ
undergoes supersaturation and formation of nanoclusters with concomitant solvent
exchange. The CFZ-containing nanocapsules (CFZ-pTA) had an average diameter of
100-200 nm (Figure 1b; Table S1). The unique dark blue color of the mixture indicated the
formation of TA and Fe3* (pTA) complexes (Figure S1a). The pTA shell was clearly seen
after etching of CFZ core (Figure 1b). The shell was distinguished from pTA complexes
assembled in the absence of CFZ (Figure S1b), indicating that the pTA assembly in CFZ-
pTA is mainly present on the surface of CFZ nanoclusters. The z-average of CFZ-pTA
nanocapsules measured by DLS was 164 + 1 nm (Table S1). Their surface charge was
measured to be —27 + 4 mV (Table S1), reflecting the deprotonated catechol hydroxyl
groups of the surface pTA. Interestingly, an ethanolic solution of concentrated CFZ (without
TA and FeCl3), mixed with water, also formed nanoclusters with a similar size as CFZ-pTA
(Figure S1c). The CFZ nanoclusters, unlike CFZ-pTA, showed positive charge in water
(Table S1), reflecting protonated nitrogens of CFZ. However, the unprotected CFZ
nanoclusters immediately aggregated in phosphate buffer (10 mM, pH 7.4), where the buffer
ions neutralized the positive surface charges (Table S1). In contrast, CFZ-pTA maintained
the size in phosphate buffer, indicating the protective effect of pTA assemblies on the
nanocluster surface. CFZ-pTA also showed stable particle size in 50% FBS over 24 h

Nano Lett. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taha et al.

Page 4

(Figure S2a) maintaining the spherical structure (Figure S3). This suggests that pTA shell
should be stable enough to protect the CFZ-pTA in circulation from disintegration or
aggregation. The CFZ content in CFZ-pTA was 51 + 1 wt% and the TA content 49 + 7 wt%
(Table S2).

CFZ-pTA was further modified with albumin by 4 h incubation in 2 mg/mL albumin
solution. The albumin-coated CFZ-pTA nanocapsules (CFZ-pTA-alb) was similar in size to
CFZ-pTA (Figure 1b; Table S1) but slightly less charged due to the albumin coverage (Table
S1). The albumin content was estimated to be 15 + 1 wt% of CFZ-pTA-alb (Figure S4; Table
S2) and the CFZ content 41 + 2 wt% (Table S2). CFZ-pTA-alb showed colloidal stability in
50% FBS (Figure S2b), similar to CFZ-pTA.

To evaluate the effect of albumin coating on CFZ release control, CFZ-pTA and CFZ-pTA-
alb were compared with respect to their CFZ release Kinetics /n vitro. The particles were first
housed in photocrosslinkable polyethyleneglycol dimethylacrylate (PEGDA) hydrogel and
incubated in 10% FBS-supplemented RPMI 1640 medium, which was sampled at regular
intervals to quantify the released CFZ. The hydrogel method was used in lieu of common
centrifugation or dialysis methods to avoid the risk of pressurizing and destroying
nanocapsules during the repeated centrifugation or excessively diluting the drug to below the
detection limit.2” The hydrogel confines particles and helps separate them from the medium
and does not require a large volume of medium for incubation.2® However, the drug release
rate measured by this method does not necessarily reflect the actual rate because the
hydrogel also functions as a barrier to drug diffusion; thus, the results are only meaningful
for rank ordering the two particles. CFZ-pTA-alb showed slower drug release than CFZ-
pTA: in 24 h, 5% and 10% of CFZ was released from CFZ-pTA-alb and CFZ-pTA,
respectively (Figure 2a), indicating that albumin coat served as an additional barrier to CFZ
release from the particles. CFZ is known for high plasma protein binding (97.6—

98.29%)29: 30; therefore, it is conceivable that CFZ escaping CFZ-pTA-alb was temporarily
trapped with the surface-bound albumin. A similar result was shown with mitoxantrone-
loaded pullulan NPs,3! where the delayed release of mitoxantrone from albumin-bound NPs
was explained by the high affinity of the drug for the surface-bound albumin.32

