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Elimination of established tumors with nanodisc-based
combination chemoimmunotherapy
Rui Kuai,1,2* Wenmin Yuan,1,2* Sejin Son,1,2 Jutaek Nam,1,2 Yao Xu,1,2 Yuchen Fan,1,2

Anna Schwendeman,1,2† James J. Moon1,2,3†

Although immune checkpoint blockade has shown initial success for various cancers, only a small subset of pa-
tients benefits from this therapy. Some chemotherapeutic drugs have been reported to induce antitumor T cell
responses, prompting a number of clinical trials on combination chemoimmunotherapy. However, how to achieve
potent immune activation with traditional chemotherapeutics in a manner that is safe, effective, and compatible
with immunotherapy remains unclear. We show that high-density lipoprotein–mimicking nanodiscs loaded with
doxorubicin (DOX), a widely used chemotherapeutic agent, can potentiate immune checkpoint blockade inmurine
tumor models. Delivery of DOX via nanodiscs triggered immunogenic cell death of cancer cells and exerted anti-
tumor efficacy without any overt off-target side effects. “Priming” tumors with DOX-carrying nanodiscs elicited
robust antitumor CD8+ T cell responses while broadening their epitope recognition to tumor-associated antigens,
neoantigens, and intact whole tumor cells. Combination chemoimmunotherapy with nanodiscs plus anti–
programmeddeath 1 therapy induced complete regression of established CT26 andMC38 colon carcinoma tumors
in 80 to 88% of animals and protected survivors against tumor recurrence. Our work provides a new, generalizable
framework for using nanoparticle-based chemotherapy to initiate antitumor immunity and sensitize tumors to
immune checkpoint blockade.
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INTRODUCTION
Cancer immunotherapy aims to harness the host’s own immune system
to fight cancer, and immune checkpoint blockers (ICBs) have shown
marked initial success in the past fewyears, as exemplified by the clinical
success of anti–cytotoxic T lymphocyte-associated antigen 4 (aCTLA-4),
anti–programmed death 1 (aPD-1), and recently U.S. Food and Drug
Administration–approved anti–PD-L1 (programmed death ligand 1)
antibodies (1–4). However, despite their potential, ICBs currently benefit
only a subset of patients, generallywith 10 to 40%response rates reported
in the clinic (2, 5). Because their therapeutic efficacy depends largely on
licensing pre-existing antitumor T cells to kill their target tumor cells, the
majority of patients bearing “cold” tumors with a low number of tumor
antigen–specific T cells respond poorly to ICBs (6, 7). Hence, there has
been considerable interest in developing complementary approaches, in-
cluding therapeutic vaccines (8–10), radiation therapy (11–13), and
chemotherapy (14–16), which could increase the repertoire and abun-
dance of antitumor T cells so that combination immunotherapy with
ICBs might exert strong antitumor immunity against cancer cells.

Notably, recent studies have shown that certain chemotherapeutic
drugs, such as doxorubicin (DOX),may contribute to antitumor T cell
responses by inducing a special form of tumor-cell killing, known as
immunogenic cell death (ICD) (17–22). Tumor cells undergoing ICD
up-regulate “eat me” and “danger” signals. The eat me signals, such as
calreticulin (CRT) exposed on the surfaces of immunogenically dying
tumor cells, enable dendritic cells (DCs) to phagocytose those tumor
cells and present tumor antigen epitopes in the context of major his-
tocompatibility complex (MHC) class I or II (18, 22). In turn, the dan-
ger signals, such as high-mobility group box 1 (HMGB1) released by
immunogenically dying tumor cells, promote activation of DCs and
trigger antigen-specific T cell responses (17, 21, 23). Thus, the use of
ICD-inducing chemotherapeutic agents may offer a convenient and
universal strategy for killing cancer cells while simultaneously eliciting
broad antitumor T cell responses.

Recent studies have shown promising preclinical results reporting
antitumor immune responses induced by freeDOX treatment either as
a monotherapy or combined with immunotherapy (14, 24–26). These
findings have led tomultiple ongoing clinical trials in phases 1, 2, and 3
that aim to investigate DOX therapy combined with ICBs (27–30).
While results from these clinical trials are yet to be reported, how to
achieve an optimal therapeutic outcome with chemoimmunotherapy
remains to be seen, especially because there are concerns of inadequate
circulation half-life and limited intratumoral accumulation of DOX as
well as its off-target toxicities, including its widely documented cardio-
toxicity (31), which may exacerbate toxicities of ICBs (32).

To address these challenges, here we have sought to develop a gen-
eral strategy to improve the delivery of chemotherapeutics in a way
that is safe, effective, and compatible with immune activation for com-
bination immunotherapy.Wehave chosen toworkwithDOXbecause
it is a widely used anticancer therapeutic agent and has ICD-inducing
properties (18, 21, 22, 24). Delivery of DOX via nanosystems has been
investigated intensively with a wide range of biomaterials, including
liposomes, synthetic polymers,micelles, and inorganic nanostructures,
in various stages of development (33–37). However, it is not yet clear
how to apply these drug delivery systems to achieve immune activation
in amanner compatiblewith cancer immunotherapy,while, at the same
time, addressing the long-standing issues of industrial scale-up and clin-
ical safety associated with various classes of nanomedicine.

