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Abstract

We developed a custom-designed liposome carrier for co-delivery of a potent immunogenic cell 

death (ICD) stimulus plus an inhibitor of the indoleamine 2,3-dioxygenase (IDO-1) pathway to 

establish a chemo-immunotherapy approach for solid tumors in syngeneic mice. The carrier was 

constructed by remote import of the anthraquinone chemotherapeutic agent, mitoxantrone (MTO), 

into the liposomes, which were further endowed with a cholesterol-conjugated indoximod (IND) 

prodrug in the lipid bilayer. For proof-of-principle testing, we used IV injection of the MTO/IND 

liposome in a CT26 colon cancer model to demonstrate the generation of a robust immune 

response, characterized by the appearance of ICD markers (CRT and HMGB-1) as well as 

evidence of cytotoxic cancer cell death, mediated by perforin and granzyme B. Noteworthy, the 

cytotoxic effects involved natural killer (NK), which suggests a novel type of ICD response. The 

immunotherapy response was significantly augmented by co-delivery of the IND prodrug, which 

induced additional CRT expression, reduced number of Foxp3+ Treg and increased perforin 

release, in addition to extending animal survival beyond the effect of an MTO-only liposome. The 

outcome reflects the improved pharmacokinetics of MTO delivery to the cancer site by the carrier. 
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In light of the success in the CT26 model, we also assessed the platform efficacy in further breast 

cancer (EMT6 and 4T1) and renal cancer (RENCA) models, which overexpress IDO-1. 

Encapsulated MTO delivery was highly effective for inducing chemo-immunotherapy responses, 

with NK participation, in all tumor models. Moreover, the growth inhibitory effect of MTO was 

enhanced by IND co-delivery in EMT6 and 4T1 tumors. All considered, our data support the use 

of encapsulated MTO delivery for chemo-immunotherapy, with the possibility to boost the 

immune response by co-delivery of an IDO-1 pathway inhibitor.

Keywords

chemo-immunotherapy; “2-in-1” co-delivery liposome; immunogenic cell death; IDO-1; 
mitoxantrone; cholesterol prodrug

The repurposing of chemotherapy to induce anti-tumor immune responses, in addition to 

reliance on cancer-killing properties, introduces a powerful new strategy to control cancer 

growth and metastases. Several chemotherapeutic drugs have been identified that are capable 

of inducing immunogenic cell death (ICD) based on DNA damage as the primary injury 

mechanism, combined with collateral cellular stress that generates immunological danger 

signals.1, 2 Briefly, ICD represents a specialized form of tumor cell death in response to 

treatment with select chemotherapeutic agents (e.g., cyclophosphamide, oxaliplatin, 

paclitaxel, doxorubicin, epirubicin, idarubicin, mitoxantrone, bleomycin, and bortezomib), 

radiation therapy, or photodynamic therapy (Figure 1A).3-6 ICD facilitates the presentation 

of tumor antigens by dendritic cells (DC) based on calreticulin (CRT) expression on the 

dying tumor cell surface. CRT provides an “eat-me” signal for DC uptake.7, 8 In addition, 

dying tumor cells are capable of generating adjuvant stimuli, including high mobility group 

box 1 (HMGB-1) protein (a toll-like receptor 4 ligand) and ATP release, which supports DC 

maturation and antigen presentation to naïve T-cells.7-12 T-cell activation leads to the 

recruitment of cytotoxic T cells (CTLs) to the tumor site, where perforin and granzyme B 

release is capable of inducing cytotoxic cancer cell death.13-15 In addition to the role of 

CTLs, some chemo agents (such as mitoxantrone) also generates cell stress in natural killer 

(NK) cells, which could participate in the immune response, including through the release of 

perforin and granzyme B.13-18

In spite of long-standing awareness of the ICD response, drugs capable of engaging this 

pathway are approved for chemotherapy, but not for off-label immunotherapy use.3, 4 While 

it is possible that treatment success in the clinic may have benefited from the co-incident 

ICD effects of some of these drugs, the deliberate use of chemo-immunotherapy has not as 

yet emerged as a treatment option. However, with the advent of immune checkpoint inhibitor 

(ICI) therapy, now is an opportune moment to reflect on the use of chemo-immunotherapy 

from the perspective of checkpoint blocking antibodies operating best when CTLs are 

present in the tumor microenvironment (TME), also referred to as a “hot” TME.19-21 Thus, 

ICD offers the opportunity to turn non-inflamed or “cold” tumors “hot”, as suggested by the 

enhanced response to checkpoint blocking antibodies in patients with breast, ovarian, or 

colon cancer receiving neoadjuvant therapy with doxorubicin, paclitaxel, or oxaliplatin.
9, 11, 22-26 Moreover, combination therapy makes sense from the perspective that the 
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generation of a hot TME by ICD is accompanied by IFN-γ production, which is capable of 

inducing transcriptional activation of the PD-L1 and indoleamine 2,3-dioxygenase (IDO-1) 

promotors (Figure 1B).27-30 This amounts to a counter-regulatory response in which the 

PD-1/PD-L1 axis or the immunometabolic IDO-1 pathway opposes the immunogenic effects 

of ICD. IDO-1 is the first and rate-limiting enzymatic step in the catabolism of tryptophan in 

the kynurenine pathway, leading to robust immune suppression as a result of tryptophan 

(TRP) depletion and kynurenine (KYN) excess (Figure 1C).31. To summarize, the immune-

metabolic effects of IDO-1 leads to: (i) negative regulation of the mTOR/P-S6 kinase 

pathway (T-cell activation); (ii) stimulation of the aryl hydrocarbon receptor (AhR) pathway 

that promotes IDO-1 expression as well as Treg generation; and (iii) activation of a serine/

threonine-protein kinase, GCN2 (general control nonderepressible 2) kinase, which 

increases IL-6 production and Treg development.29, 31 Moreover, IL-6 also engages in in an 

auto-feedback loop that promotes further IDO-1 overexpression (Figure 1C).

All considered, the data in Figure 1 highlights the emerging opportunity to use combination 

immunotherapy, which blends the use of chemo-immunotherapy with immune checkpoint 

inhibitors or pharmacological inhibitors of IDO-1. However, while we are aware of the 

favorable response outcomes of combining neoadjuvant therapy with checkpoint blocking 

antibodies,32, 33 not all cancers respond equally to the treatment combinations for a variety 

of reasons, including heterogeneous immune escape mechanisms.34, 35 Thus, it has also been 

demonstrated that inhibitors of the IDO-1 pathway can be combined with ICD-inducing 

chemo to inhibit tumor growth, e.g., the combination of the IDO-1 inhibitor, NLG919, with 

doxorubicin in a murine breast cancer model (4T1),36 or combining NLG919 with paclitaxel 

for a synergistic anti-cancer effect in a B16-F10 melanoma model.37 In addition to the 

heterogeneity of the immune landscape among different cancers, combination therapy has to 

consider differences in the pharmacokinetics (PK) of the drugs and their biodistribution to 

the tumor site to generate synergistic or additive response outcomes. From this perspective, 

nanoparticles offer the advantage of improving the PK of chemotherapeutic drugs, as well as 

their ability to co-deliver synergistic drug combinations or improving drug toxicity.24, 38-41 

These considerations are particularly important to studies where the experimental effects of 

anthracyclines and mitoxantrone (MTO) could be seen to be improved in melanoma, breast 

cancer, and colon cancer models by encapsulated drug delivery.24, 42, 43 Moreover, it has 

also been demonstrated that encapsulated chemo delivery can be enhanced by co-

administration of checkpoint blocking antibodies.24, 44, 45 A key question, therefore, 

becomes whether an immune escape pathway inhibitor can be combined with an ICD 

stimulus in the same nanocarrier?

In this communication, we concentrate on the immunotherapy potential of MTO, a 

topoisomerase II inhibitor, which is FDA approved for the treatment of acute leukemia, non-

Hodgkin’s lymphoma, breast, and prostate cancer.46-48 Not only does our preliminary data 

indicate that MTO is a more robust ICD inducer than doxorubicin and oxaliplatin, but 

introduces a drug that is infrequently used for solid tumor chemotherapy and therefore 

reduces the frequency of drug resistance in cancers that have been prior treated with first-

line drugs, which render them less effective.4, 49 Moreover, in its therapeutic application for 

progressive multiple sclerosis, MTO has been shown to exert a potent effect on NK cell 

maturation, which could boost the immunogenic effects at the tumor site.16 It is possible, 
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therefore, that MTO may allow us to engage an unusual or no ICD response pathway. In 

addition to developing an effective remote loading technique for MTO in a liposomal carrier, 

we asked whether it was possible to endow the liposomes with an IDO-1 inhibitor, 

indoximod (IND),29, 50 which could be introduced into the lipid bilayer by synthesizing a 

lipid-conjugated prodrug. We demonstrate the development of a dual delivery liposome that 

could be used effectively for chemo-immunotherapy in four different animal tumor models, 

demonstrating in 3 of these that the ICD-induced effect can be significantly boosted by an 

IDO-1 pathway inhibitor. We also obtained evidence for the involvement of NK cells in the 

MTO immune response. These data demonstrate the feasibility of developing synergistic 

chemo-immunotherapy, premised on the use of a dual delivery liposome.

Results/Discussion

Mitoxantrone (MTO) Generates Potent ICD Effects in Cancer Cells

The ability of MTO to induce ecto-CRT expression on the tumor cell surface, coupled with 

the release of HMGB1 (TLR4 agonist) from the nucleus, was tested in CT26 colon cancer 

cells, along with two additional ICD-inducing agents, doxorubicin (DOX) and oxaliplatin 

(OXA).9, 11, 51 Following exposure to 1 or 10 μM of each of the chemotherapeutic agents, 

flow cytometry analysis was used to assess CRT expression on the dying tumor cells, in 

addition to the use of a commercial ELISA kit to assess HMGB1 release into the culture 

medium. This demonstrated significantly higher CRT expression and HMGB1 release by 10 

μM MTO compared to the same dose of DOX or OXA (Figure 2A-B). This confirms earlier 

studies showing the robust effect of MTO on ICD responses in various tumor types, 

including melanoma,42, 52 breast cancer,53 and colon cancer.49

Development of MTO and Indoximod (IND) Dual Delivery Liposomes

It was previously demonstrated that MTO encapsulation into PEGylated liposomes could 

enhance the antineoplastic efficacy of the drug due to improved pharmacokinetics (PK) and 

reduced toxicity.38, 40, 41, 54, 55 In addition to these therapeutic advantages, we were 

interested in the ability of the liposomal carrier to provide dual drug delivery, e.g., 
combining the immunogenic effects of MTO with an inhibitor of the IDO-1 immune 

metabolic pathway. Figure 1B explains the rationale of the dual delivery platform, aiming to 

develop a “2-in-1” liposome that co-delivers MTO with a non-competitive inhibitor of the 

IDO-1 pathway, IND (Figure 3A). Although it is possible to consider passive co-entrapment 

of the drugs, this only provides a low-loading option, in addition to a ratiometric design 

challenge. Instead, we custom-designed a dual delivery liposome based on the principles that 

MTO is a weak base that can be remotely imported into the liposome by a proton gradient, 

allowing us to use the lipid bilayer to incorporate IND as a cholesterol-conjugated prodrug 

(Figure 3A, right panel).

