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Abstract

In desmoplastic melanoma, tumor cells and tumor-associated fibroblasts are the major dominators
playing a critical role in the fibrosis morphology as well as the immunosuppressive tumor
microenvironment (TME), compromising the efficacy of therapeutic options. To overcome this
therapeutic hurdle, we developed an innovative chemo-immuno strategy based on targeted delivery
of mitoxantrone (MIT) and celastrol (CEL), two potent medicines screened and selected with the
best anti-cancer and anti-fibrosis potentials. Importantly, CEL worked in synergy with MIT to
induce immunogenic tumor cell death. Here, we show that when effectively co-delivered to the
tumor site at their optimal ratio by a TME-responsive nanocarrier, the 5:1 combination of MIT and
CEL significantly triggered immunogenic tumor apoptosis and recovered tumor antigen
recognition, thus eliciting overall anti-tumor immunity. Furthermore, the strong synergy benefitted
the host in reduced drug exposure and side-effects. Collectively, the nanocarrier-mediated chemo-
immuno therapy successfully remodeled fibrotic and immunosuppressive TME, arrested cancer
progression, and further inhibited tumor metastasis to major organs. The affected tumors remained
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dormant long after dosing stopped, resulting in a prolonged progression-free survival and
sustained immune surveillance of the host bearing desmoplastic melanoma.

Graphical Abstract

Figure legend depicting nanocarrier-mediated chemo-immuno therapy by co-delivering MIT and
CEL. MIT, mitoxantrone; CEL, celastrol; TAF, tumor associated fibroblast; ICD, immunogenic
cell death; DC, dendritic cell; CTL, cytotoxic T lymphocyte; MDSC, myeloid-derived suppressor
cell; Treg, regulatory T cell; M2, M2 macrophage.
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Melanoma, the most lethal skin cancer, has an incremental incidence, few durable therapies
and a low survival rate of less than 10 %.1 Conventional melanoma treatment, whether
radiotherapy or chemotherapy, presented a rather short therapeutic window and a high
incidence of recurrence/metastasis.? The major drawbacks of such therapies are that the
tumor-specific memory response is insufficiently evoked and that the lack of specificity
results in side effects to the whole-body immunity.2 Notably, the tumor microenvironment
(TME) has been poorly studied. TME comprises not only tumor cells but also immune and
interstitial cells. Thus, an effective therapy should be based upon a specific cancer type and a
thorough understanding of its TME.#

In desmoplastic melanoma (DM), a rare histological variant of melanoma, the malignant
tumor cells are surrounded by rich fibrous tissues. This highly fibrotic property led to
distinct clinical behavior when compared with other melanoma subtypes, thus hindering
treatment efficacy.” The interstitial cells, especially tumor-associated fibroblasts (TAFs)
construct an extracellular matrix-rich structure and cytokine crosstalk, thus facilitating
aggressive and highly metastatic tumor growth. Moreover, the fibrosis raises delivery
barriers for effective therapies.® 9 10 In this work, we grafted murine models of DM
mimicking clinical settings,11- 12 and further confirmed tumor cells and TAFs as major
dominators within TME. Such domination resulted in the recruitment of immune cells -
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especially myeloid-derived suppressor cells (MDSCs), regulatory T cells (Tregs) and tumor-
associated macrophages - that collectively form the suppressive immune microenvironment.
13 Consequentially, the highly immunosuppressive TME supports “tumor immunoediting”,
thus inducing the tumor progression and furthering the drug-resistancy.14 15

The field of onco-immunology recently validates that conventional cancer therapies may
achieve a sustained patients’ outcome by arising innate and adaptive immunity against tumor
growth.16: 17 For such purposes, specialized chemo-drugs which empowering immunogenic
cell death (ICD) and immune-stimulatory side effects have been employed.18: 19 Such
“Chemo-immuno therapy” offers alternative therapeutic options for conventional drugs. The
common mechanism of inducing ICD by reported chemo-drugs (mitoxantrone, doxorubicin,
oxaliplatin, bortezomib) involves the induction of endoplasmic reticulum (ER) stress,20 but
their potency requires enhancement. Thus, in addition to targeted depletion of the
dominators (tumor cell and TAFs) within the TME and more importantly, to effectively
trigger ICD in DM, we screened drugs that could work synergistically. Our hypothesis was
that the synergy will significantly reduce the effective drug dose if the drugs could be
delivered together at an optimal dose ratio. We further hypothesized that improved ICD
could induce a long lasting anti-tumor immunity which would elicit prolonged progression
free survival of the host. To achieve the highest anti-cancer efficacy, we used a nanoparticle
(NP) delivery system that specifically targets and triggers drug-release in order to deliver
sufficient drugs with high concentrations and with the synergistically optimal combination
ratio at the tumor site. This chemo-immuno therapy strategy holds promise to prime robust
innate and adaptive immune responses, arrest cancer progression and induce tumor
dormancy. (see Graphical Table of Contents).

RESULTS AND DISCUSSION

The design of chemo-immuno therapy

DM presents a highly fibrotic TME in comparison to non-desmoplastic subtypes. Figure 1A
depicts a typical collagen-rich morphology (predominantly produced by TAFs) in DM,
compared with relatively non-desmoplastic subtype, in both human patients and preclinical
mouse models. Importantly, the metastatic rate of clinical primary melanoma significantly
increased from 44.56 % (non-desmoplastic) to 50.45 % (desmoplastic subtypes). Among
which, lung and distant lymph nodes are the major identified metastasis loci (analyzed from
The Cancer Genome Atlas, data not shown).