Here, we have developed synthetic high-density lipoprotein (sHDL)–
like nanodiscs, composed of an apolipoprotein A1 (ApoA1) mimetic
peptide and phospholipids, for stimuli-responsive delivery of chemo-
therapy and demonstrated their potency for combination chemoim-
munotherapy in vivo (Fig. 1). In particular, in recent clinical trials for
cardiovascular applications, the sHDL platform has been successfully
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scaled up and demonstrated to be safe (38–40), thus prompting us to
evaluate sHDL as the delivery platform for chemoimmunotherapy. In
that effort, we have achieved efficient loading of DOX in sHDL and its
stimuli-dependent release in the acidic pH of endosomes/lysosomes of
tumor cells. Treatment with sHDL covalently attached with DOX
(sHDL-DOX) induced ICDof tumor cells, improved pharmacokinetic
profiles and tumor targeting of DOX, and exhibited significant anti-
tumor efficacywithout causing any overt off-target side effects. Tumor-
bearing mice treated with sHDL-DOX elicited robust T cell responses
directed against live tumor cells, tumor-associated antigens, and neo-
antigens, which are a class of patient-specificmutant epitopes encoded
by somatic mutations in cancerous cells (41) and shown to dictate pa-
tient responses to immune checkpoint blockade (42–44). We report
that sHDL-DOX markedly potentiated antitumor T cell responses
and therapeutic efficacy of aPD-1 immunotherapy, leading to elimi-
nation of established CT26 and MC38 colon carcinoma in 80 to 88%
of mice, inhibition of CT26 liver metastasis, and induction of long-
term immunity against tumor cell re-challenge. Overall, these results
demonstrated a generalizable strategy to induce robust antitumor im-
munity with nanoparticle-based chemotherapy that can sensitize tu-
mors to immune checkpoint blockade.
RESULTS
Intracellular delivery of DOX with HDL-mimicking nanodiscs
Weprepared sHDL nanodiscs composed of anApoA1mimetic 37-mer
peptide and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
using a thermal-cycling method, as we have reported previously
(40, 45, 46). To promote loading and pH-triggered release of DOX
from sHDL, we tethered DOX to a hydrophobic anchor with a hydra-
zone linker (33), which allowed for stable drug incorporation into
sHDL at pH 7.4 but rapid drug release at pH 5. We conjugated DOX
to 1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol (PTD) with an
N-b-maleimidopropionic acid hydrazide (BMPH) cross-linker (Fig. 1A
and fig. S1) and confirmed the formation of a lipid-DOX conjugate by
mass spectrometry (fig. S2). To load lipid-DOX into the lipid layers of
sHDL, preformed sHDLwas simply admixed with lipid-DOX and in-
cubated for 5 min at 37°C, resulting in efficient incorporation of lipid-
Kuai et al., Sci. Adv. 2018;4 : eaao1736 18 April 2018
DOX into sHDL (80 ± 2%encapsulation efficiency and 2.0 ± 0.2%w/w
loading), as demonstrated by co-elution of sHDL and DOX (maxi-
mum absorbance at 220 and 485 nm, respectively) in gel permeation
chromatography (GPC) (Fig. 2A). In contrast, when free DOX with-
out the lipid tail was incubated with preformed sHDL, <1% of DOX
was incorporated into sHDL (Fig. 2A), suggesting that the inter-
molecular interaction between the hydrophobic anchor of lipid-DOX
and sHDL lipid layers is the major factor that drives drug loading.
Transmission electronmicroscopy (TEM) and dynamic laser scattering
(DLS) showed a homogeneous hydrodynamic size of ~10 nm for both
“blank” sHDL and sHDL-DOX, indicating theminimal impact of drug
loading on the formation and homogeneity of sHDL-DOX (Fig. 2, B
and C). Notably, sHDL-DOX stored in a lyophilized powder form
for at least 2 months was readily reconstituted with water to form ho-
mogeneous sHDL-DOXwith ahydrodynamic size, polydispersity index,
and GPC chromatogram similar to those of freshly prepared sHDL-
DOX (Fig. 2C and fig. S3). We then examined pH-sensitive release of
DOX from sHDL-DOX. Whereas sHDL-DOX incubated at pH 7.4
in phosphate-buffered saline (PBS) released less than 5% of DOX over
24 hours, sHDL-DOX incubated at pH 5 rapidly released ~60% of
DOXwithin 24 hours (Fig. 2D), indicating pH-responsive drug release
from sHDL in acidic pH of endosomes/lysosomes encountered upon
internalization into tumor cells.

We next investigated the intracellular delivery of DOX and sHDL-
DOX and examined their impact on danger signals (for example,
HMGB1 andCRT) implicated in ICD (20, 21).We treatedCT26 colon
cancer cells, a widely used murine model of colon adenocarcinoma,
with DOX formulations and visualized DOX fluorescence with con-
focal microscopy. Within 10 min of treatment, CT26 cancer cells in-
ternalized free DOX as shown by dim, diffuse DOX fluorescence
signals detected throughout the cells, and uptake of free DOXwas fur-
ther increased until 10 hours after incubation (Fig. 2E and fig. S4). In
contrast, sHDL-DOX treatment slowed down DOX uptake with the
nanodiscs first internalized into endolysosomes and the intracellular
DOX signal steadily increasing over 24 hours (Fig. 2E and figs. S4 and
S5A). The IC50 (half maximal inhibitory concentration) value of free
DOX was slightly lower than that of sHDL-DOX in vitro in CT26 cells
(3 and 15 mM, respectively; Fig. 2F) as well as in another murine colon
A B
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Fig. 1. Schematic of doxorubicin-loaded sHDL (sHDL-DOX) for chemo-immunotherapy. (A) sHDL-DOX is formulated by incubation of lipid-DOX with preformed
sHDL. (B) The ultrasmall size and prolonged circulation of sHDL enable intratumoral delivery of DOX, followed by internalization by tumor cells and pH-responsive release
of DOX in the endosomes/lysosomes. Released DOX kills tumor cells and triggers ICD, promoting up-regulation of CRT (the “eat me” signal) and release of danger signals
such as HMGB1. DCs recruited to the immunogenically dying tumor cells phagocytose them, process tumor antigens, and cross-prime tumor antigen–specific T cells.
Antitumor immunity primed with sHDL-DOX synergizes with immune checkpoint blockade, leading to efficient elimination of established tumors and prevention of
tumor relapse. R.T., room temperature.
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carcinoma cell line, MC38 cells (0.11 and 0.62 mM, respectively; Fig.
2G). The reduction in cytotoxicity of sHDL-DOXmay be attributed to
the delayed cellular uptake and drug release from sHDL-DOX in vitro.
Despite delayed sHDL-DOX internalization, sHDL-DOX treatment
mediated up-regulation of CRT (fig. S5B) and triggered robust release
of HMGB1 from CT26 cells (P < 0.01, compared to the no-treatment
control; Fig. 2H) to a similar degree as free DOX treatment. Notably,
Kuai et al., Sci. Adv. 2018;4 : eaao1736 18 April 2018
sHDL-DOX treatment also strongly induced markers associated with
ICD in vivo. Specifically, we inoculated 2 × 105 CT26 cells or MC38
colon carcinoma cells subcutaneously in the flank of syngeneic BALB/c
or C57BL/6 mice, respectively, and on days 8 and 11, mice were
administered intravenously with DOX (4 mg/kg) in the free soluble
or sHDL form. Analyses of tumors on day 15 indicated that compared
with free soluble DOX, sHDL-DOX treatment significantly increased
A B

C D
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F G H

I J K L
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Fig. 2. Preparation and characterization of sHDL-DOX. (A) GPC of blank sHDL, the physicalmixture of sHDL+DOX, and sHDL covalently attachedwith DOX (sHDL-DOX)
at 220 and 485 nm. (B) TEM of blank sHDL and sHDL-DOX. Scale bars, 50 nm. (C) Sizes of sHDL-DOX before and after lyophilization/reconstitution measured by DLS.
(D) Release of DOX from sHDL at pH 5 and pH 7.5. Data representmean ± SD (n= 3). (E) CT26 cells were incubatedwith 40 mM freeDOX or sHDL-DOX for indicated lengths of
time, and the intracellular distribution of DOX was imaged by confocal microscopy. Scale bars, 20 mm. (F to H) CT26 tumor cells (F) or MC38 tumor cells (G) were incubated
with serial dilutions of free DOX or sHDL-DOX for 72 hours, and cellular viability was measured by the cell counting kit. (H) Release of HMGB1 was quantified by enzyme-
linked immunosorbent assay (ELISA) after CT26 tumor cells were treated with indicated formulations (equivalent to 50 mMDOX). (I and J) BALB/c mice or (K and L) C57BL/6
mice were subcutaneously inoculated with 2 × 105 CT26 (I and J) or 2 × 105 MC38 cells (K and L) on day 0 and treated with DOX (4 mg/kg) in the indicated formulations on
days 8 and 11. On day 15, the animals were euthanized and tumor tissues were harvested for analyses of ICD markers. Shown are (I and K) the levels of CRT on tumor cells
(DAPI−CD45−) and (J and L) the amount of released HMGB1 per tumor volume. *P < 0.05, **P < 0.01, and ***P < 0.001 analyzed by one-way analysis of variance (ANOVA)
(H to L) with Tukey’s multiple comparisons post test. Data in (D) and (F) to (H) representmean ± SD (n = 3), and data in (I) to (L) are represented as box plots (whiskers, 5th
to 95th percentile; n = 4) from a representative experiment from two to three independent experiments. MFI, mean fluorescence intensity.
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the expression levels of CRT on the surfaces of CT26 cells (P < 0.01;
Fig. 2I) and MC38 cells (P < 0.05; Fig. 2K) while enhancing intra-
tumoral release of HMGB1 (P < 0.05; Fig. 2, J and L).