Guided by medicinal chemistry criteria, we identified drug amine and carboxyl groups as 

possible IND groups to be considered for conjugation reactions that preserve the drug’s 

planar structure.56 After considering several design options, cholesteryl was chosen as the 

conjugation partner for synthesizing a “Chol-IND” prodrug (Figure 3A). Drug conjugation 

to cholesterol was carried out in 4 steps (Figure 3B). First, the IND primary amine was 
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protected by tert-butoxycarbonyl (tert-Boc) (step 1), allowing the carboxyl group to be used 

for Steglich esterification to cholesterol (step 2).57 The acid-sensitive tert-Boc group was 

subsequently removed by trifluoroacetic acid (TFA), yielding the Chol-IND-NH3
+ TFA− salt 

(step 3). The salt was removed by ion-exchange resin, yielding Chol-IND-NH2 as a free-

base (step 4). High-resolution mass spectroscopy (MS) confirmed the synthesis of Chol-IND 

(Figure 3C). Further details of the 1H NMR and MS spectra of the prodrug appears online 

(Figure S1).

Construction of the MTO/IND liposome (L-MTO/IND) was accomplished by using a 

traditional lipid film (LF) hydration method, as outlined in Figure 4A. Briefly, the lipid 

blend (< 30 mg total lipid), including Chol-IND, was dissolved in an organic solvent (step 

1), followed by solvent evaporation (rotary evaporator) to form a lipid film in a round 

bottom flask (step 2). To accomplish MTO encapsulation, we used a previously validated 

method for remote MTO import that utilizes citrate as a trapping agent.39 In brief, the lipid 

film was hydrated in a citrate acid-sodium citrate buffer (pH 4), followed by vortexing to 

obtain multi-lamellar liposomal dispersion (step 3). Stepwise extrusion through 

polycarbonate membranes was used to obtain 100-120 nm uni/dual-lamellar liposomes (step 

4a), from which free citrate was removed by buffer exchange (step 4b). Liposomes loaded 

with the trapping agent were incubated in water-soluble MTO·2HCl at pH 7.4 for 1 h at 65 

°C, allowing MTO·2HCl to diffuse across the lipid bilayer. This leads to drug protonation 

and precipitation in the acidic liposomal interior (step 5). The non-encapsulated MTO was 

removed by size-exclusion chromatography to yield purified MTO/IND-liposomes (step 6). 

An important control was the synthesis of a liposome incorporating MTO only (L-MTO) 

(i.e., no prodrug incorporation), as well as a liposome that contains IND only (L-IND), with 

no MTO loading.

An important caveat for embedding Chol-IND into a lipid bilayer with the composition 

DSPC: Chol-IND: DSPE-PEG2kDa = 55: 40: 5 (m/m) was to take into account the ionization 

potential of the prodrug, including the impact that this could have on the ζ-potential. The 

presence of an ionizable amine on the prodrug (Chol-IND-NH3
+) was responsible for the 

formation of a cationic liposome at pH 7.4 (Formulation 1, Figure S2). Since a nanocarrier 

with a cationic charge could be rapidly cleared from the circulation, our aim was to produce 

a liposome with a modestly negative ζ-potential.30 Fine-tuning of the ζ-potential was 

achieved by introducing cholesteryl hemisuccinate (CHEMS), which contains an ionizable 

carboxyl group (pKa ≈ 5.8), capable of neutralizing the cationic charge of the prodrug. 

Making use of an iterative approach to achieve a negatively charged liposome, we 

determined that at a molar ratio 45: 30: 20: 5 for DSPC, Chol-IND, CHEMS, and DSPE-

PEG2kDa we could construct an L-MTO/IND liposome with ζ-potential −11.6 mV in pH 7.4 

PBS (Formulation 4, Figure S2). The Chol-IND content of this formulation was 30% m/m 

for the lipid bilayer, which is equivalent to a 22.9% w/w ratio of the prodrug/total lipid 

content (8.5% w/w IND/total lipid). In order to assess the impact of charge neutralization, ζ-

potential analysis was performed at pH values ranging from 3.8 to 7.4 (Figure 4B). This 

demonstrated that while the L-MTO/IND liposomes exhibited a cationic charge at pH ≤ 6.4, 

the ζ-potential shifted to negative values above pH 6.4. The charge neutralization differed 

from the behavior of a control liposome that was constructed to deliver MTO only (L-MTO) 

by replacing Chol-IND with unconjugated cholesterol, while maintaining the presence of 
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CHEMS. L-MTO displayed a ζ-potential of −45 mV at pH 7.4 (PBS), which remained in 

the negative range, even with a pH drop to 3.8 (−20 mV) (Figure 4B). The charge reversal of 

L-MTO/IND could be of importance in the biodistribution of this liposome, as will be 

discussed later.

The L-MTO and the L-MTO/IND liposomes were also comprehensively characterized for 

morphology, size, size distribution and stability. CryoEM micrographs showed that both 

formulations yielded uniform spherical structures, containing a drug precipitate in the cores 

(Figure 4C). Dynamic light scattering demonstrated hydrodynamic sizes of 112 ± 2 nm and 

98 ± 1 nm for L-MTO and L-MTO/IND, respectively, with corresponding PDIs of 0.017 and 

0.014 (Figure 4C). In order to assess the stability of the carrier, L-MTO/IND liposomes were 

stored in PBS (pH 7.4) for three months at 4°C. Assessment of the hydrodynamic size (93.5 

± 1.3 nm), PDI index (0.089), ζ-potential (−9.16 ± 0.9 mV), and morphology did not show 

any significant change over 3 months in storage (Figure S3). Moreover, MTO and IND 

leakage or release remained below 1% of the starting dose; this confirms the stability of the 

liposomes in storage (Figure S3).

In order to assess the drug release characteristics of the prodrug in Vitro, a liposome was 

constructed to include IND only (L-IND). This carrier was introduced into a culture of CT26 

colon cancer cells to assess the effect on phosphorylation of S6 kinase (S6K), which is 

activated downstream of mTOR, a target of IDO-1 inhibition.58 CT26 cells were pre-treated 

with IFN-γ overnight to stimulate IDO-1 expression. The results were compared to 

treatment with equal amounts of free IND, introduced at 1, 10, and 50 μM in a tryptophan 

deficient medium for 6 h. Use of an immunoblotting approach to assess the ratio of 

phosphorylated S6 kinase (P-S6K) vs. total S6K ratios,58 demonstrated that the ratios of 1.8, 

4.2 and 7.5 at free IND concentrations 1, 10, and 50 μM, increased to 5.0, 8.0 and 10.4, 

respectively, during encapsulated delivery of the prodrug (Figure S4). MTO release will be 

discussed below.

The Pharmacokinetics (PK) of MTO Delivery in the CT26 Colon Cancer Model

The PK of MTO delivery by liposomes was compared to free drug treatment in CT26 colon 

cancer-bearing mice. The MTO dose was chosen based on calculations of the maximum 

tolerated dose (MTD) in Balb/c mice (Figure S5). This yielded dose calculations of ~4 

mg/kg and ~30 mg/kg for free and encapsulated MTO, respectively, leading to the decision 

to use a liposomal dose of 3 mg/kg intravenously (IV), followed by blood collection after 5 

min, 15 min, 30 min, 1 h, 2 h, 4 h, 24 h, and 24 h (n = 3 per time point). Tumors were 

harvested at 24 h and 48 h (n = 3). The methodology for HPLC analysis appears online 

(Figure S6). While free MTO rapidly disappeared from the blood (< 60 min), treatment with 

both liposomes showed a significant prolongation of the serum drug concentration (Figure 

5A), allowing us to calculate the parameters for area under the curve (AUC), distribution 

half-life (T1/2α) and elimination half-life (T1/2β) as shown in Figure 5B. Interestingly, these 

results showed a significant difference between the half-life of the liposomes during the 

elimination phase, with L-MTO/IND exhibiting a T1/2β of 10.4 h compared to 15.3 h for L-

MTO. This difference is likely due to the increased rate of clearance of the dual delivery 

liposome, based on charge reversal (as will be discussed later).

Mei et al. Page 6

ACS Nano. Author manuscript; available in PMC 2021 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In terms of intratumor drug concentrations, both liposomes yielded a much higher MTO 

concentration than the free drug at 24 and 48 h (p<0.001) (Figure 5C). Moreover, it is also of 

interest that the intratumor MTO content declined more rapidly for L-MTO than for L-

MTO/IND over 48 h (Figure 5C). We ascribed this to differences in carrier stability, as 

demonstrated by studying MTO release from the carriers during abiotic exposure to 50% 

fetal bovine serum (FBS), with the assistance of IVIS imaging (Figure S7). IVIS imaging 

makes use of the properties of MTO as a fluorescent molecule, which can be viewed at 

λex/em of 675/703 nm (Cy5.5 channel).59 When contained in its liposome-encapsulated, 

precipitated state, MTO fluorescence was quenched, but reappeared upon drug release from 

the liposome (Figure S7A). The stability differences between the liposomes is demonstrated 

by the increased fluorescence intensity of the L-MTO compared to the L-MTO/IND carrier 

in the presence of PBS or FBS for 48 h (Figure S7B and S7C).

The MTO fluorophore properties allowed us to quantitatively assess MTO biodistribution to 

the CT26 colon tumor site, following intravenous (IV) injection of a 3 mg/kg dose of the 

free vs. the encapsulated MTO. Following animal sacrifice, major organs were collected 24 

h or 48 h post IV injection for IVIS imaging and assessment of fluorescence intensity 

through the use of Living Image® software v4.5 (PerkinElmer). Representative ex-vivo IVIS 

images of harvested tumors and organs are shown in Figure S8A, which demonstrates MTO 

release at the tumor sites from the biodistributed carriers. Fluorescence intensity, expressed 

as normalized radiant efficiency ([p/s/cm2/sr]/[μW/cm2]) at 24 h or 48 h, is shown in Figures 

S8B and S8C, respectively. Both liposomes accomplished a 9-10-fold increase in MTO 

fluorescence intensity at the tumor site compared to the free drug, without significant 

differences. There was also a significant increase in drug uptake in the liver and spleen 

during liposomal delivery, while biodistribution to the lung was decreased.

Dual Drug Delivery Induces an Effective ICD-Induced Immunotherapy Response in the 
CT26 Colon Cancer Model

The CT26 syngeneic mouse model is frequently used to assess the therapeutic efficacy of 

ICI antibodies.60 We asked whether the liposomal MTO delivery can generate immunogenic 

effects in this tumor model and whether the response can be augmented by interfering in the 

IDO-1 pathway. The experimental design of the efficacy study is shown in Figure 6A, which 

demonstrates the animals receiving 4 injections of the encapsulated MTO, every 3 days. 