The stable CFZ encapsulation also enhanced the metabolic stability of CFZ, an epoxyketone
peptide, which degrades quickly by peptide cleavage and epoxide ring opening.2® Metabolic
stability of CFZ in CFZ-pTA-alb, CFZ-pTA, and CFZ-CD (CFZ solubilized with 2-
hydroxypropyl-B-cyclodextrin (CD), a solubilizing agent,33 as in the commercial product)
was compared /n vitro after 30 min incubation in whole blood, which contain epoxide
hydrolases/peptidases.2? With CFZ-CD, 66.0 + 4.0% of total CFZ was recovered after the
incubation. CFZ-pTA and CFZ-pTA-alb displayed much improved metabolic stability, with
74.1 + 7.8% and 91.8 * 6.6% of CFZ, respectively, surviving the same condition (Figure
2b). This result suggests the protective functions of pTA. The additional protection offered
by the albumin coat is consistent with the differential /n vitro drug release kinetics (Figure
2a).

The sustained CFZ release from CFZ-pTA(-alb) manifested as delayed cytotoxicity in cancer
cell lines. B16F10 (melanoma) cells and HCC-1937 (triple negative breast cancer) were
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treated with unformulated CFZ (solubilized in DMSQ), CFZ-pTA, and CFZ-pTA-alb in
different concentrations. With 2 h exposure, both CFZ-pTA and CFZ-pTA-alb showed
minimal toxicity compared to the unformulated CFZ (Figure 2c; Figure S5a). With extended
exposure, nanocapsules gradually caught up with the unformulated CFZ to show comparable
cytotoxicities after 72 h exposure (Figure 2d, Figures S5 and S6). The attenuation of
cytotoxicity was more pronounced with CFZ-pTA-alb (Figure 2d, Figures S5 and S6). Blank
pTA or blank pTA-alb showed minimal toxicity in B16F10 cells®* at concentrations
equivalent to CFZ nanocapsules, with 84% (pTA) and 76% (pTA-alb) viability, after
maximum exposure (the highest concentration and 72 h incubation) (Figure S7). This
indicates that cytotoxicity of the nanocapsules is mainly due to CFZ rather than the carriers.
There were little signs of cellular uptake of CFZ-pTA or CFZ-pTA-alb (Figure S8),
indicating that the differential cytotoxicity reflects the extent of CFZ release outside the cells
during the indicated incubation periods. The greater delay in cytotoxicity of CFZ-pTA-alb
relative to CFZ-pTA is consistent with their difference in /n vitro drug release and stability in
whole blood.

To estimate whether the sustained supply of CFZ is beneficial to sparing immune cells such
as lymphocytes and DCs in the tumor microenvironment, we tested the cytotoxic effect of
CFZ on splenocytes and bone marrow-derived DCs (BMDCs) in two treatment regimens
(Figure 3a): a pulse treatment of bolus dose (bolus-pulse) and an extended treatment of low
dose (low-extended), where bolus-pulse indicates incubation of cells in different CFZ
concentrations for 2.4 h followed by washout and incubation in drug-free medium for
additional 21.6 h making the total incubation time of 24 h, and low-extended indicates
incubating cells in 1/10t CFZ concentrations for 24 h. The bolus-pulse regimen represents
unformulated CFZ that is immediately available to the tumor upon intratumoral injection but
rapidly diffuses to the circulation, whereas the low-extended regimen mimics the sustained
release of CFZ from CFZ-pTA-alb over a prolonged period of time. Lymphocytes and DCs
were chosen as representative immune cells that play key roles (antigen presentation,
antigen-specific cytotoxicity) in adaptive antitumor immunity. Splenocytes freshly harvested
from C57BL/6 mice were used as a surrogate for lymphocytes, as the spleen is the largest
secondary lymphoid organ containing 25% of total lymphocytes,3® where B cells and T cells
constitute 45-50% and 30-35%, respectively.38 Splenocytes were less sensitive to the low-
extended regimen than to the bolus-pulse regimen (Figure 3b; Figure S9a). A similar trend
was seen with BMDCs (Figure 3c; Figure S9b). In contrast, B16F10 cells were equally
sensitive to the two regimens (Figure 3d; Figure S9c). The selective tolerance of DCs and
lymphocytes to a low dose CFZ supplied over an extended period is likely due to the
overexpression of P-gp efflux proteins on those cells.37-3% As a P-gp substrate,*0 CFZ may
be efficiently excluded by the immune cells at a relatively low dose but not at a high dose
that saturates the efflux machinery. These results suggest that the sustained supply of CFZ in
the tumor microenvironment, while equally effective against tumor cells as a bolus
treatment, be beneficial to protecting immune cells in tumor microenvironment.