In study of desmoplastic TME, we performed a whole tumor profiling assay (Figure 1B,
using flow cytometry) on the murine tumor model, where the presence of ~23 % tumor cells
and ~17 % TAFs were found. To target depletion of these two dominators of tumor mass, as
well as inducing tumor ICD, we designed a cancer-specific “chemo-immuno therapy”. A
total of 25 candidate drugs were screened by MTT assay /n vitro. Among these were 4 well-
reported ICD-inducing chemo-drugs and 21 active compounds from traditional Chinese
medicine extracts (for full drug list, see Materials section). As illustrated in Figure 1C,
among 25 candidates, mitoxantrone (MIT) and celastrol (CEL) were the most two effective
drugs to treat both the tumor cell line (BPD6) and a model TAF cell line (TGF-B activated
NIH 3T3 cells, referred to as the “3T3-T").
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MIT, clinically used in treating malignant melanoma,2}: 22 can trigger ICD in various cancer
types.23 CEL, a pentacyclic triterpene extracted from Tripterygium wilfordii, which is
reportedly an immune-stimulatory and anti-cancer agent,2* 25 has also been identified as an
effective chaperone inhibitor thus would theoretically facilitate 1CD.28 In this work, CEL
further elicited potent anti-tumor and anti-fibrosis potentials in the murine DM model
(Figure 1D). Active compounds from extracts have been reported to increase efficacy of
chemo-drugs as well as to decrease toxicity in various anti-cancer studies.2’- 28 Thus, we
explored the possible synergy between these two drugs.

As shown in Figure 1D, various combinations of these two drugs were examined for their
half maximal inhibitory concentration (1Csp) and the combination index (ClI). In both tumor
and TAF cell lines, significantly lower ICsq of MIT was achieved after combining MIT with
CEL, indicating that CEL increased the sensitivity of cells to MIT. For example, 1Cgq of
MIT decreased from 16.0 to 4.5 uM in BPD6 cells and from 30.8 to 1.5 pM in 3T3-T cells,
respectively, when tested in a drug ratio of 5:1 (marked in red). ICsq values for CEL were
similarly decreased in both cell lines. We have also examined the synergistic effect?® among
7 combination ratios of MIT to CEL (1:10, 1:5, 1:2, 1:1, 10:1, 5:1, and 2:1). Among these,
5:1 and 10:1 showed a strong synergy. The strongest Cls were 0.2 in TAF cell line and 0.6 in
tumor cell line. Thus, CEL enables enhanced cytotoxicity of MIT in a best combination ratio
of 5:1 (MIT: CEL=5:1, referred to as MIT+CEL 5:1). Such a high therapeutic efficacy
achieved at low-doses would allow the reduction of side-effects and satisfies the prerequisite
of ICD-inducing chemo-drugs which should be used in a low-dose range.

The application of CEL in anti-cancer therapies has elucidated its role in calcium-mediated
activation of ER stress.3? When calcium is released from ER and mitochondria, un/mis-
folded proteins accumulate within the ER. The impaired activities of chaperones (e.g.,
Hsp90) and disabled processing of proteins further promote proteasome function, thus
initiating cell apoptosis and release of tumor antigens. Thus, CEL as an effective Hsp90
inhibitor, has demonstrated its great potential in facilitating ICD. Upon stress and apoptosis,
calreticulin (CRT) translocated from ER lumen to the surface of cancer cells, with increased
release of high mobility group box 1 (HMGB1).18: 31 With CRT exposure and HMGB1
release as standard markers for drug-induced tumor cell immunogenicity,32 we confirmed
that both MIT itself and MIT+CEL 5:1 effectively induced ICD in tumor cell line (Figure
1E), indicating the potential for synergistic chemo-immuno therapy.

The TME-responsive NP delivery platform

Despite the advantages and great promise of combination drugs, obstacles aligned between
the ideal optimal synergistic ratio and the ratio at the tumor sites. Conventional drugs
distributed all over the body, with only a minor portion insufficiently delivered to the tumor
sites. Thus, we applied a TME-responsive NP platform in purpose to enhance precisely-
targeted and fast-released delivery of drugs, and subsequently to induce ICD onsite.

To construct such a NP delivery platform as aforementioned, the APS (AEAA-Polymer-
Disulfide bond) NPs were synthesized by Michael addition polymerization (Figure 2A),
based on the synthesis scheme of disulfide linkages in (B-amino ester) copolymers that was
previously reported.33 In addition, we synthesized and added aminoethylanisamide (AEAA)
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ligand to the copolymers for targeting purposes. AEAA is a high-affinity (K4 = 9 nM) ligand
for sigma receptors which are over-expressed on both melanoma and TAFs.34 The signal
peaks in Figure 2A (*H NMR spectrum) represent functional groups such as PEG-AEAA
and tertiary amine, indicating a successful synthesis of the APS copolymer. The analysis of
characteristic peaks is described in Materials section.

Based on the optimized combination ratio as described above, MIT and CEL were co-loaded
(5:1, molar ratio) into APS NPs with a solvent evaporation procedure. Its illustrative feature
(Figure 2B), TEM morphology image and NP size distribution (Figure 2C) are shown
alongside. Essential characterizations of drug-loaded NP and NP itself, including
nanoparticle size, zeta potential, polydispersity index, drug loading efficacy and drug
encapsulation efficiency are listed in Figure S1A. Importantly, the zeta potential was
reversed from a negative charge (pH 7.4) to a positive charge (pH 6.5) due to tertiary amines
protonated in the copolymer. In blood (pH ~7.4), the negative charge of APS NPs can be
leveraged to reduce rapid NP clearance in the circulation without interacting with blood
components which are mostly also negatively-charged. Due to acidic microenvironment (pH
~6.5) in solid tumors, APS NPs triggered a charge-reversal process thus attracting their
combination with negatively-charged cell membranes. In turn, this charge-reversal effect
enables NPs to be internalized at the TME and minimizes their distribution among normal
tissues.3% 36 These features offered excellent possibility for inducing local ICD at the tumor
sites.