Treatment commenced when subcutaneous tumor sizes approached 100-150 mm3. Based on 

the MTD calculations (Figure S5), we decided on a liposome MTO dose of 3 mg/kg for each 

injection. This provided a cumulative dose of 12 mg/kg MTO after 4 injections. Due to 

lethal toxicity at a cumulative dose >4mg/kg, it was not possible to use free MTO in the 

study (Figure S5A). The corresponding Chol-IND dose was 2.8 mg/kg IND per injection 

(11.2 mg/kg cumulative drug dose). The therapeutic effect of L-MTO/IND was compared to 

saline, empty liposomes (L), an MTO only liposomes (L-MTO; cumulative drug dose 12 

mg/kg), and an IND-only liposome (L-IND; cumulative drug dose11.2 mg/kg). The tumor 

growth curves (n = 7), reflecting mean tumor sizes in live animals at different time points, 

appear in the left-hand panel of Figure 6A, while the individual growth curves for each 

animal are shown in the spaghetti plots in Figure S9. The size measurements were 

accompanied by the appearance of a blue/green tumor discoloration, which reflects the 
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presence of the delivered MTO (Figure 6A, lower-right panel). Both L-MTO and L-

MTO/IND liposomes were effective in suppressing tumor growth, leading to statistically 

significant decreases in tumor size, which was not seen with empty liposomes (L) or L-IND 

(left-hand panel).

Although we did not observe a significant difference in tumor shrinkage for liposomes that 

incorporated or excluded Chol-IND, significant differences resulted from the inclusion of 

IND during immunohistochemistry (IHC) analysis for ICD markers (Figures 6B-6E and 

Figure 7). The first analysis was to assess the expression of the ICD markers (CRT, HMGB1, 

and LC3B)9 in the TME, as explained in Figure 1A. LC3B is a biomarker for autophagy,61 

as an integral component of the ICD response at the tumor site.62 Not only did we observe 

that CRT staining intensity was increased significantly by L-MTO as well as L-MTO/IND (p 
< 0.0001), but also that the staining intensity was significantly higher (p < 0.0001) for L-

MTO/IND (5-fold) compared to L-MTO (2.7-fold) (Figure 6B), presumably due to higher 

MTO retention at the tumor site (Figure 5E).These findings were also reflected during the 

visual inspection of the IHC slides (right side panel). The same trends were observed in 

evaluating HMGB1 and LC3B staining intensities, which were significantly increased for L-

MTO and L-MTO/IND, without differentiating between these treatments (Figures 6C-D, 

Figure S10-S11).

Additional IHC analysis was carried out to assess IDO-1 expression, which demonstrated 

that while encapsulated MTO induced a significant increase in enzyme expression when 

compared to the untreated control (p < 0.0001), co-delivery of IND could significantly 

decrease (36%) the staining intensity when compared to L-MTO (Figure 6E).29, 31 This 

could reflect the role of the IDO-1 inhibitor in disrupting IDO-1 expression as a result of the 

AhR/IL-6-catalyzed auto-feedback loop (Figure 1C).63 These results are confirmed by 

representative IHC images, shown in the right-hand panel. An apparent slight reduction in 

IDO-1 staining intensity during L-IND treatment was not statistically significant.

In light of the immunogenic effects of MTO, we also investigated cognate immune 

responses in the CT26 animal model. This included assessment of cytotoxic T-cell and NK 

responses, both of which are impacted by MTO.15, 18, 28, 64, 65 First, we assessed IFN-γ 
production as a biomarker that reflects recruitment of CTLs or NK cells to the tumor site 

(Figure 1B). Both liposomal carriers were associated with IFN-γ expression, as determined 

by visual inspection of staining intensity as well as computational analysis of the pixel 

density (p < 0.0001) (Figure 7A). The second IHC analysis was for perforin expression, 

showing a significant effect for L-MTO, which was further enhanced by IND co-delivery (p 
<0.001) (Figure 7B). The same was true for granzyme B staining intensity (Figure S12). An 

interesting finding for CTL IHC analysis was a significant decrease in the number of CD8+ 

T-cells per mm2 during treatment with the MTO-encapsulating liposomes, compared to a 

significant 1.8x increase in CD8+ density in response to L-IND. There was also a slight but 

statistically significant 1.7x increase in CD8+ density for the dual-delivery liposome 

compared to L-MTO. The co-delivery of L-IND with MTO was able to mitigate CD8 

reduction caused by MTO even when CD8 is significantly suppressed (Figure 7C).66 In 

order to explain the increased staining intensity of perforin or granzyme B, IHC analysis was 

undertaken to look for the presence of p46, a NK cell-specific surface molecule that 
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mediates cell activation.67 NK cell participation in anti-tumor immune responses have been 

demonstrated in response to treatment with bortezomib, doxorubicin, and 

cyclophosphamide.17, 68 Moreover, MTO promotes NK maturation in multiple sclerosis 

patients.16 Noteworthy, we demonstrated a 6-fold increase in NKp46+ cell number during 

treatment with L-MTO and L-MTO/IND, both resulting in a statistically significant increase 

(p < 0.001) of this biomarker (Figure 7D). Utilizing the Opal Multiplex IHC platform from 

Akoya Biosciences for multi-color staining of tumor slices from untreated vs. L-MTO/IND 

treated animals, we confirmed that the triple color staining with DAPI (blue nuclei), perforin 

(green) and NKp46+ (red) could demonstrate that the perforin staining occasionally overlaps 

with the localization of NK cells, resulting in composite yellow-brown stained cells (Figure 

7E). In contrast, triple color staining for DAPI (blue), perforin (green), and CD8+ (magenta) 

cells demonstrated a decrease or disappearance of CD8+T-cells in tumor sections from 

MTO/IND treated animals (Figure 7E). These results strongly suggest that the newly 

recruited NK cells are indeed responsible for perforin deposition, which could be observed 

despite the absence of T-cells from the tumor site.

The cytolytic action of NK cells (and CTLs) can be opposed by the recruitment of Foxp3+ 

regulatory T cells (Treg) to the tumor site. Moreover, Treg frequency is increased by IDO-1 

action and decreased by interference in this pathway.69 IHC staining for the presence of 

Foxp3+ cells demonstrated a significant reduction in staining intensity for this biomarker in 

animals treated with L-IND alone, as well as treatment with both MTO-delivering liposomes 

(Figure S13A). Noteworthy, the decline in Treg density was most pronounced (95% decline) 

for treatment with L-MTO/IND, which was significantly lower (p < 0.01) than the already 

significant response to L-MTO (Figure S13A). Moreover, when used in conjunction with the 

NKp46 data, the calculation of NKp46/Treg ratios showed an increase from a ratio of 0.15 in 

the untreated control to 4.2 (28-fold) and 22 (150-fold), respectively, for L-MTO and L-

MTO/IND (Figure S13B). It was also possible to calculate the CD8/Treg ratios for each 

group, allowing us to demonstrate that the highest value could be achieved in the L-

MTO/IND group (Figure S13C).

Kaplan-Meier Analysis to Demonstrate The Survival Effect of Encapsulated Dual Drug 
Delivery in The CT26 Colon Cancer Model

Since our efficacy analysis (Figures 6-7) showed that the MTO immune response could be 

augmented by IND, we asked whether dual drug delivery could impact animal survival 

beyond the 23-day observation period in the efficacy study. The experimental procedure was 

identical to the efficacy study, except that after the 4th treatment, the animals were observed 

until death or approaching moribund criteria that warrant animal sacrifice. The survival data 

were plotted as Kaplan-Meier graphs that were further analyzed by the Log-rank/Mantel-

Cox test (Figure 8A). This demonstrated that treatment with the L-MTO/IND liposome 

showed a statistically significant increase (p < 0.001) in animal survival compared to the L-

MTO liposome. One animal in the dual-delivery group survived tumor-free. Plotting of 

tumor sizes in the same experiment, demonstrated that both L-MTO and L-MTO/IND could 

significantly interfere in tumor growth by day 23 (p < 0.01), but without a significant 

difference in tumor size (Figure 8B). However, beyond day 23, L-MTO/IND was 

significantly more effective than L-MTO at several time points, e.g., day 24 (p < 0.05), day 
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26 (p < 0.01) and day 38 (p < 0.01) (Figure 8B). The corresponding spaghetti tumor growth 

curves confirm the enhanced effect in the dual-delivery group (Figure 8C). These data would 

seem to imply that the augmentation of the immune response by IND made a significant 

difference beyond day 23, likely as a result of augmentation of the immune response that 

was initiated by MTO.

The Efficacy of The Dual-Delivery MTO/IND Liposome Also Applies to Other Syngeneic 
Cancer Models

From the perspective of heterogeneous immune landscapes determining the success of the 

ICD-induced immune response, our data in the CT26 cancer model demonstrate that 

interference in the IDO-1 pathway can effectively enhance MTO immunogenic effects. 

Since IFN-γ production by the ICD response may help to explain this finding (Figure 1B), 

we asked whether additional syngeneic models could be used to evaluate the role of IND in 

TMEs where IFN-γ leads to IDO-1 expression. We demonstrated, through the use of an 

immunoblotting approach, a 5-fold increase in IDO-1 expression in CT26 cells (Figure 9A). 

After surveying a range of available cancer cell lines from Charles River Labs that can be 

used to assess therapeutic efficacy in syngeneic tumor immune models, we identified three 

additional cell lines that showed increased IDO-1 expression in response to IFN-γ exposure 

(Figure 9A). These included: (i) the EMT6 breast cancer cell line, ranked as moderately 

responsive to ICIs; (ii) the RENCA renal cancer cell line, characterized as moderately 

responsive to ICIs, and (iii) the 4T1 triple-negative breast cancer line, regarded as resistant 

to ICIs.70, 71 Western blotting demonstrated a 29, 15, and a 15-fold increase in IDO-1 

expression in response to IFN-γ in EMT6, RENCA, and 4T1, respectively (Figure 9A). We 

then asked whether the cellular responses are reflected in the basal IDO-1 expression levels 

in the corresponding syngeneic tumors by undertaking IHC analysis after tumor harvesting 

(Figure 9B). This demonstrated a significant increase in the level of IDO-1 expression in 

EMT6, RENCA, and 4T1 compared to CT26 (upper panel). Interestingly, these tumors also 

showed increased PD-L1 staining compared to CT26, with 4T1 and RENCA >EMT6 > 

CT26 (lower panel). Thus, in combination with available data from Charles River on levels 

of cellular PD-L1 expression and ICI responsiveness of the tumors, we outlined a 

provisional response projection to conduct studies on the effect of encapsulated MTO, with 

or without IND co-delivery (Figure 9C).

Before tumor growth could be compared in the syngeneic models, it was necessary to 

increase liposomal batch sizes (~150 mg) to perform these studies with a single batch of 

liposomes that can be used for parallel tumor model studies. The bigger batch size required 

adaptation of the evaporation procedure (step 2) in Figure 4A to ensure homogeneous 

mixing of the higher lipid amounts used for the synthesis process. This was accomplished by 

a reverse-phase (RP) method, as detailed in the method section and explained in Figure 

S14A.72, 73 Physicochemical characterizations of the newly synthesized carriers showed that 

the size, zeta potential, and drug loading capacity of the liposomes were comparable to the 

carrier characteristics obtained in the lipid film hydration method (Figure S14B).