DCs take up tumor antigens, deliver them to draining lymph nodes (DLNSs), where they

cross-present them to activate T-lymphocytes. A previous study reported that polymeric NPs
captured neoantigens and DAMPs of dying tumor cells and delivered them to DCs in DLNs.
22 A fraction of CFZ-pTA-alb that remains in the extracellular space of tumors, may provide
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a similar function via the underlying pTA layer, which can interact with proteins via
hydrogen bonding and hydrophobic interactions.? 42 To test if CFZ-pTA-alb captures
tumor-associated antigens and/or DAMPs, we incubated the nanocapsules in the medium
containing soluble proteins released from CFZ-killed B16F10 cells and analyzed the
surface-bound proteins. LC-MS/MS analysis showed a large amount of mouse proteins,
several of which were identified to be DAMPs (Calreticulin, Histone H2A.Z, Histone H1.5,
Histone H1.3, Histone H1.4, Histone H3.1, Histone H4, Heat shock 70 kDa protein 4, Heat
shock protein HSP 90-a, Heat shock protein HSP 90-B),22 captured by CFZ-pTA-alb
(Figure 4a; Figure S10).

We next examined whether the DAMP-adsorbed nanocapsules increased DC activation.
BMDCs were incubated with B16F10 cells pretreated with CFZ, CFZ-pTA-alb or blank-
pTA-alb (vehicle) to assess their expression of CD40 and CD86 (DC activation markers)
upon their interaction. An excess dose of CFZ (10 uM CFZ equivalent) was used to
maximize the effect on B16F10 cells, and the cells were briefly rinsed to remove the extra
drug prior to the incubation with BMDCs. Untreated or blank pTA-alb-treated (i.e., healthy)
B16F10 cells induced no increase in CD40 or CD86 expression in BMDCs. CFZ and CFZ-
pTA-alb-treated B16F10 cells increased the expression of the two activation markers, with
CFZ-pTA-alb showing a more prominent effect than CFZ (Figures 4b and 4c). The DC
activation by CFZ-treated B16F10 cells supports the potential of CFZ as an ICD inducer.
The relatively high response to CFZ-pTA-alb-treated cells suggest that nanocapsules, which
were not removed during the rinsing step, may have helped to increase local exposure of
DAMPs to DCs. Therefore, in addition to the primary role of CFZ delivery, CFZ-pTA-alb
staying in extracellular matrix of tumors may capture DAMPs from dying cells and deliver
them to DCs to enhance their activation.