An effective drug delivery system allows rapid drug release inside the cancer cell.37: 38 To
promptly achieve the optimal drug ratio, as well as improve anti-cancer efficacy, TME-
specific glutathione (GSH) property has been employed. The concentration of GSH in the
cytosol of cancer cells (~2-10 mM) was significantly higher than that of extracellular matrix
and blood (~2-20 uM).39: 40. 41 Furthermore, GSH level in cancer cells are over 4-fold
higher than normal cells.#2 To confirm such TME-responsive property, NPs were tested in
changing pH and GSH conditions. As shown in Figure S1B, the particle sizes dramatically
increased in the presence of 10 mM GSH compared with no GSH condition, possibly due to
disulfide-bond breakage in a reductive manner.3 A pH change from 7.4 to 6.5 further
facilitated such change. Such results were also confirmed by the gel permeation
chromatography assay (GPC) measuring the molecular weight distribution of copolymer in
respond to pH and GSH changes (Figure S1C, for assay details see Materials and methods
section). As shown in the GPC assay, the nano-carrier (copolymer) with lower PDI helped in
maintaining its stability and self-assembly properties, in similar to reports from other
copolymer systems.#4: 45. 46, 47, 48 |mportantly, the nano-carrier was unstable in either acidic
or reductive conditions. Both are favorable properties for anti-cancer drug delivery.4°

As a result, MIT (Figure 2D) and CEL (Figure S2A) were being triggered to release from
NPs. In the condition of pH 7.4, MIT and CEL loaded NPs released less than 20 % in 24 h.
However, at pH 6.5 (simulating the acidic tumor extracellular microenvironment), the drug
release slightly increased to ~40 % due to ionization of tertiary amines. The slightly acidic
environment led to NP leakage but did not collapse the NPs. Moreover, in the addition of 10
mM GSH (which simulated the reductive environment inside the cancer cells), the release
increased to ~60 % due to the rupture of disulfide linkage, indicating that the core of NPs
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had collapsed. A combination effect was observed in pH 6.5 and 10 mM GSH condition,
where more than 80 % of drugs released. Such a high releasing property would help
achieving the optimal ratio for drug-induced ICD at the tumor sites. Similarly, previous
studies using polymeric micelles or liposomes have also achieved a high MIT encapsulation
efficacy, and also drug loading efficacy with reasonable stabilities and drug release
behaviors.50: 51, 52,53

To mimic the blood physiological conditions, APS NPs were added to 10 % fetal bovine
serum (FBS), PBS, blood serum, blood plasma, and whole blood /n vitro for 72 h. No
significant change of size was found, suggesting the good stability of NP (Figure S2B). To
further evaluate the biocompatibility, a hemolysis assay was employed investigating the
interaction between NPs and red blood cells (RBCs). As shown in Figures 2E and Figure
S2C, 1 % Triton X-100 was used as a positive control which had roughly a 100 % hemolysis
rate. At pH 7.4, four concentrations of NPs (0.1, 0.5, 1, and 2 mg/mL) were observed with
less than 10 % hemolysis. However, the hemolysis rate increased at pH 6.5 and 5.0;
especially in maximum conditions (1 or 2 mg/mL of NP at pH 5.0), the hemolysis rate was
close to 100 %, indicating strong interactions between NPs and RBCs. These were similar to
report from Kelsch’s group on polymeric micelles’ stability.** The anti-blood dilution
property can also be evaluated by the critical micelles concentration (CMC) assay. As shown
in Figure S2D, the nano-carrier itself has shown a rather low CMC of ~7.5 x 10~ mg/mL
(~7.76 x 1078 M), indicating reasonable anti-dilution stability within bloodstream. Such
property would further facilitate circulation within body and improve targeting efficacy.
Importantly, blank NP itself showed no significant cytotoxicity in tumor cells, TAFs, normal
fibroblasts, nor immune cell such as macrophages (Figure S2E). To conclude, the NP
delivery platform responded in accordance to TME-mimicking factors and showed a high
biocompatibility profile.

Nanocarrier-mediated chemo-immuno therapy significantly improved anti-tumor response
and remodeled suppressive TME

To achieve sufficient efficacy, we first examined the delivery of MIT and CEL in TME-
responsive NP among DM tumor-bearing mice. Through I1VIS imaging, NPs were detected
mainly distributed in the tumor 24 h after /. v. injection (Figure 3A), compared with other
major organs. Although liver took up NPs, it was significantly lower than the tumors on the
per gram weight basis (p < 0.01) (Figure 3B). With the help of sigma receptor-targeting, we
found that most of the NPs were taken up by tumor cells and TAFs within the TME
(measured by flow cytometry, data not shown).

Furthermore, pharmaco-distribution profiles of MIT and CEL were characterized after /. v.
administration of drug-loaded NPs and free drug suspension, respectively. As shown in
Figure 3C, the injected NPs offered targeted delivery of MIT and CEL to the tumor for a
significantly increased amount compared with injected free drugs (measured by LC/MS).
Within the tumor, the area-under-curve values of nano-delivered drugs were significantly
higher than those of the free drugs (2.9-fold increase in MIT and 3.8-fold increase in CEL).
Importantly, the amounts of drugs in the tumor resembled the designed optimal ratio /n7 vitro
at least in the early time points (at 4 h, ratio was 6.1:1; 8 h was 5.0:1; 12 h was 4.0:1, 24 h
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was 3.1:1). In comparison, the free drugs failed to retain such ratio (7.1:1; 13.9:1; 9.9:1;
8.9:1, respective to 4 measured time points). To add on, the plasma concentration-time of
drugs were also compared. As shown in Figure S3A, drug-loaded NPs can circulate for a
longer time in the blood than free drugs, with 8-fold (for MIT) and 12-fold (for CEL)
increase in half-life. These results indicated the benefit of using a controlled-release
nanocarrier system.

Through NP encapsulation and delivery, the cytotoxicity of drugs was ~6-fold enhanced in
comparison to free drugs in combination (measured by 1Csg, Figure S3B). Furthermore, on
animal model bearing DM tumors (Figure 3D), the mice treated with MIT and CEL loaded
NPs (denoted as the M+C NP group) presented a significant tumor-Kkilling effect, with only
~1/13 dosage compared with free drugs administrated in combination (the M+C group). As
shown in Figure 3D, the delivery of low-dose drugs largely inhibited tumor growth.
Moreover, tumor mass was significantly restrained with lower tumor weight. Such
therapeutic strategy also achieved the best anti-cancer effect in comparison to single drug-
loaded NP groups (Figure S3C).

Desmoplastic type of tumors is well-known for its immunoediting ability and resistance to
immunotherapy. The significant tumor inhibition by delivered drug-combination, also
referred to as “the elimination phase” of cancer immunoediting, is mainly resulted from the
following factors:

1. Effective apoptosis induced by MIT and CEL (shown /n vivo by TUNEL assay
in Figure 3E, and also /n vitro by quantitative cell apoptotic assay and cell cycle
analysis in Figure S4). In the cell apoptosis assay, M+C NP caused a dramatic
increase in the total apoptosis rate (> 60 %) in both tumor cells and TAFs (Figure
S4A and C). Enhanced apoptosis could be the result of the G1 phase shift to the
G2/M phase in the cell cycle. As shown in Figure S4B and D, M+C NP group
also had a higher percentage of G2/M phase cells, suggesting a synergistically
blockage of cell mitosis compared with all controls. These data indicated an
increased level of cell apoptosis, possibly due to ICD.