Following the establishment of subcutaneous growing tumors in the animal flanks, IV 

treatment proceeded to deliver liposomal MTO and IND concentrations of 3 mg/kg and 2.8 
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mg/kg, respectively, when tumor sizes approached 100-150 mm3 (Figure 10). Injections 

were repeated every 3 days for a total of 4 administrations. The respective tumor growth 

curves (mean ± S.D.), together with tumor images obtained at postmortem harvesting on day 

23, are shown Figure 10A (EMT6; n = 10), Figure 10B (RENCA; n = 6-8), and Figure 10C 

(4T1; n = 9). Successful MTO delivery was reflected by the bluish discoloration of the 

responding tumors, similar to CT26 (Figure 6A, lower-right panel). The tumors in animals 

receiving treatment with MTO liposomes also appear less vascular in Figures 10A-10C, 

which is in agreement with the anti-angiogenic properties of the free drug.74-76 Noteworthy, 

in the highly IDO-1 inducible EMT6 breast cancer model, the treatment response to L-

MTO/IND was significantly more effective than L-MTO (p = 0.011) (Figure 10A). In 

contrast, in the RENCA model, the efficacy of L-MTO alone sufficed for significant tumor 

growth inhibition that could not be further improved by IND co-delivery (Figure 10B). 

However, in the 4T1 breast cancer model, L-MTO/IND administration was significantly (p < 

0.01) more effective than L-MTO, in spite of the tumor being characterized as 

immunotherapy resistant (Figure 10C). Spaghetti growth curves and corresponding tumor 

weights are shown in Figure S15 online. IHC analysis in these experiments to assess CRT, 

perforin, and NKp46 expression, showed that for each tumor type, it was possible to observe 

evidence of cytotoxic killing that was accompanied by increased recruitment of NK cells 

(Figures 10A-10C). Representative IHC images are shown in Figure S16 A-C.

We also utilized the mammary pad implementation of 4T1 cells in Balb/c mice to perform 

orthotopic tumor studies. First, we performed an efficacy study where tumor growth was 

followed until animal sacrifice on day 23. This demonstrated that MTO-delivering liposomes 

were quite effective in reducing tumor growth without a significant difference between L-

MTO and L-MTO/IND (Figure S17). However, L-MTO/IND treatment was responsible for 

considerably higher CRT and HMGB1 expression than L-MTO (Figure S18A), which we 

ascribed to the increased stability of the dual delivery liposomes as shown in Fig. S7B. Both 

liposomes significantly increased perforin and granzyme B staining at the tumor site (Figure 

S18B), while decreasing the number of CD8+ cells, similar to what is seen in CT26 tumors 

(Figure S18C). Next, we performed a survival study in which Kaplan-Meier analysis showed 

a significant extension in animal survival in response to both liposomes (Figure S19). While 

a few of the animals responding to the L-MTO/IND administration survived longer than the 

L-MTO treatment group, the results were not statistically significant.

Conclusions

In this study, we demonstrate the development of a dual-delivery liposomal carrier for 

successful chemo-immunotherapy in the colon, breast, and renal cancer through the delivery 

of an ICD stimulus, coupled with interference in the immune metabolic effects of the IDO-1 

pathway. The carrier was constructed by the remote import of the anthraquinone 

chemotherapeutic agent, MTO, plus incorporation of a cholesterol-conjugated IND prodrug 

into the lipid bilayer. First, we demonstrated in a CT26 colon cancer efficacy model that IV 

injection of the MTO/IND carrier could induce a robust immune response that was 

characterized by the appearance of ICD markers (CRT expression and HMGB-1 release) in 

the tumor microenvironment, coupled with cytotoxic cancer cell death by the release of 

perforin and granzyme B from participating NK cells. The immunotherapy response was 
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significantly augmented by co-delivery of the IND prodrug, which boosted CRT expression 

and perforin release at the tumor site, in addition to prolonging animal survival beyond the 

already-significant survival effect of the L-MTO liposome in a follow-up experiment. The 

therapeutic efficacy of the liposomal carriers was reflected by the enhanced intratumoral 

MTO content (HPLC) and MTO fluorescence intensity (IVIS) at the cancer site. In light of 

the proof-of-principle demonstration in the CT26 model, we also assessed the impact of 

MTO chemo-immunotherapy in two additional breast cancer (EMT6 and 4T1) and renal 

cancer (RENCA) animal models. These animals also demonstrated a highly significant 

tumor size reduction in response to treatment by both liposomes, in addition to a significant 

increase in CRT, perforin, and NKp46 staining (Figure 7, Figure S13). Moreover, the growth 

inhibitory effect of MTO was enhanced by IND co-delivery in the EMT6 and 4T1 models. 

All considered, we provide strong evidence to support for the feasibility of using custom-

designed liposomal carriers to deliver synergistic drug combinations capable of creating a 

“hot” TME through an ICD effect, which could be further augmented by combined delivery 

that intervenes in immune escape mechanisms, e.g., the IDO-1 pathway.

A popular trend in clinical oncology is the successful implementation of neoadjuvant 

therapy of solid tumors with specific chemo agents such as anthracyclines, platinum drugs, 

and paclitaxel.77 The possible explanations for the beneficial effects of the neoadjuvant 

approach include considerations such as improved tolerance, dose intensity, eradication of 

occult micro-metastasis, and triggering of anti-tumor immunity.78 Figure 1 introduces the 

possibility that the immunogenic effects of a less frequently employed cancer drug, MTO, 

can be therapeutically exploited, in addition to relying on its chemo effects. Unlike the ICIs 

that rely on immune priming to initiate immunotherapy, the utility of ICD includes 

switching “cold” tumors to “hot” through the impact on CRT expression, HMGB1 release, 

and the initiation of autophagy. It is also important to understand that a lone-standing ICD 

response could be counter-regulated by upregulated IDO-1 and PD-L1 expression, e.g., as a 

result of IFN-γ production by the ICD response (Figure 1B). These immune suppressive 

mechanisms can induce exhaustion of cytotoxic cells as well as Treg recruitment, further 

silencing the immune response.29, 31 It is appropriate, therefore, to consider combining ICD 

immunotherapy with checkpoint inhibitors, exemplified by the use of OXA plus anti-PD-1 

in colon cancer,79 OXA plus anti-PD-L1 in metastatic urothelial cancer,80, or paclitaxel plus 

an IDO-1 inhibitor in melanoma.37 Moreover, we show that the impact on ICD can be 

further advanced by the improved PK of drug delivery by a liposome, which also allows 

regional co-delivery of an IDO-1 inhibitor. It is also possible to envisage that a nano-enabled 

approach could benefit combination treatment strategies that target a host of immune escape 

pathways. The ability to adjust liposomal composition for co-delivery of multiple treatment 

combinations may allow us to develop a pipeline of custom-designed carriers to deliver 

combinations of multiple ICD stimuli,4 IDO inhibitors,81 small molecule inhibitors of the 

PD-1/PD-L1 axis82-85 and immune adjuvants (e.g., TLR agonists86, 87).

MTO was initially approved as a chemotherapeutic agent in 1987 for the treatment of acute 

leukemia, later receiving additional approval for prostate cancer,88 metastatic breast cancer,
89 and non-Hodgkin lymphoma.90 While the mechanism of MTO action can be historically 

interpreted as to its DNA intercalating or nuclear damaging effects,91-93 Kroemer et al. 
discovered, during the screening of ~900 anti-cancer compounds, that MTO functions as a 
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robust ICD inducer.4 This effect was confirmed in vaccination studies in animals, where 

MTO resulted in 60% of mice in a fibrosarcoma model being rendered tumor-free.4 In 

addition, it was also confirmed that MTO was capable of generating a potent anti-tumor 

immune response in a CT26 colon cancer model.62 Other than its use in cancer, MTO has 

been employed as an immunomodulatory agent for the treatment of multiple sclerosis (MS),
94 where it was demonstrated that its immune-modulatory effects include the expression of 

CD8low T-cells as well as the enrichment and maturation of NK cells.16 It is, therefore, of 

interest that in the generation of ICD at the tumor site, immune perturbation leads to the 

generation of an anti-tumor immune response that involves NKp46+ cells (Figure 7D). 

Unfortunately, it was not possible to perform IHC staining for cells with a CD8low status. 

Instead, we observed a decreased number of CD8high T-cells. While NK participation during 

cancer treatment with MTO is not reported in the literature, there is ample evidence for a 

number of chemotherapeutic agents that it is possible to observe dose-dependent 

augmentation of NK cellular effects.17 Examples include: (i) transcriptional and post-

transcriptional regulation of NKG2D by the microtubule inhibitor, vincristine,95 and (ii) 

enhanced expression of NKG2D and NKp30 ligands by docetaxel (also a potent inducer of 

ER stress).95, 96 From an ICD perspective, it is also interesting that HMGB1 release has 

been linked to NK maturation, and enhanced crosstalk of these cells with DC.17 Ecto-CRT 

expression was also reported to enhance NK-mediated killing in leukemia patients.97, 98 

Another overlap between NK cells and CTL-mediated tumor cell killing, is the production of 

perforin, granzyme B and IFN-γ by NK cells, as shown in Figure 7.17 All considered, we 

propose that consideration be given for repurposing the use of MTO as a chemo agent for 

wider spread use as a chemo-immunotherapy drug. None of the attempts of using liposomal 

delivery of MTO in phase I (e.g., NCT02043756, NCT02131688) or phase II 

(NCT03776279, NCT02596373) clinical trials are currently intended to address a chemo-

immunotherapy objective, including for combinatorial use with checkpoint blocking 

antibodies.

Although several studies have been conducted to look at the ICD-inducing effects of the 

more frequently used anthracycline agent, doxorubicin, for combination therapy with IDO-1 

or checkpoint inhibitors,36, 45, 99, 100, we prefer the use of MTO for chemo-immunotherapy. 

The primary reason is the frequent development of drug resistance to doxorubicin in patients 

who could potentially benefit from chemo-immunotherapy. MTO is used less often, making 

it more practical to reserve it for use as a chemo-immunotherapy agent that is less likely to 

encounter drug resistance. Another reason that we resorted to MTO is that it proved difficult 

to synthesize a liposome with a stable lipid bilayer, capable of supporting a doxorubicin 

drug precipitate in the presence of a lipid-conjugated prodrug.

Indoximod (IND, 1-methyl-D-tryptophan) is an indirect IDO-1 pathway inhibitor, which is 

capable of overcoming tryptophan depletion by acting as a tryptophan mimetic (Figure 1C).
50, 101, 102 Currently, there are multiple clinical trials in which IND is combined with 

chemotherapeutic agents, including ICD inducing drugs. Examples include the combination 

of IND with (i) cytarabine or idarubicin for acute myeloid leukemia (NCT02835729); (ii) 

gemcitabine or nab-paclitaxel for pancreatic cancer (NCT02077881); or (iii) docetaxel for 

solid tumor applications (NCT01191216). There are some limitations, however, in the use of 

IDO-1 inhibitors as a result of low drug solubility and poor bioavailability. For instance, the 
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daily dosing requirements for IND is ~400 mg/kg for animal studies103 and use 1.2~2.4 

gram doses in humans104. This has prompted pharmaceutical modifications to improve the 

PK and bioavailability of IND, including synthesis of a leucine-modified hydrochloride salt 

in the IND prodrug, NLG802, which exhibits a 5-fold improvement in bioavailability.105 

NLG802 has been used for efficacious drug delivery in a B16F10 melanoma model at an 

IND dose equivalent of 62 mg/kg twice a day.105 Unlike the salt-based prodrug, the Chol-

IND prodrug allows encapsulated delivery by a liposomal bilayer, with the additional 

advantage of MTO co-delivery. The downstream effects of the Chol-IND prodrug were 

experimentally proven by observing a reversal of MTO-induced IDO-1 overexpression 

(Figure 6E), significantly reducing Treg numbers (Figure S13A), and increasing CD8 T-cell 

expression by L-IND (Figure 7C) at the CT26 tumor site. When combined with MTO, which 

increases NK cells, the net outcome of the dual delivery liposome is to accomplish the 

highest NKp46+/Treg values at the tumor site (Figure S13B). All considered, these Chol-

IND effects are in good agreement with recently published data from NewLink Genetics,66 

which demonstrated that the major impact of free IND monotherapy in human cancer 

includes reduced IDO-1 expression, increased CD8 T-cell numbers and reduced Tregs 

(leading to an increase in CD8/Treg ratios). Through its effect on NK and Tregs, L-

MTO/IND liposome outperformed the L-MTO liposome in impacting each of the 

aforementioned biomarkers. Based on our results with IND, we envisage the versatile use of 

medicinal chemistry approaches for the dynamic design of liposomes that can be constructed 

by the development of prodrugs that include IDO-1 inhibitors, small molecule inhibitors of 

the PD-1/PD-L1 axis, TLR agonists, or NK modulators, etc.