We examined if DC activation correlates with its uptake of tumor antigens. B16F10 cells,
stained with Dil (a lipophilic dye) and pretreated with CFZ, CFZ-pTA-alb or blank-pTA-alb
(vehicle) for 24 h, were incubated with BMDCs for 4 or 24 h. BMDCs were identified by
anti-CD11c antibody and analyzed by flow cytometry. Cells positive for both Dil and CD11c
(Dil*CD11c* cells) were considered the BMDCs taking up Dil-stained B16F10 cells and
fragments of dying cells. With no apparent toxicity to B16F10 cells (Figure S7), blank-pTA-
alb induced no increase in the BMDC uptake of the treated B16F10 cells (Figures 4d and 4e;
Figure S11a). In contrast, CFZ or CFZ-pTA-alb-pretreated B16F10 cells induced greater
extents of Dil*CD11c* cells per total CD11c* cells (i.e., BMDCs uptake of Dil* B16F10
cells and their fragments) than the untreated B16F10 cells. The uptake of CFZ-pretreated
B16F10 cells by BMDCs was diminished at 4 °C (Figure S11b), indicating that the uptake
was an energy-dependent process, most likely phagocytosis. CFZ-pTA-alb-treatment
induced a greater Dil*CD11c* cells fraction than CFZ-treated cells, especially at early
incubation (Figures 4d and 4e). Confocal microscopy found a consistent trend, where the
BMDCs uptake of Dil* cells/fragments increased with CFZ pretreatment, more evidently
with CFZ-pTA-alb, according to the Pearson’s correlation coefficient of signal
colocalization (Figures S12a and S12b). Staining of BMDC membranes demonstrated that
CFZ-pTA-alb-treated B16F10 cells and fragments were completely internalized by BMDCs
(Figure S12c). These results suggest that CFZ-pTA-alb pre-treatment facilitate tumor antigen
delivery to DCs.
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The in vitroresults so far suggest that CFZ-pTA-alb can contribute to the generation of
tumor-specific immunity by at least one of the three complementary mechanisms: (i) killing
tumor cells to generate tumor-associated antigens by CFZ; (ii) sparing immune cells (such as
T cells and DCs) by sustained release of CFZ; and (iii) serving as a reservoir of DAMPs to
enhance the activation and antigen uptake of DCs. On the basis of these results, the effect of
intratumorally injected CFZ-pTA-alb on tumor growth and its environment was evaluated in
two syngeneic tumor models (B16F10@C57BL/6, CT26@Balb/c).

The antitumor effect of CFZ-pTA-alb was evaluated in B16F10 melanoma-bearing C57BL/6
mice and compared with the effect of CFZ-CD (CFZ solubilized with CD as in the
commercial product). Subcutaneous B16F10 tumors were injected intratumorally once with
PBS, CFZ-CD or CFZ-pTA-alb at a dose equivalent to CFZ 1.2 pg per mouse. With this
regimen, CFZ-CD had no significant suppression of tumor growth as compared to PBS
control (Figures 5a and 5b). However, CFZ-pTA-alb attenuated tumor growth showing
significant difference from PBS and CFZ-CD in the specific growth rate (rate of exponential
tumor growth calculated for each animal“3) (Figures 5a and 5b). This contrasts with i vitro
results, where the sustained drug release of CFZ-pTA-alb led to initial delay in cytotoxic
effect (Figures 2¢ and d; Figures S5 and 6). This suggests that additional mechanisms
account for the /in vivo effects of CFZ-pTA-alb.

The superior effect of CFZ-pTA-alb may first be attributed to the prolonged tumor retention
of CFZ in the form of nanocapsules due in part to the size and the metabolic stability (Figure
2b), thereby increased local availability of the drug. To test this, another group of identically
treated animals were sacrificed 2 h after the treatment, and CFZ in tumors and plasma were
quantified. The tumors and plasma were treated with Triton-X 100 to disassemble CFZ-
pTA-alb and release CFZ. Therefore, the measured CFZ represents the total detectable
amount of CFZ, including both free/released and encapsulated in CFZ-pTA-alb. The amount
of CFZ retrieved from CFZ-pTA-alb-treated tumors was 3 times higher than that of CFZ-CD
group (Figure 5¢). The CFZ level in plasma showed the opposite trend, with the CFZ-CD
group showing a higher level than that of CFZ-pTA-alb (Figure 5d). This result indicates that
CFZ-CD, though available as soluble CFZ from the beginning, was rapidly cleared from the
tumor, the scenario simulated by the bolus-pulse regimen /n vitro (Figure 3). On the other
hand, the relatively high level of total CFZ in CFZ-pTA-alb-treated tumors suggests that the
nanocapsules were better retained in the tumor than CFZ-CD due to the delayed intratumoral
transport and lymphatic drainage, making more drug available to tumors. In addition, due to
the stability, CFZ-pTA-alb would have provided sustained CFZ exposure to tumor, the
scenario represented by the low-extended regimen (Figure 3).