Together, we have successfully synthesized an sHDL-DOX nano-
formulationwith the attractive features of efficient drug loading, homo-
geneity, long-term stability, and stimuli-responsive drug release tailored
to the endolysosomal condition (Fig. 2, A to D). Furthermore, we have
demonstrated that sHDL-DOX killed cancer cells while effectively trig-
gering ICD-associated danger signals in tumors (Fig. 2, E to L).

In vivo chemotherapy with sHDL-DOX
We next examined the in vivo distribution and efficacy of the sHDL
formulations in tumor-bearingmice.We inoculatedBALB/cmice sub-
cutaneously in the flank withCT26 colon carcinoma cells on day 0 and
performed intravenous administration on day 11with 1,1′-dioctadecyl-
3,3,3′,3′-tetramethylindotricarbocyanine iodide (DiR), amodel fluores-
cent tracer with a hydrophobic anchor as in the lipid-DOX conjugate,
formulated in either sHDL, liposomes, or PEGylated liposomes. Non-
invasive whole-animal imaging over time revealed that mice admin-
istered with sHDL had the intratumoral fluorescence signal peaking
at 24 hours and lasting up to 72hours (Fig. 3A),withmarkedly enhanced
radiant efficiency (defined as fluorescence intensity/area/time), com-
pared with liposomes (3.6-fold increase, P < 0.0001) and PEGylated
liposomes (2.0-fold increase, P < 0.0001) (fig. S6). After sHDL-DiR
administration, we also detected at least sevenfold greater DiR radiant
efficiency in tumor tissues, compared with those in spleens, lungs, or
kidneys (Fig. 3, B andC). As expected, the sHDL-DiR signal was strong
in the liver, which is the major site for elimination of HDL (47). Given
these results, we focused on sHDL-DOX to understand how sHDL
affects the pharmacokinetics of DOX. We quantified the serum con-
centrations of DOX after intravenous administration and fitted the
results into a two-compartment model. The area under the curve
(AUC) for sHDL-DOX was 27-fold greater than that of free DOX
(217.5 ± 15.2 mg/ml·hour for sHDL-DOX and 7.9 ± 0.1 mg/ml·hour
for DOX; Fig. 3D). Consistent with the improved AUC, sHDL-DOX
treatment resulted in a 2.8-fold increase in the cellular uptake of DOX
within tumors, compared with free DOX treatment (P < 0.01; fig. S7).

Having shown increased accumulation of sHDL in tumors as well
as improved pharmacokinetics of sHDL-DOX, we next examined the
therapeutic potential of sHDL-DOX and its effect on antitumor im-
mune responses in vivo. BALB/cmicewere inoculated subcutaneously
with CT26 cells, and when the tumor size reached ~80 mm3 on day 8,
the animals were treated three times withDOX (4mg/kg) in either the
free soluble or sHDL form (Fig. 3E). At this limited dose, free DOX
treatment had no discernable impact on the overall tumor growth,
compared with the no-treatment control group (Fig. 3, F and G). In
contrast, sHDL-DOX treatment significantly slowed tumor growth,
compared with free DOX or no-treatment groups (P < 0.0001; Fig. 3,
F and G). Notably, as widely reported in the literature (31), free DOX
treatment triggered adverse side effects, including body weight de-
crease and vacuolization of cardiomyocytes (Fig. 3, H and I). How-
ever, mice treated up to three times with the equivalent amount of
DOX (4 mg/kg) in sHDL-DOX exhibited no overt signs of toxicity,
weight loss, or cardiac or liver tissue damage (Fig. 3, H and I).

Robust antitumor T cell responses induced by
sHDL-DOX therapy
We next examined the impact of sHDL-mediated delivery of DOX on
antitumor immune responses. We first aimed to evaluate broad anti-
Kuai et al., Sci. Adv. 2018;4 : eaao1736 18 April 2018
tumor cellular immune responses induced by sHDL-DOX versus free
DOX treatment. Briefly, we treated CT26 tumor–bearing BALB/c
micewithDOX formulations as indicated above and examined induc-
tion of functional CD8a+ T cells against whole CT26 tumor cells by
co-culturing peripheral blood mononuclear cells (PBMCs) with live
CT26 tumor cells and performing intracellular cytokine staining
(ICS) for interferon-g (IFN-g).Mice that received free DOX treatment
failed to expand any CT26-specific IFN-g+CD8a+ T cells beyond the
basal level, whereas sHDL-DOX treatment generated a sevenfold higher
frequency of IFN-g+CD8a+ T cells that recognized intact CT26 tumor
cells (P < 0.01; Fig. 3, J and K).

To gain insight into antigen specificity of cellular immune re-
sponses, we used the MHC-I minimal epitope of CT26 gp70 (AH1)
(H-2Ld–restricted SPSYVYHQF) as the surrogate marker of tumor-
specific antigen and quantitated the frequency of AH1-specific CD8a+

T cells among PBMCs. Whereas CT26 tumor–bearing mice that re-
ceived free DOX treatment had the basal frequency of AH1-specific
CD8a+ T cells among PBMCs, sHDL-DOX treatment induced 3.9-fold
and 3.1-fold higher AH1-specific CD8a+ T cell responses, relative to
the free DOX and no-treatment groups, respectively (P < 0.001 and
P < 0.01, respectively; Fig. 3, L and M). Notably, compared with mice
treated with free DOX, sHDL-DOX–treated animals had a higher fre-
quency ofCD11c+CD11b+Ly6c+DCswithin the tumor-draining lymph
nodes (TDLNs) (P < 0.05; fig. S8A). These CD11c+CD11b+Ly6c+ DCs,
which are a subset of antigen-presenting cells (APCs) that play crucial
roles in the presentation of tumor antigens (48), also exhibited
increased expression of a co-stimulatory marker CD86 within TDLNs
(fig. S8B).