It is also worth commenting on the unique design of our dual delivery liposome through the 

inclusion of CHEMS to provide charge neutralization IND-Chol-NH3
+ (Figure S2). This 

generated a pH-dependent, charge reversible liposome that is negatively charged at 

physiological pH of 7.4 (e.g., when circulating in the blood), with the possibility of 

becoming cationic when entering the tumor blood circulation or the TME, where the 

Warburg effect could lead to dropping the pH to values as low as ~5.5 (Figure 4C). This 

could be advantageous for nanoparticle uptake and retention at tumor site, in comparison to 

L-MTO that remains negatively charged (Figure 5C). In addition, the presence of the 

prodrug also contributes to generating a liposome that is less leaky (Fig. S7B) and maintains 

intratumor drug concentrations for a longer duration (Fig. 5C).

It is interesting that although the dual delivery liposome was effective for treating 4 different 

cancer types in representative animal models (Figures 9 and 10), an additive IND effect 

could only be demonstrated in 2 efficacy studies that were terminated on day 23. From this 

perspective, it is noteworthy that even though CT26 is regarded as more responsive to 

immunotherapy, 4T1 is considered treatment-resistant, with EMT6 and RENCA ranking in 

between.71, 106 This is in keeping with growing awareness of the heterogeneity of the 

immune landscape in different cancers and cancer subsets, including cancers depicted as 

immunologically depleted or presenting an “immune desert”.107, 108 An additional source of 

heterogeneity is the expression of one or more immune escape pathways, which include 

pathways that are regulated by mechanisms different from immune checkpoint receptors.
70, 109-112 Given this background, the successful intervention of our MTO liposomes in all 

the animal models tested, plus the evidence that the response could be augmented in 3 of the 
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4 cancer types by co-delivery of IND, is quite impressive. Moreover, for the one tumor that 

was nonresponsive to IND co-delivery (i.e., RENCA), further survival studies are 

contemplated to investigate an IND effect on long-term survival outcome, as demonstrated 

for CT26, which did not show an effect in the first 23 days (Figure 8). All considered this 

provides a strong incentive to consider the development of the dual-nanocarrier delivery 

technology for combination immunotherapy in the clinic.

Finally, we want to comment on the limitations of this study. In order to establish proof-of-

principle for the combined use of MTO and IND delivery, we designed a liposome for 

delivery fixed drug ratios, without performing extensive dose-response analysis. It is quite 

likely that the carrier design can be further improved by dose-finding and synergistic design 

studies to establish optimal drug ratios, as well as improving the dosing schedule to 

determine the optimal number of treatments. The dosing interval is of importance to prevent 

drug side effects such as the palmar-plantar erythrodysesthesia syndrome that is seen with 

the anthracycline agent, doxorubicin.113 Since L-IND is pharmacologically active per se, it 

could be interesting to test the combined use of L-IND with other therapeutic approaches, 

such as CAR-T/NK therapeutics, checkpoint inhibiting antibodies (e.g., anti-PD1/PD-L1, 

anti-CTLA4), or other nano-formulations (e.g., Doxil®, Onivyde®, Abraxane®). It is also 

possible to consider additional conjugation techniques for IND to adjust the formulation of 

the liposomes, including for the purposes of optimizing intratumor drug release and for the 

upscale production of the liposomes. This could also include design features that maximize 

stromal vascular access at the tumor site.

In summary, an MTO/IND co-delivery liposome was effective at inhibiting tumor growth in 

syngeneic mouse cancer models through concurrent induction of ICD and pharmacological 

inhibition of the IDO-1 pathway at the tumor site. This study provides important pre-clinical 

data that could serve as the basis of moving this technology forward for effective chemo-

immunotherapy of solid tumors in the clinic.

Methods/Experimental

Cell Culture:

The CT26.WT colon cancer cells (CRL-2638™), EMT6 breast cancer cells (CRL-2755™), 

RENCA renal cancer cells (CRL-2947™), and 4T1 breast cancer cells (CRL-2539™) were 

obtained from ATCC. The CT26 and 4T1 cells were cultured in RPMI-1640 (ATCC® 

30-2001™), supplemented with 10% v/v fetal bovine serum ((#100-106, GeminiBio), 

penicillin-streptomycin (100 U/mL-100 μg/mL, #15140163, Gibico™), and 2 mM L-alanyl-

L-glutamine (#25-015-CI, Glutagro™ Corning®). EMT6 cells were cultured in 85% v/v 

Waymouth's MB 752/1 medium with 2 mM glutamine (#11220035, Gibico™) and 15% v/v 

FBS, supplemented with penicillin-streptomycin. RENCA cells were cultured in 

RPMI-1640, 10% v/v FBS, penicillin-streptomycin, supplemented with 2 mM L-ananyl-

Lglutamine, 0.1 mM non-essential amino acids (#M7145-100ML, Sigma), and 1 mM 

sodium pyruvate (#11360070, Gibico™). All formulated cell culture media were sterilized 

by filtration (#569-0020, ThermoFisher) before use. Cells were cultured in cell culture flasks 

(430641U, Corning®) or dishes (#12-556-003, Thermo Scientific™) at 37 °C in a 

moisturized incubator with 5% CO2.

Mei et al. Page 15

ACS Nano. Author manuscript; available in PMC 2021 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CRT and HMGB1 Quantification by Flow Cytometry and ELISA:

A half-million CT26 cells were seeded in 12-well plates overnight in complete RPMI-1640 

medium (2 mL/well). Doxorubicin (DOX), mitoxantrone (MTO), and oxaliplatin (OXA) 

were added to the cells at 1 and 10 μM for 24 h. One mL of supernatant was withdrawn from 

each well and centrifuged (800 rcf × 7 min) to remove dead cells and debris, before storage 

at −80 °C. The stored culture medium was subsequently used for HMGB1 analysis, using an 

ELISA kit as per manufacturer’s instructions (#ST51011, Tecan IBL International).

For CRT analysis, CT26 cells were gently washed in PBS three times to harvest the lightly 

adhering dying or dead cells. Cells that remain attached were trypsinized (#25200056, 

Gibico™), centrifuged (400 rcf × 7 min), and combined with the lightly adhering cells. The 

combined cell pellets were washed once in a chilled cell staining buffer (#420201, 

BioLegend®) prior to antibody staining. Cells were then re-suspended in 100 μL of anti-CRT 

solution (#PA3-900, ThermoFisher, 1: 50 dilution) and incubated at room temperature for 30 

min with intermittent vortexing. The stained cells were washed and re-suspended in 100 μL 

Alexa-405 labeled anti-IgG solution (A-31556, ThermoFisher, 1: 150 dilution) and 

incubated in the dark at room temperature (RT). The cell sample was then washed 3 times 

before resuspension in 1 mL staining buffer. The Live/Dead™ Fixable Green Dead Cell 

Staining Kit (#L23101, ThermoFisher) dye was reconstituted in DMSO and added to the 

suspended cells (1: 1000 v/v), incubated in the dark at RT before washing in staining buffer. 

The stained cells were fixed in 1 mL 4% paraformaldehyde for 15 min, washed and re-

suspended in 200 μL staining buffer, and transferred into a 96-well plate for flow cytometry 

analysis (Attune NxT Flow Cytometer, ThermoFisher), using FlowJo™ v10 software. The 

data were expressed as the fold change in the percentage of CRT positive cells compared to 

the untreated control.

Synthesis of Cholesteryl-IND (Chol-IND):

The synthesis procedure for Chol-IND was designed and developed in-house. The first batch 

was synthesized at a small (−100 mg) scale to produce the first liposomal formulation and 

then outsourced to a CRO to produce a 5-gram batch, which according to HPLC, 1H-NMR, 

and mass spectroscopy was 99% pure and in conformity with our analysis. Briefly, 

indoximod/IND (5 g, 1 eq, #452483, Sigma) and NaHCO3 (5.77 g, 3 eq) was added into ice-

cold THF (50% v/v in H2O, 300 mL). Di-tert-butyl dicarbonate (5.25 g, 1.05 eq, #34460, 

Sigma) was dissolved in THF, then added drop-wise to the IND suspension. The reaction 

mixture was stirred for 12 h at RT and monitored by LCMS (Boc-IND: m/z = 341.1 [M+Na]

+). THF was removed from the reaction mixture, and the remaining aqueous phase was 

extracted with ethyl acetate (EtOAc). The extracted aqueous phase was acidified (pH = 3 by 

citrate solution) to precipitate Boc-IND. The precipitated Boc-IND was recovered by 

filtration and dried under vacuum without further purification. Cholesterol conjugation to 

Boc-IND was carried out by Steglich esterification.57

In brief, Boc-IND (6.5 g, 1 eq), DMAP (247 mg, 0.1 eq), cholesterol (9.4 g, 1.2 eq), 

EDC.HCl (4.66 g, 1.2 eq) and TEA (4.1 g, 2 eq) were added into ice-cold CH2Cl2 (60 mL). 

The reaction mixture was stirred at RT for 12 h and monitored by LCMS (Chol-IND-Boc 

m/z = 687.4 [M+H]+). The reaction mixture was poured into water and further extracted 
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with CH2Cl2. The combined CH2Cl2 extract was washed with brine in a separation funnel. 

Residual water in the organic solvent extract was absorbed by Na2SO4, and removed by 

filtration. The organic phase was concentrated and purified by flash chromatography (TLC 

solvent = Et2O: EtOAc 5: 1, Rf = 0.7) to obtain cholesteryl-IND-Boc (Chol-IND-Boc). 

Chol-IND-Boc (8.7 g, 1 eq) was then dissolved in CH2Cl2 (100 mL) prior to the addition of 

TFA (9.38 mL, 10 eq, #8.08260, Sigma) at RT, stirred for 2 h and monitored by LCMS 

(Chol-IND-NH3
+ m/z = 587.3 [M+H]+). The reaction solvents were removed to obtain 

reaction crudes, which was further purified by prep-HPLC to obtain Chol-IND-NH3
+TFA− 

(3.40 g, TFA salt). Amberlyst A-26 (20.0 g, #542571, Sigma) ion-exchange resin was added 

to Chol-IND-NH3
+TFA− in CH2Cl2 (150 mL) and stirred at RT for 16 h. The insoluble resin 

was removed by filtration. The filtrate was concentrated to give the reaction crude, which 

was triturated with Et2O (100 mL) and EtOAc (2 mL) at RT for 1 h to afford the Chol-IND 

(-NH2, as free base). 1H NMR and high-resolution mass spectroscopy spectra data for the 

reaction intermediates, i.e., Boc-IND, Chol-IND-Boc, and Chol-IND, are available in Figure 

3C and online (Figure S1).