2. Changes of TME morphology that facilitated further delivery of therapeutics. As
shown in Figure 3E, collagen deposition and fibrosis were abundant in tumor
sections of the untreated group. By contrast, the /7 vivo tumor model depicted
significantly decreased collagen density and increased NP penetration under the
treatment of M+C NP (Figure S3D). Collagens were predominantly produced by
TAFs, which were the target of both MIT and CEL.

3. The immune-stimulatory effects that counteracted immune-suppression induced
by TME dominators. As shown in Figure 3F and Figure S5, the effective
elimination of tumor cells and TAFs dampened the secretion of immune-
suppressive TGF-B, IL6, CCL2 and IL-10 network. Thus, suppressive immune
cells (such as MDSC, Treg, and tumor associated macrophages) were
significantly reduced. Antigen presenting cells within TME, mostly dendritic
cells (DCs) were normally inhibited in antigen-recognition functions and were
tolerogenic to immune-stimulators under an immune-suppressive environment.54
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After treatment, DC functions were largely recovered with CD103* DC
significantly increased, suggesting that the local effective ICD would help release
tumor-associated antigens and facilitate DC maturation with cross-priming
ability to CD8* cytotoxic T lymphocytes (CTLs). As a result, IFN-y was
increasingly released to stimulate tumor-specific immunity, thus inhibiting the
tumor growth. It is known that perforin and granzymes released by CTLs enable
non-apoptotic pathways of cell death, thus offering an effective treatment of
cancer by modulating the immune system.55: 56

To examine the observed therapeutic efficacy in other models of desmoplastic melanoma, we
established a second DM model using D4M cells (BRAFVE00E syngeneic with C57BL/6
mice).5” This cell line was not PTEN~~ in comparison to BPD6 cell line. As shown in
Figure S6A, similar to the BPD6 tumor model, these tumors also presented a desmoplastic
morphology, but comparably less in the amount of collagen structure (less TAFs within
TME), this explains the compromised efficacy of our therapy in targeting both tumor cells
and TAFs. Nevertheless, the NP group achieved a significantly stronger tumor inhibition
(p<0.01) in comparison to that of free drugs. Following the same treatment protocols, the M
+C NP group mitigated the desmoplastic structure compared with the PBS group, resulting
in superior tumor growth inhibition as compared with all other controls (Figure S6B).

Enhancement of long-term immune surveillance, host survival, and anti-metastasis
efficacy of therapy

Clinically, a strong cancer immunoediting implies that the “elimination phase” can be hardly
completed, thus resulted in a balance between surviving tumor cells and the modified
immune system. Such balance may last for years for patients. In our animal model, as the
tumor inhibition study continued, we also noticed a long-term sustained tumor inhibition
effect in the M+C NP group (Figure 4A). In particular, tumor volumes were restrained
around 200 mm? for over two weeks after the last dose of treatment, with a significant
prolongation of progression-free host survival (Figure 4B). A typical “tumor dormancy”
phenomenon suggested the existence of endogenous immune surveillance.

Tumor dormancy can be categorized into two types: cell cycle arrested at GO-1 phase at the
cell level, or mostly on a population level represents a balance between tumor cell
proliferation and death. Herein, the tumors were restrained as a result of several possible key
factors:

1. A turnover of TME morphology. As depicted in Figure 4C, the density of fibrosis
correlatively increased along with tumor growth (from I to 11). The TME was
heavily desmoplastic at the start of therapy (depicted in 11, ~200 mm3 in tumor
volume at day 13 after tumor cell inoculation), and then subjected to de-fibrosis
treatment by targeted co-delivery of MIT and CEL, aiming at the depletion or
deactivation of TAFs (depicted in I1l, M+C NP group). During over two weeks of
host survival observation, the morphological structure of the tumor was largely
reframed. At the endpoint of study, an inner necrosis-rich pattern was found in
the core area of the residual tumors, along with only a minor level of fibrosis
(depicted in V).
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2. Increased levels of immune-surveilling cells. Local CTLs and natural killer cells
are crucial components, but more importantly tumor-specific memory T cells
were significantly recruited (Figure 4D). The increased memory CD4+ and
CD8+ T cells inside the tumor suggested the effectiveness of ICD in vivo.
Reasonably, residual tumor cells may express low but persistent levels of tumor
antigens to be recognized and cleared by the immune system. To address such
action mechanism, we further depleted CD4+ or CD8+ T cells in mice bearing
the dormant tumor. As shown in Figure 4E, the sustained tumor restrain effect
was abolished by the treatment with either anti-CD8 or anti-CD4 antibody,
whereas it was not affected when an isotype-matched IgG control was used. The
result suggested that a strong immune-surveillance might be the main reason for
such dormancy.

3. High expression of CD69 (Figure 5A). CD69 isa T cell activation marker.
Recent studies in metastatic melanoma patients have reported that the expression
of CD69 positively correlates with survival and negatively corelates with
metastasis.>® We found CD69 highly expressed in the remaining cells within the
TME, which would help contributing in metastasis inhibition (in both lung and
liver) compared with the untreated hosts (Figure 5B).

4, A high percentage of remaining dormant tumor cells showing the characteristics
of cancer stem cells (CSCs) (Figure 5C). Compare with untreated group (PBS
control), in M+C NP group, the majority of tumor mass with strong
immunogenicity were under immune surveillance and subjected to elimination,
but the CSCs are poorly immunogenic with chemo-resistance potential, thus
avoiding immune-surveillance and clearance.>® When remaining tumors are
examined by flow cytometry, a high percentage of remaining tumors in such
group was CSCs. CSCs are not favorable prognostic factor but rather a remaining
question that ask for alternative immunotherapeutic options. Nevertheless, CSCs
are reported with a slow growth rate and are unable to grow into overt tumor
mass.®0 Any immunogenic daughter cells from CSCs would possibly be
eliminated by immune-surveilling cells within TME, thus present restrained
tumor volume.