Potent antitumor efficacy of sHDL-DOX + aPD-1
Having confirmed immune responses triggered by sHDL-DOXmono-
therapy, we asked whether we could further amplify antitumor im-
munity and improve the therapeutic efficacy of sHDL-DOX therapy
by combining this treatment with immune checkpoint blockade.
Specifically, we chose to inhibit the immunosuppressive PD-1/PD-L1
pathway (5, 49) with aPD-1 immunoglobulin G (IgG) therapy to re-
flect ongoing combination immunotherapy clinical trials. BALB/c
mice were inoculated subcutaneously with 2 × 105 CT26 tumor cells,
and when the tumor size reached ~80mm3 on day 8, the animals were
treated intravenously on days 8, 11, and 14 with DOX (4 mg/kg) in
either soluble or sHDL formulation, each supplemented with intra-
peritoneal administrations of aPD-1 (100 mg per dose) (Fig. 4A).
Compared with the aPD-1 monotherapy, the combination of free
DOX and aPD-1 therapy did not lead to significant expansion of
AH1-specific CD8a+ T cells (Fig. 4, B and C). In stark contrast, the
combination therapy of sHDL-DOX + aPD-1 led to remarkable ex-
pansion of AH1-specific CD8a+ T cells, reaching the peak frequency
of 5 to 18% AH1-specific CD8a+ T cells among PBMCs on day 20
(eightfold greater than the aPD-1 monotherapy on average, P <
0.01, and fourfold greater than the dual free DOX + aPD-1 therapy,
P < 0.05; Fig. 4, B and C).

Consistent with the enhanced antitumor immune responses, the
combination chemoimmunotherapy with sHDL-DOX and aPD-1
exerted dramatic antitumor efficacy, eliminating established tumors
(~80 mm3 at the initiation of treatment on day 8) in 88% of animals
after three cycles of dual sHDL-DOX + aPD-1 therapy (P < 0.0001;
Fig. 4, D and E). This is in stark contrast to the aPD-1 monotherapy
or free DOX + aPD-1 dual therapy that failed to inhibit the average
tumor growth at this low-dose/low-frequency regimen (P < 0.0001;
4 of 13
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Fig. 4, D and E). One hundred percent of the surviving animals from
the sHDL-DOX+ aPD-1 treatment groupwere protected against the
subsequent re-challenge performed on day 60, as demonstrated by
complete tumor-free survival for another 60 days after subcutaneous
administration of 2 × 105 CT26 cells (Fig. 4F) or by the absence of
lung tumor nodules 22 days after intravenous administration of 2 ×
105 CT26 cells (Fig. 4G). These results suggest the establishment of
Kuai et al., Sci. Adv. 2018;4 : eaao1736 18 April 2018
durable immunity against tumor relapse. Moreover, throughout our
studies, we did not observe any signs of weight loss, toxicity, or auto-
immunity in animals treated up to three times with sHDL-DOX +
aPD-1 dual therapy. Collectively, these results demonstrated that the
sHDL-DOX therapy combined with aPD-1 therapy elicited potent
antitumor CD8a+ T cell responses in vivo, thereby exerting robust
antitumor efficacy against established tumors and tumor relapse.
A B C D

E F

G H I

J K L M
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Fig. 3. Antitumor efficacy and T cell immunity exerted by sHDL-DOX monotherapy. (A) CT26 tumor–bearing mice were intravenously (iv) injected with sHDL-DiR,
and the biodistribution of sHDL-DiR at different time points was imaged by the IVIS optical imaging system. (B) At 72 hours after injection, major organs were harvested
and imaged ex vivo, and (C) fluorescence signal was quantified. (D) BALB/c mice were intravenously injected with free DOX or sHDL-DOX at DOX (4 mg/kg). Shown are
the serum concentrations of DOX fitted to the two-compartment model. Data represent mean ± SD (n = 3) from a representative experiment from two to three
independent experiments. (E) BALB/c mice were subcutaneously inoculated with 2 × 105 CT26 cells on day 0. On days 8, 11, and 14, tumor-bearing mice were treated
with indicated formulations at DOX (4 mg/kg). (F and G) The average and individual CT26 tumor growth curves for mice treated with indicated formulations. CR,
complete tumor regression. (H) Body weights of CT26 tumor–bearing mice treated with indicated formulations. (I) Hematoxylin and eosin (H&E) staining of the hearts
and livers harvested on day 20 from tumor-bearing mice treated with indicated formulations. (J and K) The percentage of tumor cell-reactive T cells (IFN-g+CD8+)
among PBMCs on day 20 was measured by ICS. Shown are (J) the percentage of IFN-g+CD8+ among PBMCs on day 20, and (K) the representative scatterplots. (L) The
percentage of CT26 tumor antigen peptide AH1-specific CD8+ T cells among PBMC on day 20, and (M) the representative scatterplots. Data in (J) and (L) are represented
as box plots (whiskers, 5th to 95th percentile; n = 5) from a representative experiment from two independent experiments. **P < 0.01, ***P < 0.001, and ****P < 0.0001
analyzed by one-way ANOVA (J and L) or two-way ANOVA (G and H) with Tukey’s multiple comparisons post test.
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T cell responses in the tumor microenvironment
Because tumor-infiltrating lymphocytes are one of the key determinants
for the outcome of immunotherapy, we sought to profile antitumor
T lymphocytes in the tumormicroenvironment of animals undergoing
chemoimmunotherapy. BALB/c mice were inoculated with 2 × 105

CT26 tumor cells and treated with various formulations, as stated
above. Notably, among various formulations tested, the dual sHDL-
DOX + aPD-1 therapy recruited the highest frequency of CD8a+

T cells into the tumor microenvironment (threefold greater than the
freeDOXtreatment,P<0.05; fig. S9A). The sHDL-DOX+aPD-1 ther-
apy also promoted the highest frequency and the highest absolute num-
ber of tumor-infiltrating CD8a+ T cells recognizing the CT26 AH1
antigen (fivefold greater than the nontreated control group, P < 0.05;
fig. S9, B and C). In general, these results reflected the patterns of sys-
temic antigen-specific CD8a+ T cell responses induced after the com-
bination sHDL-DOX + aPD-1 therapy (Fig. 4, B and C).