Liposome Manufacturing by a Lipid Film Hydration Method for Lipid Batches of <30 mg.

All lipids required for liposome synthesis, i.e., DSPC (#850365), Chol (#700000), CHEMS 

(#850524), DSPE-PEG2kDa (#880120), were purchased from Avanti Polar Lipids. Lipids 

were prepared as stock solutions at 5 mg/mL in CHCl3: MeOH = 4 : 1 (v/v) and stored at 

−20°C before use. To make the liposomes, the lipid stock solutions were warmed to room 

temperature and transferred into a round bottom flask using glass syringes (Hamilton). 

Organic solvents were carefully removed using a rotary evaporator to allow the deposition of 

a uniform, thin lipid film in a round bottom flask while drying under compressed nitrogen. 

The film quality was visually inspected and then rehydrated in a 100 mM citric acid-sodium 

citrate buffer solution (pH 4) at 65°C in a water bath to keep the lipid concentration < 20 

mM. The hydrated suspension was dispersed by vortexing to yield a milky liposomal 

suspension. Liposomes were extruded 10 times, using benchtop extruders (#61000, Avanti 

and #LF-50, Avestin, Inc.) to pass the liposomes through series of polycarbonate filters 

(Whatman® Nuclepore filters) with a progressive decrease in pore sizes (1000 nm, 800 nm, 

400 nm, 200 nm, and 100 nm). This ultimately brought the liposome size down to 100-120 

nm before storage in sterilized containers.

Larger Scale Liposome Manufacturing by a Reverse-Phase Evaporation Method (to replace 
step 2 in the lipid film hydration method, as shown in Figure S14).

This method was used to make larger liposome batches of ~150 mg for the use in multiple 

parallel tumor models, described in Figure 9. A previously reported reverse-phase 

evaporation method was used to accomplish homogeneous mixing of the larger lipid content, 

as illustrated in Figure S14.72, 73 In brief, the lipid powders were dispersed in CHCl3/Et2O 

(6 mL, 1: 1 v/v, MeOH/EtOH-free) in a round bottom flask, followed by adding 1.5 mL of a 

100 mM citric acid/sodium citrate buffer (pH 4). The bi-phase and phase-separated solution 

were sonicated for 30 min in a bath sonicator at 45°C, yielding a milky w/o emulsion. 

Organic solvents were gradually removed from the emulsion, using a rotary evaporator at 

45°C for 2-3 h. The drying emulsion transitioned to a white gel-like phase, before breaking 
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into an aqueous liposomal dispersion. Liposome exclusion was performed as described 

above.

MTO Encapsulation, Using a Remote Loading Technique.

Liposomal transmembrane loading of MTO was achieved through a previously published 

method.39 In brief, extruded liposomes in the citric acid-sodium citrate buffer (pH 4) were 

loaded onto disposable single-use size-exclusion desalting columns (PD10 columns, GE 

Healthcare) and eluted with sterilized PBS buffer (#BP2944100, Fisher Scientific). This 

established liposomes with a transmembrane pH gradient (exterior = pH 7.4, interior = pH 

4). Mitoxantrone dihydrochloride (MTO, #M6545, Sigma) solution in PBS was added at 

10% and 15% (w/w drug/lipid) for the L-MTO/IND) and L-MTO nanocarriers, respectively. 

Following incubation at 65°C for 1 h, the solution was cooled to RT before removing the 

non-encapsulated MTO across Sephadex-G25 columns in a biosafety cabinet. The elution 

profile of the synthesized liposomes was determined by a Stewart assay.114 The elution 

profile, calibration curve, and the quantity of non-encapsulated MTO in the PD10 column 

were established by UV measurement (λmax: 610 nm) of MTO standard solutions and the 

eluents. The encapsulated MTO was calculated by subtracting the free from the feeding 

MTO concentration. The maximum MTO loading was determined to be 10% and 15% 

(MTO/lipid %w/w, initial MTO feeding = 18% w/w) for L-MTO and L-MTO/IND, 

respectively. The final MTO loading levels were 9.7% w/w (feeding = 18% w/w, EE% = 

54% m/m) and 9.1% w/w (feeding = 10%, EE% = 91%) for L-MTO and L-MTO/IND, 

respectively. All the liposomes were subjected to physicochemical characterization before 

usage.

Physicochemical Characterization of Liposomes.

Dynamic light scattering (ZetaPALS, Brookhaven Instrument) was used to characterize the 

colloidal liposomes properties. Size distribution was performed with 5 mM liposomes, 

diluted 1: 1000 in citric acid/sodium citrate buffer (pH 4) or PBS (pH 7.4). Zeta potential 

was measured by diluting 5 mM liposomes, 1: 1000 in de-ionized water. To assess 

morphology, liposomes (2.5 μL at 2 mg/mL) were loaded onto TEM grids (#661-200-

CU-100, Ted Pella), cleaned with easiGlow™ (Ted Pella), then cooled in liquid ethane 

(Vitrobot Mark IV, ThermoFisher). The frozen liposomes were visualized using a cryoEM 

(TF20 FEI Tecnai-G2, 300 kV in the low dose mode).

Western Blotting to Determine IDO-1 Expression:

In order to assess IDO-1 expression in different cancer cell lines during treatment with IFN-

γ, cells were seeded in 6-well plates and exposed to IFN-γ at 100 ng/mL (#485-MI-100, 

R&D Systems) for 24 h. After washing, cells were washed and disrupted in a RIPA lysis 

buffer (#20-188, Millipore), supplemented with protease inhibitor (#4693159001, Roche) 

and phosphatase inhibitor cocktails (#sc-45-44, Santa Cruz) for Western Blot analysis. The 

protein concentrations of the lysates were determined with a Bradford assay (Quick Start™, 

Bio-Rad), before incubation with SDS sample buffer (20-30 μg/sample, #LC2676, 

ThermoFisher) and heating to 95°C for 2 min. The samples were electrophoresed through a 

10-20% tris-glycine SDS-PAGE gel, before transfer to a PVDF membrane (#IPVH00010, 

Millipore). The membrane was blocked with filtered (Falcon 70μm cell strainer, #352350, 
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Corning) 5% non-fat milk (#M17200. Research Products International)/TBST blocking 

buffer, before being overlaid with primary (4°C, overnight) and HRP-conjugated secondary 

antibodies (1 h at RT). The blots were developed using an ECL substrate (#32109, 

ThermoFisher) and visualized on x-ray films (Bioland Scientific). The results were analyzed 

using ImageJ v1.5.2 software (NIH, USA). The primary antibodies were used to stain 

vinculin (#4560, CST, 1: 1000 dilution), IDO-1 (#51851S, CST, 1: 1000 dilution) and 

GAPDH (#ab8245, Abcam, 1: 5000 dilution). The secondary was an HRP-conjugated 

antibody (#7074 and #7076, CST, 1: 1000 dilution).

Western Blotting to Determine Chol-IND Efficacy in Vitro:

In order to compare the efficacy of liposomal Chol-IND (L-IND) to free IND, CT26 cells 

were seeded in 6-well plate and grown until confluent. Cells were pre-treated with IFN-γ at 

100 ng/mL overnight to stimulate IDO expression. Cells were gently washed three times 

then incubated in tryptophan-free and serum-free media (custom made, Gibico), 

supplemented with IND or L-IND at 1, 10, and 50 μM for 6 hours. Western blotting was 

performed using the methods mentioned in the previous section. The PVDF membranes 

were blocked with 5% non-fat milk/TBST buffer; membrane containing S6K, and P-S6K 

were blocked with 5% BSA (#3116964001, Roche)/TBST buffer. Primary antibodies were 

used to bind vinculin (#4560, CST, 1: 1000 dilution), S6K (#9209, CST, 1: 1000 dilution), 

P-S6K (#9205S, CST, 1: 1000 dilution). The secondary was an HRP-conjugated antibody 

(#7074 CST, phospho-p70S6K 1: 2500 dilution, 1: 1000 dilution for p70S6K and phospho-

p70S6K).

Stability Studies for Liposomes:

To evaluate the L-MTO/IND stability after storage, the liposomes were freshly prepared and 

stored at 4°C for up to 3-month. Liposome morphology was observed using TF20 FEI 

Tecnai-G2 cryoEM. The hydrodynamic size and zeta potential of the L-MTO/IND were 

measured by Brookhaven ZetaPALS zeta potential & particle size analyzer. To detect the 

IND release, 500 μL of L-MTO/IND suspension was centrifuged at 3,000 g for 15 min using 

an Amicon filter unit (cutoff: 30 kDa). The filtrate was used to quantify free IND in a 

PerkinElmer Altus HPLC with a Brownlee SPP 2.7 μm C18 Columns (4.6 X 150 mm). The 

HPLC was performed using a mixture of HPLC grade water and acetonitrile (H2O: 

acetonitrile = 85:15 v/v, flow rate = 1 mL/min, temperature = 25°C). Ten microliters of the 

filtrate were injected into the column, and the IND concentration in the eluate was measured 

by the Altus A-10 UV detector at 290 nm. To detect the released MTO, 500 μL of L-

MTO/IND suspension was centrifuged at 3,000 g for 15 min using Amicon ultra 0.5 mL 

(cutoff: 30 kDa) centrifugal filter unit. The filtrate was used to quantify the free MTO 

concentration by Spectramax M5e multi-mode microplate reader at 607/685 nm excitation 

and emission wavelengths.

Assessment of the Variation of the Liposomal ζ-potential Over the pH Range, 7.4 to 3.8.

L-MTO and L-MTO/IND were initially prepared in PBS, as described previously. The PBS 

was replaced by pH 7.4 citric acid sodium phosphate (Na2HPO4) buffer using a pre-packed 

size exclusion column (Sephadex G-25/PD10). The pH of the buffer was then adjusted by 

sequentially increasing the 0.1 M citrate to 0.2 M Na2HPO4 ratio from 9.15: 90.85 (pH 7.4) 
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to 67.80: 32.20 (pH 3.8). Liposomes were ice-chilled during to titration process and vortexed 

for 30 seconds before 100X diluted in deionized water for ζ-potential measurements.

Establishing syngeneic tumor models in Balb/c mice.

Subcutaneous injections were performed in female Balb/c mice (Charles Rivers) that were 

maintained under pathogen-preconditions in the UCLA vivarium. All animal experiment 

protocols were approved by the UCLA Animal Research Committee. For subcutaneous 

tumor models, each animal received the delivery of 0.7M CT26, EMT6, RENCA, and 4T1 

cells in a 100 μL Matrigel® (50% v/v in PBS, #CB35428, Corning) subcutaneously into the 

right flank. The 4T1 orthotopic model was established by inoculating 0.7 M 4T1 cells 

(50μL, 50% v/v Matrigel® in PBS) subcutaneously into the 2nd right mammary fat pad of 

female Balb/c mice. Tumor growth was monitored daily by a digital caliper. Tumor size in 

mm3 was estimated by (W2 × L)/2.115 Treatments were given through tail vein IV injection 

when tumor size reached 100~150 mm3. Injections were given every three days for a total of 

four injections.