Given the benefit of sustained CFZ release in protecting immune cells predicted /in vitro
(Figures 3b and ¢ and Figures S9a and 9b), we then measured CD8" T cell population in
B16F10 tumors harvested at 7 days post-treatment. CFZ-CD-treated tumors apparently
showed fewer CD8™ T cells than PBS-treated tumors though statistical significance was not
reached (Figure 5e), indicating toxicity of bolus CFZ-CD. In contrast, CFZ-pTA-alb-treated
tumors had a comparable level of CD8" T cells to the PBS-treated tumors, suggesting
difference from CFZ-CD-treated tumors (Figure 5e). This result is consistent with /n vitro
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prediction (Figures 3b and 3c and Figures S9a and S9b) and supports that sustained release
of CFZ from CFZ-pTA-alb help spare tumor-infiltrating cytotoxic lymphocytes.

Considering the potential to spare and activate antitumor immune cells in the tumor
microenvironment (Figures 3b and 3c; Figures 4b and 4c; Figure 5e; Figures S9a and S9b),
we asked if the locally administered CFZ-pTA-alb would help develop adaptive immunity to
tumors. To test this, we inoculated C57BL/6 mice with B16F10 cells on the flanks of both
hind limbs with one-week interval and administered CFZ-pTA-alb (or CFZ-CD, PBS) to the
first tumor (tumor A) intratumorally (Figure 6a). While following up the growth of tumor A,
we also monitored the occurrence of tumor on the contralateral side (tumor B), which was
left untreated, to observe the ‘abscopal’ effect due to systemic T-cell activation. Consistent
with the previous experiment (Figures 5a and 5b), CFZ-pTA-alb attenuated the growth of the
treated tumor more effectively than the other two treatments (Figures 6b and 6c¢). In addition,
CFZ-pTA-alb delayed the emergence of tumor B, whereas CFZ-CD was no different from
the PBS control (Figure 6d). To test whether the effect on tumor B was due to the systemic
antitumor immunity or the drug entering the circulation from the injection site, the same test
was performed on athymic nude mice with deficient T cell function (Figure S13a). B16F10-
bearing nude mice showed similar responses in the first tumor A, where CFZ-pTA-alb
suppressed tumor growth more effectively than the other two treatments (Figures S13b and
S13c). On the other hand, CFZ-pTA-alb showed no difference from CFZ-CD or PBS in the
occurrence of tumor B on the contralateral side (Figure S13d). This result supports that the
effect of local application of CFZ-pTA-alb on the untreated distant tumor shown in the
immunocompetent C57BL/6 mice is mediated by the activation of systemic T cell immunity.