Interestingly, we found that two out of ten mice with remaining dormant tumors eventually
had their tumors grown back at a late stage (Figure 4B), indicating equilibrium was
disturbed in favor of tumor-escape. This suggested the possibilities underlying genetic or
epigenetic changes which further allowed tumor progression. Main factors to be investigated
in such probabilities can be summarized as follows: a) Due to genomic instability, dormant
tumor cells may express undiscovered tumor antigens with specific mutations. Such
probability may serve as effective target for the design of neoantigen vaccines; b) The
remaining dormant cells may overexpress immune checkpoint ligands, such as PD-L1,
gained by gradual increase in resistance. Thus, the checkpoint inhibitors and kinase
inhibitors might be applied in combination with targeted therapy; c) At a late stage, dormant
tumors would induce MDSC or Treg proliferation as well as their active suppression of
immunity; d) A depletion of T cells or reduction in IFN-y or IL12 would also trigger
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immune-escape mechanisms; e) An over-activation of angiogenesis would facilitate tumor
progression and even metastasis.

Safety evaluation for chemo-immuno therapy

Safety is an essential aspect for the development of both effective and translational therapy.
Thus, biosafety-related toxicological pathology analyses were performed. As shown in
Figure 6A and B, the serum biochemical parameter analysis and the whole blood cell counts
were remained within the normal ranges, this suggested that the treatment strategy led to
undetectable systemic anemia nor inflammation. Liver and kidney function markers were
remained normal. No severe weight loss in hosts were found (Figure 6C). Moreover, the
H&E staining results also indicated no significant morphological damage among major
organs, including kidney, lung, spleen, liver, and lung (Figure 6D). Lack of toxicity of the
combination chemo-immuno therapy was certainly the direct result of low drug doses
required.

CONCLUSIONS

In summary, the success described here stems from the strong synergy between MIT and
CEL in inducing ICD. The combination also targets TAFs to reduce the desmoplasia of the
tumor. The chemo-immuno therapy significantly remodeled immune-suppressive TME, as
well as triggered a robust immune memory response. Since only low doses of both drugs
were used, the treatment was without any toxicity to the host. Low dose drug-synergy is also
clinically beneficial, especially for patients who suffering from chemo-toxicities, but the
optimization of such synergy needs further investigation. In comparison to personalized
vaccines, no matter preventive or therapeutic, 81 62 our strategy offers a broader application
to patient subjects in a way of priming immune system against cancer.

MATERIALS AND METHODS

Materials

Mitoxantrone, Doxorubicin, Oxaliplatin, and Bortezomib were obtained from Sigma-Aldrich
(MO, USA). Active compounds with over 99% purity, including Dihydroartemisinin,
Glycyrrhizin, Curcumin, Tetramethylpyrazine, Resveratrol, Epigallocatechin, Celastrol,
Salvianolic acid B, Salvianolic acid A, Scutellarin, Oleanolic acid, Dihydromyricetin,
Osthole, Berberine, Cryptotanshinone, Baicalein, Sinomenine, Lupeol, Wogonin,
Cepharanthine, and Adiponectin were obtained from Chengdu Mansite Biotech Co. Ltd
(Sichuan, China). NH2-PEG-OH (MW 2k, CAS No. 32130-27-1) was obtained from
Biochempeg Scientific Inc. (MA, USA). Synthetic materials as previous reported were
obtained from Sigma-Aldrich MO, USA).

Cell lines and animals

Desmoplastic melanoma models were built according to previously published protocol.1 In
detail, murine melanoma cell lines BPD6 (BRAFV800E pPTEN~") and D4M (BRAFV600E,
syngeneic with C57BL/6) was kindly provided by Brent Hanks (Duke Cancer Institute) and
cultivated in RPMI-1640 Medium added with 10 % FBS and 1 % Penicillin/Streptomycin
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(PS) (Invitrogen, Carlsbad, CA) at 37 °C and 5 % CO,. NIH-3T3 cell line (which were
activated with 10 ng/mL TGF-B mimicking TAFs /n vitro) were cultivated in DMEM
Medium also with FBS and PS. Six-week-old female C57BL/6 mice were purchased from
Charles River Laboratories (Wilmington, MA). All animal regulations and procedures were
accepted by Institutional Animal Care and Use Committee of University of North Carolina
at Chapel Hill.

InVivoMADb anti-mouse CD8a (clone 53-6.7) and anti-mouse CD4 (clone GK1.5) were
purchased from BioXcell (West Lebanon, NH). Primary and secondary antibodies used for
immunostainings (IF) and flow cytometry (flow cytr) were listed in Table S1.

ICD determination

ICD dosing was determined by in vitro CRT exposure and HMGB1 release.%3 Briefly, BPD6
cells treated with MIT alone or MIT+CEL (5:1 molar ratio), then harvested, PBS washed
and fixed in 0.25 % PFA in PBS for 5 min. Cells were washed twice in PBS, and a primary
antibody, diluted in cold blocking buffer, was added for 30 min. After three washes in cold
PBS, cells were incubated for 30 min with the appropriate FITC-conjugated secondary
antibody diluted in a cold blocking buffer. Cells were fixed with 4 % PFA for 20 min and
then nuclei were stained with Hoechst 33432 (ThermoFisher Scientific), followed by
Confocal imaging. For intracellular HMGBL staining, cells were washed with PBS, fixed
with 0.4 % PFA for 20 min, permeabilized with 0.1 % Triton X-100 for 10 min, rinsed three
times with PBS, and nonspecific binding sites were blocked with 10 % goat serum in PBS
for 30 min. A primary antibody for HMGB1 was added for 1 h. Subsequently, cells were
washed three times with PBS and incubated for 30 min with a secondary antibody for
fluorescence imaging.

Synergistic effects of MIT and CEL at various combination ratios

Synergy of MIT in combination with CEL were tested using MTT assays. BPD6 and 3T3-T
cells were seeded onto 96-well plates (5x10° cells per well). After overnight incubation,
cells in each well were incubated with various concentrations of MIT, CEL, or combinations
of MIT and CEL at a molar ratio of 1:10, 1:5, 1:2, 1:1, 2:1, 5:1, or 10:1 (MIT+CEL). After
24 h incubation, cell cytotoxicity was assessed by MTT assay. The synergy of MIT and CEL
combination treatment was evaluated by calculating the combination index (CI) based on the
level of synergism (median-effect analysis).