Neoantigen-specific CD8+ T cell responses induced
by chemoimmunotherapy
Recent studies have shown that the antitumor efficacy of immune
checkpoint blockade is strongly correlated with T cell responses against
Kuai et al., Sci. Adv. 2018;4 : eaao1736 18 April 2018
neoantigens, which are antigens encoded by somatic gene mutations
only found in cancerous cells (41, 43, 50). Here, we studied the impact
of sHDL-mediated DOX delivery on the generation of neoantigen-
specific T cell responses and also sought to validate our results using
another murine colon carcinoma model of MC38 tumor cells synge-
neic to C57BL/6 mice. Animals were inoculated with 2 × 105 MC38 tu-
mor cells via subcutaneous administration, andwhen the average tumor
size reached ~60mm3 on day 8, we performed intravenous administra-
tion of free DOX or sHDL-DOXwith the equivalent amount of DOX
(4mg/kg), supplementedwithaPD-1 therapy orPBS (Fig. 5A). Tomon-
itor neoantigen-specific T cell responses, we used a recently reported
mutated neo-epitope within the Adpgk protein (ASMTNRELM →
ASMTNMELM mutation), which is presented on MC38 tumor cells in
the context of H-2Db molecules (51). The dual sHDL-DOX + aPD-1
chemoimmunotherapy generated a 2.4-fold greater expansion of
neoantigen-specific CD8a+ T cells among PBMCs, compared with
free DOX or sHDL-DOX treatment (P < 0.05; Fig. 5, B and C). sHDL-
DOX+aPD-1 dual therapy exerted potent antitumor efficacy, leading to
complete regression of established tumors (~60 mm3 at the initiation of
therapy on day 8) in 80%of animals (P < 0.0001; Fig. 5, D andE). This is
in contrast to all other treatment groups that exhibited increasing average
A

D
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afterafterafterafter

after after

Fig. 4. Potentiation of aPD-1 immunotherapy with sHDL-DOX for treatment of CT26 tumors. (A) BALB/c mice were subcutaneously (sc) inoculated with 2 × 105

CT26 cells on day 0. On days 8, 11, and 14, tumor-bearingmice were treated with indicated formulations at DOX (4mg/kg). aPD-1 was injected intraperitoneally (ip) at 100 mg
per dose on days 9, 12, and 15. (B) The percentage of CT26 tumor antigen AH1-specific CD8+ T cells among PBMCs on day 20, and (C) the representative scatterplots. Data are
represented as box plots (whiskers, 5th to 95th percentile). n = 5 from a representative experiment from two independent experiments. (D) Individual growth curves for mice
treatedwith indicated formulations. (E) The average tumor growth curves formice treatedwith indicated formulations. Data representmean± SD (n= 8) froma representative
experiment from two independent experiments. (F andG) On day 60, sHDL-DOX + aPD-1–treated animals in (E) were re-challenged by subcutaneous or intravenous injection
of 2 × 105 CT26 cells. For the control groups, naïve BALB/cmicewere re-challengedwith the same number of CT26 cells. Shown are the animal survival (F) and lungmetastasis
(G) of CT26 cells on day 22 after re-challenge. Naïve mice were used as control and inoculated with the same number of tumor cells. *P < 0.05, **P < 0.01, and ****P < 0.0001
analyzed by one-way ANOVA (B) or two-way ANOVA (E) with Tukey’s multiple comparisons post test or log rank (Mantel-Cox) test (F).
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tumor sizes over time. Overall, two cycles of sHDL-DOX + aPD-1 che-
moimmunotherapy led to complete tumor response in 80% of animals
(Fig. 5E). On the other hand, aPD-1 monotherapy and free DOX +
aPD-1 dual therapy mediated tumor regression in ~40% of animals.
None of the animals treated with DOX or sHDL-DOX chemotherapy
Kuai et al., Sci. Adv. 2018;4 : eaao1736 18 April 2018
had tumor regression. Mice cured of the primary MC38 tumors with
sHDL-DOX+aPD-1dual therapywere also completely protected against
the re-challenge performed on day 60 with 2 × 105 MC38 tumor cells
inoculated by either subcutaneous or intravenous routes (P<0.01; Fig. 5,
F and G), thus indicating long-term protection against tumor relapse.
A