Visualizing MTO Released From Liposomes in Vitro:

L-MTO and L-MTO/IND (2 μL x 0.3 mg MTO/mL) were loaded into a black-walled 

transparent bottom 96-well plate (#353219, BD Falcon). The liposomes were diluted 100 × 

in pH 4 citric acid sodium citrate buffer, pH 7.4 PBS, or 50% fetal bovine serum in PBS, 

respectively, before incubation at 37°C for 48 h. Triton X-100 (2% v/v) was used to disrupt 

the liposomes to ensure MTO dissolution.72 After the incubation, the plate was imaged by 

an IVIS imager (Excitation filter: 675 nm; Emission filter: Cy5.5) then analyzed by Living 

Image® software (PerkinElmer, version 4.5).

Visualizing Liposomal Released MTO in Vivo:

The experiment was carried out in CT26.WT tumor-bearing Balb/c mice. The biodistribution 

of free MTO, L-MTO, and L-MTO/IND was assessed by injecting these formulations IV at 

a dose equivalent of 3 mg/kg MTO (n = 3). Mice were sacrificed after 24 h, and 48 h and ex 
vivo MTO fluorescence images were obtained of the expanded tumors, hearts, livers, 

spleens, lungs, and kidneys, using an IVIS imager (Excitation filter: 675 nm; Emission filter: 

Cy5.5 ). The organs from untreated animals were used to establish subtractable 

autofluorescence. MTO fluorescence was obtained by Living Image® software 

(PerkinElmer, version 4.5). Data were expressed as fold-change in fluorescence intensity 

(average radiant efficiency [p/s/cm2/sr] / [μW/cm2]) in organs of animals treated with 

encapsulated versus free MTO.

Assessment of the Pharmacokinetics of Free MTO and Liposomal MTO Formulations:

The experiment was carried out in CT26.WT tumor-bearing Balb/c mice 14 days after tumor 

inoculation. The serum pharmacokinetic profiles of free MTO, L-MTO, and L-MTO/IND 

were assessed by giving a single IV bolus injection at an MTO equivalent dose at 3 mg/kg (n 
= 3/time point). Blood collections were performed at 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 24 

h, and 48 h post-injection. Blood was collected using serum separation tubes (#365967, BD 

Microtainer® SST™) then centrifuged at 10,000 rpm to isolate the drug-containing serum. 
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The hydrochloride salt of the MTO in the isolated serum was naturalized by saturated 

sodium bicarbonate (NaHCO3, 100μL). Free-base MTO was extracted by CHCl3 (100 μL × 

3). The CHCl3 extracts were combined (300 μL) and back-extracted using 0.1N HCl (100 μL 

× 2) to obtain water-soluble hydrochloride salted MTO suitable for HPLC analysis. The 

HPLC method for MTO analysis is covered above in the stability study. Tumors harvested at 

24 h and 48 h post-injection were chopped up, weighted (0.3-0.5 g), loaded into tissue 

homogenization tubes (#15350153, 1. 4mm ceramic beads, Fisher Scientific) in 1 mL 

saturated NaHCO3 solution, then homogenized via a bead mill (#15340164, Fisher 

Scientific). The homogenates were recovered and mixed with 1 mL crash solution (MeOH: 

MeCN = 1:1 v/v), stored at 4°C for 24 h then centrifuged at 10,000 rcf. The supernatants 

were collected and extracted by CHCl3, followed by 0.1N HCl as described for serum MTO 

extraction, then analyzed by HPLC.

Therapeutic Efficacy and Survival Studies.

Tumor-bearing animals were randomly grouped when the tumor sizes reached 100~150 

mm3 (~day 8 post-inoculation). The first efficacy study was carried out in the CT26 model. 

CT26 tumor-bearing mice were randomly assigned to 3 groups, i.e., untreated control 

(saline), L-MTO (without IND), and L-MTO/IND. Group sizes consisted of 6-10 animals. 

Treatment was IV administered via the tail vein on days 8, 11, 14, and 17. The injection 

doses of MTO and IND were 3 mg/kg and 2.8 mg/kg, respectively. Tumor growth was 

monitored daily by a digital caliper. Following animal sacrifice on day 23, tumors were 

harvested, weighed, and formalin-fixed for immunohistochemistry studies. A similar 

approach (dosimetry, administration frequency, dose) was used for determining survival 

outcomes in the CT26 model, except that the animals were allowed to reach end-of-life, and 

the comparisons were made between untreated animals or animals treated with L-IND/MTO 

and L-MTO. Animals were euthanized when reaching endpoints such as spontaneous death 

or approaching moribund status (according to particle criteria). To demonstrate the broader 

utilization of our technology, L-IND/MTO, and L-MTO were also tested in the EMT6 

(breast cancer), RENCA (renal cancer), and 4T1 (breast cancer) models. Similar to the study 

in the CT26 model, the tumor-bearing mice received L-IND/MTO at MTO and IND at 3 

mg/kg and 2.8 mg/kg per injection, respectively. Treatment frequency was similar to the 

CT26 efficacy experiment. Animals were sacrificed on day 23. The efficacy and survival 

studies were repeated in an orthotopic 4T1 model. The injection dose and treatment 

frequency were identical to all previous studies. However, the total number of IV injections 

reduced from 4 to 3 injections, due to the MTD limitation of free MTO (included as the free-

drug control).

Immunohistochemistry (IHC).

Formalin-fixed tumors were processed at the UCLA Translational Pathology Core 

Laboratory (TPCL) for paraffin embedding, sectioning, and staining. In brief, tissue sections 

were stained for overnight at 4°C for primary antibodies or 30 min for HRP-conjugated 

secondary antibodies at RT. The signal was detected using an anti-rabbit HRP polymer. All 

sections were visualized with DAB (diaminobenzidine), counterstained with hematoxylin. 

Slides were digitally scanned using an Aperio AT Turbo Digital Pathology Scanner (Leica 

Biosystems). Primary antibodies, comprising: (i) anti-CD8 (#14-0808; 1: 100), anti-NKp46 
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(#PA5-79720; 1: 50), and anti-Fop33 (#13-5573; 1: 500) were purchased from 

ThermoFisher; (ii) anti-CRT (#ab2907, 1: 200), anti-HMGB1 (#ab18256, 1: 200), anti-

perforin (#ab16074, 1:100), anti-granzyme B (#ab4059, 1: 100), and anti-IFN-γ (#ab9697, 

1: 200) were purchased from Abcam; (iii) anti-IDO (#122402, 1: 100) was from BioLegend; 

(iv) anti-LC3B (NB100-2200, 1: 100) was from Nanotools. Secondary rabbit anti-rat 

antibodies from Vector Labs (#AI-4001) were used two detect the primary staining 

antibodies for Perforin, CD8a, Foxp3, and IDO (#AI-4001, Vector Labs). The HRP-labelled 

polymeric anti-rabbit antibody was from Agilent (#K4003). Quantitative IHC analysis was 

performed using Aperio ImageScope software v12 (Leica). For quantification of the IHC 

staining intensity of CRT, HMGB1, LC3B, perforin, granzyme B, and IDO levels, the 

positive pixel count plugin (v9) for ImageScope software was used. The positivity index was 

derived by determining the number of positive pixels/total pixels per field, and then 

normalized to untreated samples (3-5 fields/tumor × 6 tumors/treatment). The number of 

CD8+, NKp46+, and Foxp3+ cells was determined by manual counting (i.e., averaged 

counting from 3-5 fields/tumor, n = 6 tumors/group).

Multiplex IHC

Unstained IHC slides from standard IHC preparations were dewaxed (xylene 3 washes × 10 

min), gradually rehydrated in EtOH solutions (100% 5 min, 95% 5 min, 70% 2 min), boiled 

in AR buffer in a microwave, then cooled to RT. Tissues were blocked in PerkinElmer 

antibody diluent buffer in a humidified chamber at RT for 10 min before overnight staining 

with primary antibodies, then stained 30 min with HRP-labelled polymeric anti-rabbit 

antibody. Signal amplification was achieved using Opal™ fluorophore working solutions (1: 

100 dilution) at RT for 10 min then microwaved. The primary-secondary-HRP complex was 

stripped before repeating the steps for multiplexing staining, then mounting the slides with 

DAPI for 5 min. Slides were visualized using PhenoCharts v1.0.2 (Akoya Bioscience). The 

antibody diluent (#ARD100), amplification diluent (FP1498), Opal-520-FITC (#FP148700, 

1: 100 v/v for perforin), Opal-570-TRITC (#FP148800,1: 200 v/v for NKp46, Opal-480 

(#14-0808, 1:200 v/v for CD8) AR6 and AR9 buffer (AR600/900), and Opal-DAPI 

(FP1490) were purchased form Akoya Bioscience.

Statistical Analysis.

Differences among groups were estimated by the analysis of variance (ANOVA, post hoc = 

Tukey’s or Dunnett’s T3 multiple comparisons test). Kaplan Meier survival curves were 

compared using the Log-rank Mantel-Cox test (GraphPad Prism v8.4.2). Results were 

presented as mean ± standard deviation (S.D.), representing at least three independent 

experiments. Statistical significance was set at *p <0.05; **p <0.01; ***p <0.001, and **** 

p <0.001, as indicated in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The rationale for the combined use of an ICD inducer and an IDO-1 inhibitor.
(A) Schematic illustration of the processes involved in MTO-induced immunogenic cell 

death (ICD). ICD facilitates tumor antigen cross-presentation by APC cells by promoting a 

cell death response that is accompanied by CRT expression on the dying tumor cell surface. 

CRT provides an “eat-me” signal for APC uptake. In addition, the release of adjuvant stimuli 

from the dying tumor cells, e.g., HMGB1 from the nucleus and ATP from autophagic 

vesicles, are responsible for DC maturation and antigen presentation to cognate immune 

cells. The immunogenic effects of MTO include the recruitment of NK cells and CD8low 

CTL, which are capable of inducing tumor cell lysis by releasing granzyme B and perforin.
13 Both cell types also produce IFN-γ. (B) Mechanistic explanation of the counter-

regulatory effect of IFN-γ release on the ICD response by upregulating IDO-1 and PD-L1 

expression, as well as Treg generation. (C) Schematic illustration of the role of IDO-1 in 

regulating the tumor microenvironment. IDO-1 exerts an immune suppressive effect by 

converting tryptophan to kynurenine. The kynurenine excess and tryptophan depletion leads 

to interference in the mTOR pathway and P-S6 kinase activity but enhances the activation of 

a kinase known as “general control nonderepressible 2” (GNC2) as well as the 

transcriptional activity of the aryl hydrocarbon receptor (AhR). This results in decreased 
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cytotoxic T cell activity, T-cell anergy, and increased Treg production. In addition, the 

activation of increased IL-6 production by the AhR is responsible for more IDO-1 

production.
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Figure 2. MTO generates a strong ICD response in CT26 colon cancer cells.
(A) CRT surface detection by flow cytometry. CT26.WT cells were treated by MTO, DOX, 

and OXA at 1 and 10 μM for 24 h. (B) In Vitro measurement of extracellular HMGB1 

release by CT26.WT cells after exposure to MTO, DOX, and OXA treatments for 24h. 