To verify the generation of tumor-specific T-cell immunity, we performed
immunophenotyping of the treated tumors and tumor DLNSs and tested antigen-specific
production of IFN-y from splenocytes of the treated animals. B16F10 tumors are known to
be poorly immunogenic with few tumor-infiltrating cytotoxic T cells#* and, thus, difficult to
obtain substantial readouts (Figure 5¢). Therefore, we used the CT26 colon cancer model in
syngeneic Balb/c mice, which is relatively more immunogenic due to the high mutational
burden> and conducive to monitoring phenotypic changes in tumor immune
microenvironment.4: 46-48 CT26 tumors responded to intratumorally-administered
treatments in a similar manner as B16F10 tumors, with CFZ-pTA-alb showing better effect
than PBS or CFZ-CD (Figures 7a and 7b). In addition, the CD8* T cell populations in CT26
tumors and tumor DLNs of the CFZ-pTA-alb group were apparently higher than those of the
CFZ-CD group (Figure 7c; Figure S14), consistent with B16F10 tumors (Figure 5e) except
that the extents were overall higher. The abscopal effect of local treatment was also
examined (Figure 8), but all mice (including PBS-treated ones) did not develop tumor B on
the contralateral side, likely due to the concomitant immunity common to immunogenic
tumors, % 50 and revealed no difference among the groups. Nevertheless, splenocytes
collected from the mice at the conclusion of study (22 days post-treatment) showed a
difference in response to AH1 peptide, a CT26 immunodominant MHC class-I restricted
antigen.®® Splenocytes collected from the CFZ-pTA-alb-treated mice showed increase in
IFN-+y secretion upon the stimulation with AH1 peptide as compared to those incubated in
PBS control (Figure 8d; Figure S15). In contrast, splenocytes from PBS or CFZ-CD-treated
animals did not show significant difference in IFN-y secretion with and without AH1
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peptide stimulation. Of note, splenocytes of the PBS-treated mice produced a relatively high
level of IFN-+y irrespective of antigen challenge, likely due to the uncontrolled tumor
growth, which induces the accumulation of IFN-y-producing cells in the spleen via soluble
factors.>2 53 This result supports that intratumoral administration of CFZ-pTA-alb, but not
CFZ-CD, helps develop tumor-specific T-cell immunity, which can affect distant tumors.

This study has focused on the advantage of controlling CFZ release by CFZ-pTA-alb in
sparing immune cells in the tumor microenvironment. The literature suggests that the
sustained CFZ release in the tumor may have additional benefits. Chemotherapy based on
MTDs tend to selectively target chemosensitive cancer cells, leaving behind chemoresistant
cell populations that may lead to tumor relapse and emergence of drug resistance.>* On the
contrary, metronomic chemotherapy targets the tumor microenvironment and disengages
tumor cells from its support system, resulting in long-lasting tumor regression.16: 18.54 |n
addition, sustained low doses of chemotherapeutics show antiangiogenic effects® 56 and
avoid the induction of tumor-initiating cancer stem cells.>* Bortezomib (the first-generation
proteasome inhibitor) has shown to induce endothelial cell apoptosis and downregulate
proteins responsible for the angiogenic phenotype in endothelial cells, such as vascular
endothelial cell growth factor, interleukin-6, insulin-like growth factor-1, angiopoietin 1 and
angiopoietin 2.57 58 The antiangiogenic effect was also reported with oprozomib, an orally
active second-generation proteasome inhibitor.>® As a proteasome inhibitor with a similar
mechanism of action, CFZ may have an antiangiogenic effect likewise, which would
manifest better with sustained release. The contribution of sustained CFZ delivery by CFZ-
pTA-alb to antiangiogenesis is worth investigation.

In summary, we demonstrated the potential to translate local chemotherapy to systemic
antitumor immunity via sustained induction of ICD. The sustained release of CFZ was
achieved by encapsulation in nanocapsules made of TA/iron interfacial assemblies covered
with albumin - CFZ-pTA-alb, which serve as effective diffusion barriers to CFZ. CFZ-pTA-
alb showed consistently greater antitumor effects than CD-solubilized CFZ (CFZ-CD) in
vivo, due to the enhanced metabolic stability and prolonged tumor retention of CFZ. In
addition, the effects of local CFZ-pTA-alb administration on remote tumor growth, immune
cell population in tumor microenvironment, and the response of splenocytes to a tumor
antigen suggest that CFZ-pTA-alb played positive roles in activating antitumor immunity.
Our results support that CFZ-pTA-alb enables the sustained cytotoxic effect to tumor cells
with minimal damage to neighboring immune cells and may facilitate DC activation as a
reservoir of DAMPs, providing the basis of immune activation. Therefore, CFZ-pTA-alb is
an effective formulation to translate local ICD induction to systemic antitumor immunity.
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Figurel.
(a) Schematic description of the CFZ-pTA preparation by TA/Fe3* interfacial assembly