D

E F G

B C

afterafterafter

after after after

after after

Fig. 5. Chemo-immunotherapy for induction of neoantigen-specific T cell responses and elimination of MC38 tumors. (A) C57BL/6 mice were inoculated sub-
cutaneously with 2 × 105 MC38 cells on day 0. On days 8 and 11, tumor-bearing mice were treated with indicated DOX-containing formulations at DOX (4 mg/kg). For
the combination immunotherapy, aPD-1 was injected intraperitoneally at 100 mg per dose on days 9 and 12. On day 18, the percentage of Adpgk-specific CD8+ T cells
among PBMCs was measured. Data are represented as box plots (whiskers, 5th to 95th percentile). n = 5 for no treatment and n = 8 for other groups, from a repre-
sentative experiment from two independent experiments. (B and C) The percentage of Adpgk-specific CD8+ T cells among PBMCs (B) and the representative scatter-
plots (C). (D) Individual tumor growth curves of mice treated with indicated formulations. (E) The average tumor growth curves of mice treated with indicated
formulations. Data represent mean ± SD. n = 8 to 10, from a representative experiment from two independent experiments. (F and G) On day 60, sHDL-DOX +
aPD-1–treated animals in (E) were re-challenged by subcutaneous or intravenous injection of 2 × 105 MC38 cells. For the control groups, naïve C57BL/6 mice were
re-challenged with the same number of MC38 cells. Shown are the survival (F) and lung metastasis of MC38 cells (G) on day 26 after re-challenge. Naïve mice were used
as control and inoculated with the same number of tumor cells. *P < 0.05, **P < 0.01, and ****P < 0.0001 analyzed by one-way ANOVA (B) or two-way ANOVA (D) with
Tukey’s multiple comparisons post test or log rank (Mantel-Cox) test (F).
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Therapeutic efficacy in advanced tumor models
Wehave also evaluated our strategy in advancedmurine tumormodels
that respond poorly to immune checkpoint blockade. First, we have
used an orthotopic colon carcinoma model, where 2 × 106 CT26-
FL3-Luc cells were injected into the cecum wall, establishing highly
aggressive tumors that formed liver metastases within several weeks
(52, 53). After confirming establishment of tumors on day 8 with an in
vivo imaging system (IVIS) (Fig. 6A), three cycles of dual sHDL-DOX +
aPD-1 therapy were administered as described above. By day 20,
sHDL-DOX + aPD-1 treatment markedly reduced the bioluminescence
signal from whole animals (P < 0.0001; Fig. 6, A and B), compared
with the aPD-1 group or the free DOX + aPD-1 group that exhibited
a similar bioluminescence signal to the nontreated animals. Ex vivo
imaging confirmed the drastic decrease of the CT26-FL3-Luc bio-
luminescence signal from colon after sHDL-DOX + aPD-1 therapy
(1740-fold decrease from the aPD-1 group, P < 0.0001, and 1160-fold
decrease from the DOX + aPD-1 group, P < 0.05), with nondetectable
liver metastasis (Fig. 6, C and D). Overall, the sHDL-DOX + aPD-1
dual therapy produced a robust response rate of 88% (Fig. 6E), which
is in stark contrast to the poor response rates (<13%) observed after
aPD-1 monotherapy (P < 0.001) or free DOX + aPD-1 therapy (P <
0.01). Last, we have also examined the antitumor efficacy of chemo-
Kuai et al., Sci. Adv. 2018;4 : eaao1736 18 April 2018
immunotherapy in the MCA205 fibrosarcoma model that responds
poorly to aPD-1 therapy. In C57BL/6 mice bearing MCA205 tumors,
three cycles of sHDL-DOX + aPD-1 therapy significantly inhibited
the overall tumor growth (P < 0.0001) and extended animal survival
(P < 0.01), whereas aPD-1 monotherapy or free DOX + aPD-1 dual
therapy yielded no survival benefit (fig. S10). Together, these studies
have demonstrated the potency andwide applicability of sHDL-DOX–
based chemoimmunotherapy in multiple murine tumor models.
DISCUSSION
Here, we have used sHDL nanodiscs to deliver an ICD inducer, DOX,
and achieved potent antitumor efficacy in combination with ICBs.
Specifically, we have demonstrated that sHDL nanodiscs, composed
of the 37–amino acidApoA1mimetic peptide and phospholipids, serve
as a promising platform for chemoimmunotherapy. Compared with
free DOX therapy, sHDL-DOX showed a 27-fold increase in phar-
macokinetic profiles in animals and increased tumor accumulation
without any targeting moiety (Fig. 3, A to D). Monotherapy with
sHDL-DOX significantly delayed tumor growth without any overt
off-target side effects (Fig. 3, F to I). sHDL-DOX treatment triggered
robust expression of danger signals associatedwith ICDwithin tumors
 on A
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Fig. 6. Chemo-immunotherapy for orthotopic colon cancer. (A to E) BABL/c mice were inoculated with 2 × 106 CT26-FL3-Luc cells in the cecum wall on day 0. On
days 8, 11, and 14, mice were injected intravenously with DOX (4 mg/kg) in the indicated formulations. On days 9, 12, and 15, mice were injected intraperitoneally with
100 mg per dose of aPD-1. Shown are (A) the whole-animal in vivo imaging over time and (B) quantification of the bioluminescence signal. (C and D) On day 22, major
organs were harvested and imaged ex vivo. Shown are (C) representative bioluminescence images and (D) quantification of the signal in each organ. Data in (D) are
represented as box plots (whiskers, 5th to 95th percentile; n = 4) from a representative experiment from two independent experiments. (E) Shown are the animal
survival curves with n = 8 combined from two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 analyzed by two-way ANOVA (B and D)
with Tukey’s multiple comparisons post test or log rank (Mantel-Cox) test (E). avg, average.
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(Fig. 2, I to L), generating potent antitumor T cell responses and
broadening their epitope recognition to tumor-associated antigens,
neoantigens, and intact whole tumor cells (Fig. 3, J to M). Elicitation
of neoantigen-specific T cell responses is quite notable because this
class of tumor antigens is under intense investigation for personalized
cancer vaccines, as we and others have reported (10, 51, 54). Further-
more, the therapeutic efficacy of ICBs was recently shown to be di-
rectly correlated with neoantigen-specific T cell responses (42–44),
thus raising the prospect that “priming” tumorswith sHDL-DOX ther-
apy may potentiate ICBs—even without a priori knowledge of tumor
antigens. The combination of sHDL-DOX and ICB therapy elicited
strong antitumor immune responses (Figs. 4, B and C, and 5, B and
C, and fig. S9) and markedly augmented their therapeutic efficacy;
co-treatment with sHDL-DOX + aPD-1 IgG antibody induced com-
plete regression of established colon carcinoma in 80 to 88% of animals
(CT26 and MC38 tumors in BALB/c and C57BL/6 mice, respectively)
while protecting all survivors against tumor cell re-challenge (Figs. 4, D
toG, and 5, D toG).We have also demonstrated the strong therapeutic
benefits of sHDL-DOX + aPD-1 chemoimmunotherapy in advanced
colon carcinoma and fibrosarcomamodels (Fig. 6 and fig. S10). This is
in stark contrast to theaPD-1monotherapy or freeDOX+aPD-1 dual
therapy that yielded poor response rates in these tumor models.

An extensive list of nanoparticle systems, such as liposomes, syn-
thetic polymers, micelles, and inorganic nanostructures, has been
examined for delivery of DOX with varying levels of success (33–37),
but their impact on antitumor immunity and, hence, their potential as
a platform for chemoimmunotherapy remain to be explored. Thework
presented here is, to the best of our knowledge, the first report of
chemo-nanotechnology designed to trigger ICD of tumor cells and
elicit T cell immunity against a broad range of tumor antigens, includ-
ing neoantigens, thereby potentiating immune checkpoint blockade.
Although other conventional nanoformulations may also be applica-
ble to this approach, we believe that the sHDL system is particularly
attractive for translation because of the ease of synthesis, established
large-scale manufacturing, proven human safety, and nonimmuno-
genicity of the blank sHDL, as demonstrated in a number of clinical
trials (38–40). In addition, the cardioprotective effect of HDL (55–57)
may further alleviate the cardiotoxicity associated with sHDL-DOX
treatment. Moreover, conventional nanoparticles typically require
PEGylation for sufficient circulation half-life and drug accumulation in
tumors; however, repeated administrations of PEGylatedmaterials can
cause chronic hand-foot syndrome (58) and anti-PEG (polyethylene
glycol) antibody responses (59), thus potentially complicating their
application in immunotherapy. In contrast, sHDL nanodiscs mimick-
ing endogenous HDL do not require PEGylation for efficient DOX de-
livery. Our current study and a previous study (46) have indicated
more efficient intratumoral accumulation of sHDL, compared with li-
posomes or PEGylated liposomes. Although the precise mechanisms
are under investigation, we speculate that sHDL-mediated intratu-
moral delivery is facilitated in part by their ultrasmall particle size
(~10 nm), extended pharmacokinetics, and extensive uptake bymeta-
bolically highly active cancer cells that require a large amount of lipids
and cholesterol for proliferation (40, 46, 60).

In conclusion, we have produced a new, generalizable framework
for chemoimmunotherapy. By delivering chemotherapeutic agents via
nanocarriers in a manner that sensitizes tumor cells to immune acti-
vation and subsequent immune checkpoint blockade, we have achieved
potent antitumor efficacy, leading to elimination of established tu-
mors in 80 to 88% of animals. Our approach may be readily applied
Kuai et al., Sci. Adv. 2018;4 : eaao1736 18 April 2018
to other chemotherapeutic agents known to induce ICD of tumor cells
(17, 18, 21). Because there is intense interest in improving the patient
response rate and therapeutic efficacy of immune checkpoint block-
ade, our strategy presented here may have a wide-ranging impact in
the field of drug delivery, nanotechnology, and cancer immunotherapy.
MATERIALS AND METHODS
Preparation and characterization of sHDL-DOX
sHDL was prepared by the lyophilization method that we have pre-
viously developed (40, 61, 62). Briefly, DPPC and an ApoA1mimetic
peptide,DWLKAFYDKVAEKLKEAFPDWAKAAYDKAAEKAKEAA
(37A), were mixed at a 1.5:1 weight ratio in acetic acid, followed by
lyophilization. The lyophilized powder was hydrated in PBS (pH 7.4)
and cycled between 55°C and room temperature to obtain sHDL.We
synthesized a pH-sensitive lipid-DOX conjugate for efficient loading
and pH-triggered release of DOX from sHDL. Briefly, DOX was ac-
tivated with BMPH (Thermo Fisher Scientific) in anhydrous meth-
anol containing trifluoroacetic acid (33). The mixture was allowed to
react for 24 hours at room temperature, followed by rotary evaporation.
Activated DOX was then reacted with PTD in chloroform containing
10% triethylamine for 24 hours in the dark. After rotary evaporation,
the resulting lipid-DOX conjugate was kept at −20°C until further use.
The molecular weight of the conjugate was confirmed by electrospray
ionization mass spectrometry. To load DOX in sHDL, the lipid-DOX
conjugate was dissolved in dimethyl sulfoxide and then incubated
with preformed sHDL suspension in PBS (pH 7.4) for 5 min at 37°C
on an orbital shaker. The resulting sHDL-DOX was passed through a
desalting column (Pierce) to remove any unincorporated DOX.