HMGB1 levels were determined in the cellular supernatants by an ELISA kit. Data are 

presented as fold-change (mean ± S.D., n = 3) when compared to the untreated group 

(ANOVA, post hoc = Fisher’s, *p < 0.05, ***p < 0.001, ****p < 0.0001).
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Figure 3. Synthesis of the IND prodrug for liposome construction.
(A) Schematic illustration to show the envisaged combination of MTO and IND as a “2-

in-1” liposome that delivers a strong ICD stimulus, contemporaneous with the interference 

of the counter-regulatory effect of IDO-1 in the TME. The dual-delivery liposome is 

synthesized by embedding the IND prodrug into the lipid bilayer of the liposome, which can 

also be remote-loaded with MTO. Remote pleading leads to the crystallization of the 

protonated drug in the liposomal interior. (B) Schematic to depict the 4-step process for the 

synthesis of the Chol-IND prodrug, including the use of conjugation chemistry for the ester 

linkage of IND to cholesterol. (C) High-resolution spectra from mass spectroscopy confirm 

the synthesis of the Chol-IND prodrug. More detailed information about the characterization 
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of the reaction intermediates and the final product by 1H NMR and HR-MS is described in 

Figure S1.
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Figure 4. Synthesis of the MTO/IND dual-delivery liposome.
(A) Schematic to outline the liposome synthesis steps. Briefly, DSPC, Chol-IND, cholesteryl 

hemisuccinate (CHEMS), and DSPE-PEG2kDa at a molar ratio of 45: 30: 20: 5, was 

dissolved in CHCl3 (step 1), prior to solvent evaporation to form a lipid film (step 2). The 

lipid film was hydrated in a citric acid-sodium citrate buffer solution at pH 4 (step 3), 

followed by membrane extrusion, and elution over a desalting column to remove citric acid 

(step 4). MTO was remotely loaded into the liposomes by generating a citrate gradient (step 

5). The non-encapsulated MTO was removed over a Sephadex G-25 column to obtain the 

purified MTO liposome (L-MTO) in step 6. Insert box: Use of CHEMS to neutralize the 

positive charge of the IND prodrug. The rationale for this procedure is described in more 

detail in Figure S2. (B) Schematic to illustrate the impact of the prodrug and CHEMS on the 

ζ-potential. The Chol-IND-NH3
+ prodrug introduces a cationic charge, while CHEMS-COO

− introduces an anionic charge. To demonstrate the effect of pH on the ζ-potential of the L-

MTO/IND and L-MTO liposomes, the carriers exchanged into a citric acid sodium 

phosphate (Na2HPO4) buffer system in which the pH was lowered by incrementally 

increasing the amount of citric acid. This demonstrated that the change in pH change was 
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accompanied by a continuous shift in the carrier ζ-potential, which differed between the 

liposome species. Thus, while the ζ-potential for L-MTO/IND changed from −23 ± 4 mV at 

pH 7.4 to 9 ± 1 mV at pH 3.8, the L-MTO liposomes maintained an anionic charge 

throughout. (C) CryoEM macrograph to show the morphological similarity between L-MTO 

and L-MTO/IND liposomes, including the presence of the trapped MTO drug precipitate. 

The panel also shows the data for the hydrodynamic size, polydispersity index (PDI), and 

drug loading levels (drug/lipid w/w%) of the liposomes.
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Figure 5. Pharmacokinetics and tumor uptake of free and liposomal MTO.
(A) CT26 tumor-bearing Balb/c mice were used for the PK study, 14 days post-tumor 

inoculation. MTO, L-MTO, L-MTO/IND were given in one IV bolus injection at an MTO-

equivalent dose at 3 mg/kg. Blood was collected at 15 min, 30 min, 1 h, 2 h, 4 h, 24 h, and 

48 h post-injection (n = 3/time point). The percentages of injected MTO dose (%ID) in 

serum measured by HPLC were shown. Both L-MTO and L-MTO/IND significantly 

increased serum drug concentration. (B) The pharmacokinetic parameters, i.e., the area 

under the curve (AUC), distribution, and elimination half-time of the liposomes (T1/2α and 

T1/2β, respectively) are summarized in the table. (C) Tumor MTO concentrations at 24h and 

28 h post-injection are shown. Data were normalized as %ID per gram of tissue (%ID/g). 

Both L-MTO and L-MTO/IND showed similar tumor biodistribution at 24 h. The L-

MTO/IND showed better tumor retention at 48 h when compared to L-MTO. Data were 

expressed as mean ± SD, n = 3. (ANOFA, post hoc = Tukey’s: *p<0.05; **p < 0.01, ***p < 

0.001, ****p < 0.001, n.s. p > 0.05).
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Figure 6. The liposomal MTO/IND combination provides effective interference in colon cancer 
growth through ICD induction and IDO-1 inhibition.
Experimental timeline for the efficacy study: a subcutaneous syngeneic colon cancer model 

was established by injecting CT26 cells into the right flank of Balb/c mice (day 0). After 

reaching tumor sizes of 100-150 mm3, animals received IV injection of nanocarriers on 4 

occasions (day 8, 11, 14, 17), as depicted in the schematic. Animals were sacrificed on day 

23 to remove tumor tissue for the performance of immunophenotype analysis. The L-

MTO/IND liposome was IV injected to deliver MTO and IND doses of 3 mg/kg and 2.8 

mg/kg per injection, respectively. Treatment was compared to injection of saline (UT), 

MTO-only liposomes (L-MTO), L-IND (IND liposome without MTO), and L (empty 

liposomes without MTO and IND). (A). Live animal tumor growth curves (mean ± S.D., n = 

7) plus photographs of harvested tumors on day 23. The inhibition of tumor growth by L-

MTO and L-MTO/IND is significant compared to UT and other controls (**p < 0.01, 

ANOVA) but not significantly different between L-MTO and L-MTO/IND on day 23. (B) 

Quantification and representative IHC staining images for CRT confirmed ICD induction by 

L-MTO liposomes, which was further enhanced by the dual drug delivery. (C-D) IHC 

staining confirmed a significant induction of HMGB1 and LC3B upon L-MTO and L-

MTO/IND treatment. (E) IHC staining revealed a significant induction of IDO-1 expression 
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upon L-MTO treatment. While L-MTO/IND also induced significant IDO-1 expression 

(when compared to the controls), co-delivery of IND reduced the level of the IDO-1 

response when compared to L-MTO. (ANOVA, post hoc = Tukey’s test: **p < 0.01, ***p < 

0.001, ****p < 0.0001).
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Figure 7. The dual delivery liposome also induced cognate immune responses in the efficacy 
study discussed in Figure 6.
(A-B) Quantification and representative IHC images for IFN-γ and perforin expression. Our 

data showed that L-MTO/IND liposome was able to trigger a more effective elevation of 

both markers at the tumor site when compared to L-MTO. (C-D) Quantification of CD8+ 

NKp46+ cells, along with representative IHC images. The data show a significant reduction 

of the CD8+ cell number/mm2, in parallel with an increased number of NKp46+ cells in 

response to liposomal MTO delivery. (E) Multiplexing IHC showing the co-localization of 

DAPI-labeled nucleus (blue), FITC-labeled perforin (green), TRITC-labeled NKp46+ cells 

(red) and Opal-480-labeled CD8+ cells (magenta). The perforin+CD8+ and perforin
+NKp46+ double-positive cells are labeled by white arrows. MTO significantly decreased 

perforin+CD8+ cells but increased perforin+NKp46+ cells. IND, on the other hand, increased 

perforin+CD8+ cell density significantly in the absence or presence of MTO (ANOVA post 

hoc = Tukey’s test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure 8. The dual-delivery liposome significantly improved survival outcome in the CT26 colon 
cancer model.
The experimental schedule is identical to the efficacy study in Figure 6, except that the 

animals were sacrificed when approach end-of-life criteria, as determined by the approved 

animal protocol. (A) Kaplan-Meier analysis to show that L-MTO significantly improved 

survival when compared to the untreated controls (Log-rank/Mantel-Cox test, n = 8, Chi-

square 16.55, ****p < 0.0001). IND co-delivery with MTO leads to a highly significant 

increase in animal survival over L-MTO treatment, with 1 out of 8 mice ended up tumor-

free. (Log-rank/Mantel-Cox test, n = 8, Chi-square 11.62, ***p = 0.0007) (B) Averaged 

tumor growth curves to show that L-MTO and L-MTO/IND were equally efficient at 

inhibiting tumor growth by day 23 compared to the untreated control (Brown-Forsythe 

ANOVA test F(2, 7.8) = 24.01, ***p= 0.005, post hoc = Dunnett’s T3 test: **p = 0.0063 and 

0.0035 for L-MTO vs. UT and L-MTO/IND vs. UT, respectively. L-MTO versus L-

MTO/IND p = 0.1081 at day 23). However, from day 24 onwards, the co-delivery L-

MTO/IND liposome was significantly more effective than L-MTO through the duration of 

the study. (unpaired t-test day 24 t(14) = 2.418, *p = 0.0299; day 25 t(14) = 2.726, *p = 

0.0164; day 28 t(14) = 3.021, **p = 0.0092; day 38 t(14) = 3.675, **p = 0.0025) (C) The 
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corresponding spaghetti tumor growth curves confirm that the most significant tumor growth 

inhibition was obtained by L-MTO/IND co-delivery when compared to L-MTO and 

untreated controls.
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Figure 9. Assessment of IDO-staining intensity in a range of cancer cells with distinct tumor 
microenvironments (TMEs).
(A) IDO-1 immunoblotting to compare the response of CT26 with other tumors in response 

to IFN-γ treatment. (B) IHC analysis of the basal IDO-1 and PD-L1 expression in 4 Balb/c 

syngeneic tumor models. EMT6, RENCA, and 4T1 models showed a significantly higher 

basal IDO-1 expression in their TMEs compared to CT26. We observed a lower level of PD-

L1 expression in CT26, compared to EMT6, RENCA and 4T1 subcutaneous tumors. (C) 

Table summarizing the heterogeneous TME in 4 syngeneic tumor models based on 

immunological features such as PD-L1 and IDO-1 expression, as well as therapeutic 

responsiveness to ICIs. (ANOVA post hoc = Tukey’s: **p < 0.01, ****p < 0.001).
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Figure 10. Liposomal combination therapy also provided effective tumor inhibition in EMT6, 
RENCA, and 4T1 tumor models.
(A-C) Live-animal tumor growth curves (mean ± SD, left-panel), photographs of tumors 

(upper-right panel), and the quantitative IHC analysis of CRT, perforin, and NKp46 (lower-

right panel) from tumors harvested on day 23 in EMT6 (n = 10), RENCA (n = 6~8), and 

4T1 (n = 9) cancer models, respectively. The co-delivery of IND by the dual delivery 

liposome significantly improved the tumor growth inhibition in both EMT6 and 4T1 breast 

cancer models, compared to L-MTO. It was difficult, however, to demonstrate an additive 

IND effect on the already-significant tumor inhibition by MTO in the war immune 

responsive RENCA cancer model. (ANOVA post hoc = Tukey’s: n.s. p > 0.05, *p < 0.05, 

**p < 0.01, **** p < 0.001).
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