(Dose)1 (Dose)2

CL(%) = (Dosex)1 = (Dosex)2

Where (Dose); and (Dose), are the concentrations of drug 1 and drug 2, respectively, in the
combination that inhibits x % of cells; (Dose 4); and (Dose ), are the concentrations of
drug 1 and drug 2, respectively, as a single drug that inhibits x % of cells. The classificatory
of synergy are: additive (CI = 1), synergistic (Cl < 1), or antagonistic (CI > 1). ICgq value
was calculated using GraphPad Prism software.
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Synthesis and characterization of the drug-loaded AEAA-modified NP (APS NP)

The APS copolymers were obtained by previous reported method.33 Briefly, AEAA ligand
(71.3 % yield) and AEAA-PEG-2,2-bis(acryloyloxymethyl)propionate (AEAA-PEG-BAP)
(91.1 % vyield) were first synthesized. Then, all the synthetic materials were dissolved in
anhydrous DMSO for Michael-type step-polymerization. The reaction was gently stirred in
oil bath (60 °C) for 60 h under nitrogen protection. To obtain the final products of APS NP,
the mixture was dropped into excessively cold ethyl ether and dialyzed in a dialysis tube in
PBS (p H 7.4) with a molecular weight of MW 5000, followed by freeze-drying (78.4 %
yield).

The APS copolymer was confirmed by 'H NMR (at 500 MHz, Bruker, USA) with
deuterated chloroform (CDCl3) as the solvent. As shown in Figure 2A, the signals at 3.66
ppm are the characteristic peaks for —-OCH,CHo— in PEG-AEAA,; the four peaks at 5.31,
3.15, 3.10, and 2.77 ppm correspond to the -NH-CH»-CH,-NH- moieties; the peak at 3.58
ppm is characteristic for the -O-CHz end group in PEG-AEAA. The signals at 2.69, 1.32,
and 1.51 ppm indicate a C—C single bond in 1,6-hexanediol. The signals at 4.01 and 2.48
ppm were generated by -O-CH2- and O-CO-CH2- moieties in the 1,6-hexanediol diacrylate,
respectively. The signal at 2.57 ppm was generated by the C—C single bond and the tertiary
amine in the piperazine ring.

The molecular weight and polydispersity index of the copolymer in respond to changing pH
(pH 6.5, 16h) and GSH (10 mM GSH, 16 h) conditions were measured by a gel permeation

chromatography (GPC) equipped with a Waters 2695 HPLC system, a laser light-scattering
detector, and a refractive index detector (Malvern Instruments, Worcestershire, UK).

Dimethylformamide (DMF) with 0.1 % v/v Lithium bromide was used as the mobile phase.
The block copolymer can be synthesized with controlled molecular weight and PDI. To
achieve this, the final polymer was dropped into excessive cold ethyl ether (twice) and
dialyzed against DMSO in a dialysis tube with a molecular weight cut off of 5,000 Daltons
(for 12 h), thus to remove unreacted oligomers and copolymers with low molecular weight
in a controlled manner. The final copolymers with different block compositions were
obtained by dialysis against PBS (pH 7.4), followed by freeze-drying.

APS NP were prepared using the solvent evaporation method. In brief, 10 mg of the APS
copolymer and MIT+CEL combination (5:1) were dissolved in 1 mL acetonitrile/methanol
(1: 1) and gently added to 10 mL PBS (pH 7.4). The residual methanol and acetonitrile were
water-bathed (45 °C) for 15 min. The solution was centrifuged at 4,000 rmp (10 min) and
filtered by 0.18 um filter membranes to remove the unloaded MIT and CEL. The Non-drug
loaded blank APS NP were prepared by the same process but without loading any cargo. To
evaluate the redox-sensitivity and pH-triggered charge reversal, the zeta potential and
nanoparticle size were measured DLS (Malvern, United Kingdom) under different
conditions: the normal physiological conditions (pH 7.4), the acidic extracellular tumor
microenvironmental (pH 6.5), and the intracellular reductive environment (10 mM GSH).
The stability of drug-loaded NPs was recorded for 72 h. Drug loading efficiency and
encapsulation efficiency of MIT and CEL in NP were quantified using HPLC (Shimadzu
LC-20AT, Japan). The morphological examination was detected under JEOL 100CX Il TEM
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(JEOL, Japan). The particle size changes of the APS NP (1 mg/mL) under reductive (10 mM
GSH) and/or acidic environments (pH 6.5 or 5.0) were investigated using DLS
measurements.

Controlled MIT and CEL release from APS NP in vitro

The release kinetics of MIT and CEL from the NP was investigated in four different
mediums using the dialysis tube method. The medium consisted of either 1) pH 7.4, 0.01 M
PBS buffer, 2) pH 7.4, 0.01 M PBS buffer with 10 mM GSH, 3) pH 6.5, 0.01 M PBS buffer,
or 4) pH 6.5, 0.01 M PBS buffer with 10 mM GSH. Tween 80 (0.5 % w/w) were added to all
medium, then 1.0 mL of the MIT+CEL-loaded NPs solutions (0.1 mg/mL) were transferred
into dialysis bags (MW 3500) with 30 mL of such medium. The release of drugs in different
mediums were measured using HPLC.

Critical micelles concentration (CMC) assay

The CMC of NPs was investigated by the standard pyrene method using a fluorescence
probe. Briefly, the acetone solution of pyrene (6.0 x 107> M) was added into the test tube
and evaporated completely in a 45 °C water bath. Then, different concentrations of NPs were
added to each test tube and mixed with a pyrene residue to achieve a final pyrene
concentration of 6.0 x 10~/ M. After ultrasonic mixing for 1 h and subsequently
equilibrating overnight in the dark (room temperature), a series of mixture solutions were
determined (excitation spectra: 300-400 nm, emission: 390 nm). The intensity ratios (1373/
1384) were analyzed and plotted against the logarithm of the concentration. The CMC value
was the point of intersection of two straight lines.