formation and CFZ-pTA-alb with albumin coating. (b) TEM images of CFZ-pTA, CFZ-pTA
with the CFZ core etched, and CFZ-pTA-alb. Scale bars: 100 nm.
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Figure2.
Albumin coating as a barrier to CFZ release from CFZ-pTA-alb. (a) /n vitro release kinetics

of CFZ-pTA and CFZ-pTA-alb in 10% FBS/RPMI medium. (b) /n vitro stability of CFZ-
CD, CFZ-pTA, and CFZ-pTA-alb after incubation at 37 °C in whole blood for 30 min. *: p<
0.05, **: p<0.01 and ****: p< 0.0001, one-way ANOVA with Tukey’s multiple
comparisons test. (c) Viability of B16F10 cells exposed to unformulated CFZ (CFZ
dissolved in DMSQ), CFZ-pTA or CFZ-pTA-alb at concentrations equivalent to CFZ 100,
200 or 400 nM for 2 h, followed by incubation in drug-free medium with the total incubation
time of 72 h. (d) Viability of B16F10 cells exposed to unformulated CFZ, CFZ-pTA or CFZ-
pTA-alb at 400 nM CFZ-equivalent for 2, 4, 6, 24 or 72 h, followed by incubation in drug-
free medium with the total incubation time of 72 h. ***: p< 0.001 and ****: p < 0.0001,
two-way ANOVA with Tukey’s multiple comparisons test or Dunnett’s multiple
comparisons test versus unformulated CFZ.
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Figure 3.
Comparison of a pulse treatment of bolus dose (bolus-pulse) vs. an extended treatment of

low dose (low-extended). Bolus-pulse: Cells were incubated with unformulated CFZ at
different CFZ concentrations for 2.4 h then washed and incubated in drug-free medium for
additional 21.6 h making the total incubation time of 24 h. Low-extended: Cells were
incubated with at 1/10!" CFZ concentrations for 24 h. Cell viability was measured by the
MTT assay at the end of 24 h. % cell viability was calculated by normalizing to the viability
of control cells treated with the equivalent amount of vehicle for the same period of time. X-
axis = CFZ concentration x exposure time (e.g., 2.4 = 1 nM for 2.4 h followed by incubation
in drug-free medium for 21.6 h or 0.1 nM for 24 h). (a) Schematic description of two dosing
regimens. Viability of (b) splenocytes from C57BL/6 mice, (c) dendritic cells derived from
C57BL/6 mouse bone marrow and (d) B16F10 cells. *: p< 0.05, **: p<0.01, ***: p<
0.001 and ****: p< 0.0001, by two-way ANOVA with Sidak’s multiple comparisons test.
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Figure 4.
Nanocapsules capture DAMPs from dying tumor cells and activate DCs: (a) Spectral counts

of proteins, analyzed by LC-MS/MS, in the supernatant of B16F10 cells treated with 10 uM
CFZ in serum-free medium (B16F10 supernatant), CFZ-pTA-alb (1 mg/mL NP), CFZ-pTA-
alb (1 mg/mL NP) incubated in the B16F10 supernatant for 2 h at 37 °C and then rinsed. (b
and ¢) BMDC activation following coculture with B16F10 cells pretreated with
unformulated CFZ, CFZ-pTA-alb (200 nM CFZ-equivalent) or blank pTA-alb for 24 h,
indicated by the expression of (b) CD40 and (c) CD86 on CD11c* BMDCs. —: non-activated
BMDCs; +: LPS-activated BMDCs. ***: p< 0.001 and ****: p< 0.0001, one-way ANOVA
with Dunnett’s multiple comparison’s test versus non-activated BMDCs. (d and €)
Phagocytosis of B16F10 cells by BMDCs: B16F10 cells were prelabeled with Dil, treated
with unformulated CFZ, CFZ-pTA-alb (10 uM CFZ-equivalent) or blank pTA-alb, rinsed
once and cocultured with BMDCs for (d) 4 h or (e) 24 h. BMDCs were identified with APC
anti-mouse CD11c antibody and analyzed by flow cytometry. Phagocytosis (%): % of Dil*

Nano Lett. Author manuscript; available in PMC 2019 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Taha et al.