The concentration of DOX loaded in sHDL-DOX was measured
by a fluorescence-basedmethod. sHDL-DOX (10 ml) diluted in water
was incubated with 240 ml of 1% Triton X-100 solution for 30 min at
room temperature in the dark, and the fluorescence signal from
DOX was detected using a microplate reader with Ex = 470 nm and
Em = 590 nm. Homogeneity of sHDL-DOX was analyzed by GPC
using a Shimadzu HPLC system equipped with a TSKgel G2000SWxl
column [7.8mm (internal diameter) × 30 cm, Tosoh Bioscience LLC],
and the detectionwavelengths were set at 220 and 485 nm for the quan-
tification of ApoA1 mimetic peptide 37A and DOX, respectively. The
particle size of sHDL-DOXwasmeasuredbyDLSonaMalvernZetasizer.
The sHDLmorphology was assessed by TEMafter proper dilution of the
original samples. Then, 3 ml of the diluted sample solution was deposited
on a carbon film–coated 400-mesh copper grid (Electron Microscopy
Sciences) and dried for 1 min. Samples were then negatively stained
with 1% (w/v) uranyl formate, and the grid was dried before TEM ob-
servation. All specimens were imaged on a 100-kV Morgagni TEM
equipped with a Gatan Orius CCD.

Measurements of intracellular delivery, cytotoxicity, and ICD
in tumor cells treated with sHDL-DOX
To examine sHDL-DOX for its pattern of intracellular delivery,
100,000 CT26 tumor cells were seeded in 35-mmpetri dishes (MatTek
Corp.) and cultured overnight. Cells were incubatedwith 40 mMsHDL-
DOX or free DOX for predetermined durations (10min, 10 hours, and
24 hours). After incubation, cells were washed with PBS, fixed with
4%paraformaldehyde, and stainedwith 4′,6-diamidino-2-phenylindole
(DAPI) before imaging with a confocal microscope (Nikon A1). Cy-
totoxicity of sHDL-DOX was measured using Cell Counting Kit-8
(Dojindo Molecular Technologies) following the manufacturer’s
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instructions.Markers of ICD, such as CRT andHMGB1, were analyzed
following published reports (17, 18). Briefly, 100,000 CT26 cells were
seeded on 35-mm petri dishes (MatTek Corp.) precoated with poly-
lysine. After overnight incubation, cells were treated with 50 mM
DOX or sHDL-DOX for 24 hours, washed twice with fluorescence-
activated cell sorting (FACS) buffer [1% bovine serum albumin (BSA)
in PBS] followed by incubation with CD16/32 for 10 min and rabbit
anti-mouse CRT antibody (1:100 dilution) for 30 min. Cells were
washed and then incubated with Hoechst 33342 and anti-rabbit anti-
body labeled with allophycocyanin (APC) for 20 min and then ob-
served under a confocal microscope. To measure the release of
HMGB1 from dying tumor cells, 50,000 CT26 cells seeded in 96-well
plates were incubated with 50 mMDOX or sHDL-DOX for 72 hours.
After incubation, each supernatant was collected and centrifuged at
1000g for 20 min before HMGB1 measurement using a mouse
HMGB1 ELISA kit (LifeSpan BioSciences Inc.).

Biodistribution and pharmacokinetic studies in vivo
sHDL was loaded with a near-infrared fluorescent dye, DiR, for the
biodistribution study (46). Briefly, DiR [0.1 mole percent (mol %)]
was mixed with DPPC and 37A in acetic acid, followed by lyophiliza-
tion and hydration in PBS to form sHDL-DiR, as described above. For
the preparation of DiR-loaded liposomes (Lipo-DiR) or DiR-loaded
PEGylated liposomes (PEG-Lipo-DiR), DiR (0.1 mol %) was mixed
with DPPC or DPPC with 5 mol % DSPE-PEG2000, followed by hy-
dration in PBS and extrusion through 100-nm polycarbonate mem-
branes. BALB/cmice inoculatedwith 200,000CT26 tumor cells on the
right flank were injected intravenously with sHDL-DiR, Lipo-DiR, or
PEG-Lipo-DiR [DiR (20 mg/ml)] on day 10. At predetermined time
points after injection, whole-body imaging was performed using the
IVIS optical imaging system. At the 72-hour time point, the tumor-
bearing mice were euthanized, and major organs (brain, heart, liver,
spleen, lung, kidney, and tumor) were harvested for ex vivo imaging.
For the pharmacokinetic analysis, mice were administered with DOX
(4 mg/kg) or sHDL-DOX (4 mg/kg) intravenously. Following drug
treatment, at each time point (15 min, 1 hour, 3 hours, 7 hours, and
24 hours), 50 ml of blood was collected in Microvette 500 Z-gel tubes
by submandibular bleeding and kept on ice. The samples were centri-
fuged at 10,000g for 5 min at room temperature, and 10 ml of the serum
was added with 10 ml of PBS and incubated with 480 ml of acidified iso-
propanol (75 mMHCl, 10% water, 90% isopropanol) overnight at 4°C
in the dark to extract DOX. The isopropanol extract was centrifuged at
14,000 rpm for 10 min, and 125 ml of the supernatant was used for flu-
orescence detection of DOX on a microplate reader with Ex = 485 and
Em = 590 nm. The standard curve was generated with DOX spiked in
normal serum and measured following the same protocol. DOX serum
concentration–time curves were fitted with a two-compartment model
by GraphPad Prism 6 to determine the AUC values (60).