Biocompatibility assay
The hemolytic activity was measured at pH 7.4, pH 6.5, and pH 5.0 with red blood cells
(RBCs). Mice RBCs were extracted from plasma by 2,000 rpm centrifugation for 15 min
and two washes. Triton X-100 was used as a positive control. The suspensions of RBCs were
added to copolymer samples (0.1 to 2 mg/mL) or Triton X-100, and then compared between
groups.

Drug distribution assays

To investigate the distribution of drug-loaded NP /n vivo, Cy5-loaded NP (3 pg/kg) was
prepared by the same method as previously mentioned.33 Mice were injected with Cy5-
loaded APS NP and sacrificed after 24 h. Tumors and major organs were collected
accordingly and subject to 1VIS® Kinetics Optical System (Perkin Elmer, CA) for imaging
and quantifications.

The intra-tumoral cellular uptake of NPs was evaluated using flow cytometer. Briefly, tumor
tissues were dissociated with 1 mg/mL collagenase and 200 ug/mL DNAase (Invitrogen) in
DMED/2 % FBS for 40 min to generate a single-cell suspension. Major cell populations
within TME, such as tumor cells (MART1*), TAFs (aSMA™*), macrophages (F4/80%),
MDSCs (CD11b*Gr1*), Tregs (CD4*Foxp3*), and DCs (CD11c*) were stained for
quantification. The ratios of Cy5-loaded NP distributed in these different cell populations
were calculated accordingly.
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LC/MS instrument (Shimadzu LCMS-2020, Japan) was also utilized to quantitatively
analyze the accumulation of drugs (delivered by APS NP or delivered /.v. as free drug) in the
tumor site at predetermined times (4, 8, 12, 24 h) and to study the pharmacokinetics profile.
The separation of analyses was by using Thermo Scientific C1g column (100 mm x 4.6 mm,
2.6 um) with flow rate of 0.2 mL/min and 35 °C column temperature.

Assays on tumor growth, metastasis and host survival

On day 0, mice were inoculated subcutaneously on lower flank with 1x108 BPD6 cells.
Tumor growth were measured by digital caliper where volume = 0.5 x length x width x
height. Mice were randomized into treatment groups (n = 15-20) when tumor volume reach
~200 mm3. Groups were named as follows: PBS treated control (the PBS group), APS NP
with no drug loaded (the blank NP group), mitoxantrone+celastrol (5:1) administrated 7 v. (2
mg/kg of celastrol per dose) (the M+C group), mitoxantrone+celastrol (5:1) formulated into
APS NP and administrated 7.v. (160 pg/kg of CEL per dose) (the M+C NP group), and as
single controls, mitoxantrone loaded APS NP (the M NP group), as well as celastrol loaded
APS NP (the C NP group). Treatment groups were administrated on day 13, 15, 17, 19 after
tumor inoculation. Mice weight and health conditions were monitored every 2 days. Once
tumors reached ~20 mm in one dimension, mice were humanely sacrificed. Long-term host
survival was monitored and calculated by Kaplan-Meier curves in GraphPad Prism software.
At the endpoint of survival monitor, metastasis study was performed as major organs were
collected, fixed in 4% PFA, and H&E stained for pathology observation.

Cell cycle assay

Briefly, BPD6 and 3T3-T cells were seeded in 6-well plate (1.5 x 10° cells per well) and
incubated for 48 h. Then, cells were treated with either blank APS NPs (100 mg/mL), MIT,
CEL, MIT and CEL in combination (the MIT+CEL group), or MIT+CEL-loaded NPs (the
MIT+CEL NP group) for 48 h. Cells were then collected, fixed, stained with Pl staining
solution, and then measured by flow cytometer (BD Biosciences, USA). For each sample,
10,000 events were recorded and compared between groups.

Apoptosis assay

Cell apoptosis assay was performed by Annexin V-FITC/PI double staining. Briefly, cells
were seeded in 6-well plate (1.5 x 10° cells per well) and incubated for 24 h. Then, cells
were treated with either blank APS NPs (100 mg/mL), MIT, CEL, MIT+CEL, or MIT+CEL
NPs for 48 h. Cells were stained with Annexin V-FITC assay kit (Biovision, USA) and then
measured by flow cytometer (BD Biosciences, USA). For each sample, 10,000 events were
collected.

Flow cytometry assay

The flow cytometry assay mainly characterized the change of immune cells within TME, as
previously reported.54 In brief, mice were humanely sacrificed and the whole tumors were
collected and incubated at 37 °C for 40-50 min, with the addition of collagenase A and
DNAase. After three rounds of PBS washes, single cell suspensions were harvested in
MACs buffer (1x PBS+2 mM EDTA+0.5 % BSA, filter sterile), then subjected to
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fluorescein-conjugated staining. For intracellular staining, penetration buffer (BD, Franklin
Lakes, NJ) must be applied before adding antibodies. All stained cells were subject to flow
cytometer.

Immunofluorescence staining and Masson trichrome staining

Staining was performed on paraffin-embedded sections from tumor tissues. Briefly, all
tissues for paraffin-embedding were resected, rinsed in PBS, and placed in 4 % PFA for over
48 h at 4 °C. Immunofluorescence staining was performed by deparaffinization, antigen
retrieval, permeabilization, and blocking in 1 % bovine serum albumin. All antibodies
conjugated with fluorophores were added to tissue slides for at least 12 h at 4 °C. Then,
nuclei were counterstained with Prolong® Diamond Antifade Mountant with DAPI
(ThermoFisher Scientific). Stained slides were imaged with Zeiss 880 Confocal microscopy
(Germany). Five randomly microscopic fields were selected and quantified by Image J
software. The Masson Trichrome assay was performed to detect collagen among tumor
tissue. Tumor slides were stained using a Masson Trichrome Kit by the UNC Tissue
Procurement Core.

Quantitative real-time PCR (RT-PCR) assay

Total RNA was extracted from the whole tumor using RNeasy® Microarray Tissue Mini Kit
(Qiagen, Hilden, Germany). We then reverse-transcribed cDNA with iScript™ cDNA
Synthesis Kit and amplify cDNA with iScript™ Reverse Transcription Supermix for RT-PCR
(Bio-Rad, Hercules, CA). RT-PCR primers are listed in Table S2 with specific catalog
number attached and are all mouse specific. RT-PCR reactions were run in 7500 Real-Time
PCR System and subject to analysis with 7500 Software, compared to and normalized by
GAPDH endogenous control.