Page 17

CD11c™ cells in total CD11c™ cells. ***: p< 0.001 and ****: p< 0.0001, one-way ANOVA
with Dunnett’s multiple comparisons test versus non-pretreated B16F10 cells.
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Figureb.

The effect of CFZ-pTA-alb vs. CFZ-CD, administered as a single intratumoral (IT) injection
at 1.2 ug CFZ equivalent, on B16F10@C57BL/6 mice. (a) Individual growth curves of
tumors treated with PBS (n=4), CFZ-CD (n=5) or CFZ-pTA-alb (n=5). Arrow indicates the
time of treatment. (b) Specific growth rate of B16F10 tumor (AlogV/At, V: tumor volume
and t: time in days). *: p<0.05 and **: p<0.01, one-way ANOVA with Tukey’s multiple
comparisons test. (¢) CFZ content in B16F10 tumors and (d) CFZ concentration in plasma
collected at 2 h after IT injection of CFZ-CD (n=4) or CFZ-pTA-alb (n=4) at 1.2 pg CFZ
equivalent. *: p<0.05 and **: p<0.01, unpaired two-tailed #test. (e) % B16F10 tumor-
infiltrating CD8* T cells determined by flow cytometry at day 7 post-treatment. *: p<0.05,
one-way ANOVA with Tukey’s multiple comparisons test.
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Figure6.
The effect of CFZ-pTA-alb vs. CFZ-CD, administered as a single IT injection at 60 pg CFZ

equivalent, on the treated (A) and remote (B) tumors in an immunocompetent
B16F10@C57BL/6 mouse model. (a) Schedule of B16F10 tumor inoculation in C57BL/6
mice and treatment injection. (b and c) Antitumor activity in the treated tumor A: (b)
Individual growth curves of tumors treated with PBS (n=4), CFZ-CD (n=4) or CFZ-pTA-alb
(n=5). Arrow indicates the treatment time. (c) Specific growth rate of treated tumor (AlogV/
At). (d) Days to appearance of tumor B (remote, untreated). *: p<0.05, **: p<0.01 and ***
p<0.001, one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 7.

The effect of CFZ-pTA-alb vs. CFZ-CD, administered as a single IT injection, on
CT26@Balb/c mice. (a) Individual growth curves of tumors treated with PBS (n=3), CFZ-
CD (n=3) or CFZ-pTA-alb (n=4) at 1.2 ug CFZ equivalent. Arrows indicate the treatment
time. (b) Specific growth rate of CT26 tumor (AlogV/At). (c) % CD8™* T cells of CD45™ cells
in CT26 tumors or draining lymph nodes of mice receiving a single IT injection of CFZ-CD
or CFZ-pTA-alb (n=3 per group) at 60 ug CFZ equivalent, 6 days post treatment. *: p<0.05
and ** p<0.01, one-way ANOVA with Tukey’s multiple comparisons test.
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Figure8.
The effect of CFZ-pTA-alb vs. CFZ-CD, administered as a single IT injection at 60 pg CFZ

equivalent, on the treated (A) and remote (B) tumors in an immunocompetent CT26@Balb/c
mouse model. (a) Schedule of CT26 tumor inoculation in Balb/c mice and treatment
injection. (b and ¢) Antitumor activity in the treated tumor A: (b) Individual growth curves
of tumors treated with PBS, CFZ-CD or CFZ-pTA-alb (n=5 per group). Arrow indicates the
treatment time. (c) Specific growth rate of treated tumor (AlogV/At). (d) IFN-y secretion
from splenocytes of the mice sacrificed on day 22 post-treatment, in response to AH1
peptide, a CT26 immunodominant MHC class-I restricted antigen. IFN-y secretion is
presented relative to the basal level of IFN-y in non-challenged splenocytes. *: p<0.05 and
**: p<0.01, one-way ANOVA with Tukey’s multiple comparisons test.
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