Study of therapeutics in tumor-bearing animals
Mice were cared for following federal, state, and local guidelines. All
work performed on animals was in accordance with and approved by
the University Committee on Use and Care of Animals at the Univer-
sity of Michigan, Ann Arbor. For treatment studies involving animals
injected with CT26 cells, BALB/c mice were inoculated with 2 × 105

CT26 cells per mouse on the right flank by subcutaneous injection on
day 0 and intravenously injected withDOX (4mg/kg) in sHDL or free
soluble form on days 8, 11, and 14. For the combinatorial chemo-
immunotherapy, anti-mouse PD-1 (100 mg permouse)was administered
Kuai et al., Sci. Adv. 2018;4 : eaao1736 18 April 2018
intraperitoneally on days 9, 12, and 15 in addition to the intravenous
injection of DOX-containing formulations. For the orthotopic colon
carcinoma studies, we followed a previously described procedure
(52, 53). Briefly, 2 × 106 CT26-FL3-Luc cells were injected into the
cecum subserosa after exteriorizing the cecum in anesthetized BALB/c
mice. A similar treatment regimen was given as above. We visualized
the bioluminescence signal fromCT26-FL3-Luc tumors in either whole
animals or harvested organs using an IVIS imaging system.

For studies withMC38 colon carcinoma orMCA205 fibrosarcoma
cells, C57BL/6 mice were inoculated subcutaneously with 2 × 105

MC38 cells orMCA205 cells on day 0 and intravenously injected with
DOX (4mg/kg) in sHDL or free soluble form on days 8 and 11with or
without intraperitoneal administration of anti-mouse PD-1 (100 mg per
mouse) on days 9 and 12. Tumor growth was monitored every other
day, and the tumor volume was calculated by the following equation:
tumor volume= length ×width2 × 0.52.When individual tumormasses
reached 15mm in diameter in any dimension or when animals became
moribund with severe weight loss or active ulceration, animals were eu-
thanized. On day 20, some CT26 tumor–bearing mice were euthanized
and the hearts and livers were collected and fixed in 10% Buffered For-
malin (Fisher Diagnostics). A series of 5-mm sections were stained with
H&E. Stained slides were then observed by microscopy (PerkinElmer
Mantra).Onday 60,mice cured of primaryCT26orMC38 tumorswere
re-challenged by subcutaneous injection of 2 × 105 of the same tumor
cells, and subsequent tumor growthwasmonitored as described above.
Alternatively, some mice, cured of primary CT26 or MC38 tumors,
were re-challenged by intravenous injection of the same 2 × 105 tu-
mor cells, and the lung metastasis of CT26 or MC38 tumor cells was
visualized by injecting India ink (1:10 dilution in PBS) into the lungs
via the trachea and fixing the lungs in Fekete’s solution (54). Naïve
mice were used as controls and re-challenged in the same way.

For a subset of studies, tumor tissues and TDLNs harvested on in-
dicated time points were cut into small pieces of 2 to 4 mm, and cells
were dissociated in digestion buffer [collagenase type IV (1 mg/ml)
and deoxyribonuclease I (100 U/ml) in serum-free RPMI] for 20 to
30 min at 37°C with gentle shaking (10). This cell suspension was
passed through a 70-mm nylon strainer and washed with FACS buf-
fer. Cells were then incubated with CD16/32 for 10 min and then
stained with antibodies against CD8a (53-6.7), CD11c (HL3), CD11b
(M1/70), Ly6c (AL-21), CD86 (GL1), CD45.2 (104), and CRT
(EPR3924) on ice before flow cytometry (Cyan 5, Beckman Coulter).
In some experiments, cells were incubated with AH1 peptide-MHC
tetramer (H-2Ld–restricted SPSYVYHQF) or Adpgk peptide-MHC
tetramer (H-2Db–restricted ASMTNMELM) to label the antigen-
specific T cells at room temperature for 30min before incubationwith
the above antibodies. In some experiments, after dissociating the tu-
mor tissue into single-cell suspension, the concentration ofHMGB1 in
digestion buffer was measured using a mouse HMGB1 ELISA kit
(LifeSpan BioSciences Inc.).

Tetramer staining and ICS
The percentages of tumor antigen–specific CD8a+ T cells among
PBMCs were analyzed using the tetramer staining assay, as described
previously (10). Briefly, 100 ml of blood was collected from each mouse
on indicated days by submandibular bleeding, and red blood cells were
lysed usingAmmonium-Chloride-Potassium(ACK) lysis buffer. PBMCs
were thenwashedwith FACS buffer and blocked by anti-CD16/32 an-
tibody and incubated with peptide-MHC tetramer (for example, H-
2Ld–restricted SPSYVYHQF or H-2Db–restricted ASMTNMELM)
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for 30 min at room temperature. Samples were then incubated with
anti-mouse CD8a-APC for 20 min on ice. Cells were washed twice
with FACS buffer and resuspended in DAPI solution (2 mg/ml) for
analysis by flow cytometry.

For ICS assay (10), 100 to 150 ml of peripheral blood collected from
mice was lysed with ACK lysis buffer, washed with PBS, and plated at
~10million cells/ml in 50 ml of T cell media [RPMI 1640 supplemented
with 10% FBS, 2 mM L-glutamine, 55 mM b-mercaptoethanol, 1 mM
pyruvate, penicillin (100 U/ml), streptomycin (100 mg/ml), 10 mM
Hepes, and nonessential amino acids] in 96-well U-bottom plates.
These PBMCs were incubated with 0.1 million CT26 cells per well
for 16 hours in the presence of the protein transport inhibitor, brefeldin
A (BD Biosciences). Cells were then washed twice with ice-cold FACS
buffer (1% BSA in PBS), followed by incubation with anti-CD16/32
for at least 10 min and anti-CD8a for 20 min on ice. Cells were then
fixed/permeabilized for 20 min on ice and then stained with anti–
IFN-g–phycoerythrin (PE) for 30 min on ice. After extensive washing,
cells were analyzed by flow cytometry.

Statistical analysis
Sample sizes were chosen based on preliminary data from pilot ex-
periments and previously published results in the literature. All animal
studies were performed after randomization. Data were analyzed by
one-way or two-way ANOVA, followed by Tukey’s multiple compar-
isons post test or log rank (Mantel-Cox) test with Prism6.0 (GraphPad
Software).Datawere normally distributed and variance between groups
was similar. P values less than 0.05 were considered statistically signif-
icant. All values are reported as means ± SDwith the indicated sample
size. No samples were excluded from analysis.
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Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/4/eaao1736/DC1
fig. S1. Schematic for the synthesis of the lipid-DOX conjugate.
fig. S2. Mass spectroscopy confirmed the conjugation of DOX to PTD.
fig. S3. sHDL-DOX was lyophilized and stored for 2 months before reconstitution by adding
water to the lyophilized powder.
fig. S4. Cellular uptake of DOX or sHDL-DOX by CT26 cells in vitro.
fig. S5. Confocal images of CT26 cells and their CRT staining after sHDL-DOX treatment.
fig. S6. Biodistribution of Lipo-DiR, PEG-Lipo-DiR, and sHDL-DiR in CT26 tumors in vivo.
fig. S7. Intratumoral uptake of DOX or sHDL-DOX in CT26 tumors in vivo.
fig. S8. Analysis of DCs in TDLNs after treatment of CT26 tumor-bearing mice with DOX or
sHDL-DOX.
fig. S9. Antitumor immune responses in the tumor microenvironment.
fig. S10. Efficacy of sHDL-DOX + aPD-1 therapy against MCA205 fibrosarcoma.
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