TUNEL assay

According to DeadEnd Fluorometric TUNEL System (Promega, Madison, WI) instructions,
tumor tissue slides were stained and subject to fluorescence microscopy imaging.
Fragmented DNA of apoptotic cells (FITC-positive) indicate TUNEL-positive nuclei. Slides
were mounted, and nuclei were stained with Prolong® Diamond Antifade Mountant with
DAPI (ThermoFisher Scientific), followed by imaging under Confocal microscopy.

Safety of treatments

All mice under different treatments were humanely sacrificed at endpoint of tumor inhibition
study, where whole blood and serum of hosts were harvested and subject to test by UNC
histology facility. Creatinine, blood urea nitrogen (BUN), serum aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) indicate renal and liver functions. Red blood
cells (RBC), white blood cell (WBC), platelets (PLT), hemoglobin (HGB) and hematocrits
(HCT) indicate myelosuppression level. Major organs were collected, H&E stained and
compared. Throughout the tumor inhibition study, mice body weights were monitored and
recorded every other day starting from the treatment.
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Patient Tumor Samples

Masson’s trichrome staining sections from paraffin-embedded biopsies of melanoma
patients were obtained from Department of Pathology, Xinhua Hospital, China according to
an approved patient sample management protocol. Informed consent was obtained from
patients before evaluation.

Statistical analysis

One-way ANOVA and a two tailed Student’s t-test were performed in Prism 5.0 Software.
Data were compare with PBS control group and between groups. Data averages from each
group were present as mean = SD. *: p< 0.05, **: p< 0. 01, ***: p<0. 001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The design of chemo-immuno therapy
(A) Masson’s trichrome staining illustrating desmoplastic type of melanoma with collagen-

rich TME (blue-stained collagen highlighted with black arrows), compared with relatively
non-desmoplastic samples from patients and mouse tumor specimens. Scale bar indicates
300 um. (B) Flow cytometry analysis showing the major cell populations within TME.
(Tumor cells: MART1*; TAFs: FAP*). (C) A total of 25 candidate drugs were screened by
MTT assay. MIT and CEL were selected among lowest ICsq. n = 5. (D) 1C5 and CI of MIT,
CEL, and optimized ratios of MIT+CEL on both BPD6 cells (desmoplastic melanoma cells)
and 3T3-T cells (TGF-p activated fibroblast, mimicking TAFs /n vivo). 24 h incubation. n =
5-8. (E) ICD induced by MIT and MIT+CEL (combination ratio of 5:1) on tumor cells. For
MIT: 16 pM, for MIT+CEL: 4.5 uM of MIT and 0.9 uM of CEL. Fluorescence imaging
detecting ICD markers: CRT and HMGBL1. Cell nuclei were stained with Hoechst 33432.
Scale bar indicates 10 um. n = 3.
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Figure 2. The TME-responsive NP delivery platform

(A) Synthesis scheme and 1H-NMR spectrum result of copolymer. (B) Graphical structure
and composition of APS NP. (C) Measurement of NP size and TEM image. Scale bar
indicates 500 nm. (D) The /n vitro MIT release from NPs in changing pH and glutathione

(GSH) conditions. n = 4. (E) NP hemolysis assay. n =4.
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Figure 3. Effective therapy significantly improved anti-tumor response and remodeled

suppressive TME
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na/kg) NPs and measured by 1VIS imaging 24 h post-injection. n = 3; (B) Region-of-interest
intensities of fluorescence signals among tumor and organs. n = 3; (C) Pharmaco-
distribution of MIT and CEL within tumor were measured by LC/MS, n = 5; (D) Tumor

inhibition study and tumor weight comparison. Arrows indicate days of drug injection.

Dosage: for M+C group: ~2 mg/kg of CEL per dose; for M+C NP group: ~160 ug/kg of

CEL per dose. Tumors were surgically removed from the hosts at endpoint of study,

weighted and compared between groups. n = 10-12; (E) Cell apoptosis were measured by
TUNEL staining and collagen morphology changes were measured by Masson’s trichrome

staining, scale bar indicates 300 pm. n = 3. (F) Flow cytometry analysis of immune

functioning cells within TME. n = 3. *: p<0.05, **: p< 0. 01, ***: p< 0. 001.
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Figure 4. Enhancement of long-term immune surveillance, host survival, and memory immunity
(A) Long term tumor inhibition study. Dosing schedule was consistent for all /77 vivo studies.

Arrows indicate days of drug injection. M+C group: 2 mg/kg of CEL per dose. M+C NP
group: 160 pg/kg of CEL per dose. n = 10-12; (B) Long term survival between different
treatments. n = 6-8; (C) In M+C NP group, figures depict tumor tissue’s collagen staining at
different days after tumor cell inoculation. Scale bar indicates 300 um. n = 3; (D) Tumor
tissue immunostaining analysis of memory immune cells within TME at endpoint day of
survival study. n = 3; (E) In M+N NP group, tumor-bearing mice were treated with 3 daily
injections of anti-CD8 or anti-CD4 antibody or Isotype control (300 ug/mice 7p. started
from 10 days after the last dose of therapy, arrows) to deplete either CD8+ or CD4+ T cells
invivo.n =3-4. ***: p<0.001.
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Figure 5. Long-term tumor dormancy and anti-metastasis efficacy of therapy
(A) Tumor flow cytometry analysis of CD69* leukocytes within TME at endpoint day of

survival study. n = 3; (B) Tumor metastasis in liver and lung, observed at endpoint day of
survival study between PBS and M+C NP group, measured by H&E staining. Scale bar
indicates 300 um; (C) Flow cytometry analysis of CD44*CD133* tumor cells within TME at
endpoint day of survival study. n = 3. *: p< 0.05, ***: p<0. 001.
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Figure 6. Toxicity evaluation of therapies
(A) and (B) are whole cell counts and serum biochemical marker analysis of tumor bearing

mice. Fresh whole blood and serum were collected at endpoint of study. All indicators were
among normal biological range. (C) Mice body weight changes under tumor inhibition
study. (D) H&E morphology under different therapies. Major organs were collected at
endpoint of study and sectioned, stained for H&E analysis. Scale bar indicates 300 pm. n =
5.n.s.: p>0.05.
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