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ABSTRACT: While cancer immunotherapy provides new exciting treatment options for patients, there is an urgent need for
new strategies that can synergize with immune checkpoint blockers and boost the patient response rates. We have developed a
personalized vaccine nanodisc platform based on synthetic high-density lipoproteins for co-delivery of immunostimulatory agents
and tumor antigens, including tumor-specific neoantigens. Here we examined the route of delivery, safety profiles, and
therapeutic efficacy of nanodisc vaccination against established tumors. We report that nanodiscs administered via the
subcutaneous (SC) or intramuscular (IM) routes were well tolerated in mice without any signs of toxicity. The SC route
significantly enhanced nanoparticle delivery to draining lymph nodes, improved nanodisc uptake by antigen-presenting cells, and
generated 7-fold higher frequency of neoantigen-specific T cells, compared with the IM route. Importantly, when mice bearing
advanced B16F10 melanoma tumors were treated with nanodiscs plus anti-PD-1 and anti-CTLA-4 IgG therapy, the combination
immunotherapy exerted potent antitumor efficacy, leading to eradication of established tumors in ~60% of animals. These results
demonstrate nanodiscs customized with patient-specific tumor neoepitopes as a safe and powerful vaccine platform for

immunotherapy against advanced cancer.

Cancer immunotherapy offers new hope for patients. As
demonstrated in recent clinical trials, immune checkpoint
blockers (ICBs), such as anti-PD-1 and anti-CTLA-4 IgG
therapeutics, improve the overall patient survival rates for many
cancer types, including advanced melanoma.'™ However, the
response rates to ICBs generally remain below 30%."
Therefore, there is an urgent need to develop strategies that
can boost the therapeutic potential of cancer immunotherapy.

We have previously reported a new nanovaccine technology
based on synthetic high-density lipoprotein (sHDL) nanodiscs
that can elicit potent antitumor T cell responses with robust
therapeutic efficacy.” Briefly, we have shown that nanodiscs,
composed of phospholipids and apolipoprotein A-1 mimetic
peptides (22 amino acids in length), can co-deliver
immunostimulatory agents and a variety of tumor antigens,
including tumor-specific mutated neoantigens, to draining
lymph nodes (dLNs) and generate strong antitumor cytotoxic
T lymphocyte (CTL) responses.” Notably, nanodisc vacci-
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nation in combination with ICBs eliminated palpable B16F10
melanoma tumors in ~90% of animals.” While these results are
promising, it remains to be seen whether these vaccine
nanodiscs are effective against more advanced, established
tumors. In addition, as the injection route is known to influence
the efficacy of vaccines,”® here we sought to examine the
impact of administration route of nanodiscs. Namely, our
previous studies were conducted using the SC route of
vaccination, based on other reports documenting rapid
lymphatic drainage of biomacromolecules and nanoparticles
to dLNs after SC administration.”'® While the SC route of
delivery has been widely employed for nanoparticle vaccines in
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Figure 1. Effect of administration routes of vaccine nanodiscs on antigen-specific CD8a+ T cell responses. (A, B) CS7BL/6 mice were vaccinated
with three doses of nanodiscs containing 15.5 nmol/dose of neoantigen Adpgk peptide and 2.3 nmol/dose of CpG through the IM or SC route in a
1-week interval. On day 7 after the last vaccination, antigen-specific CD8a+ T cell responses were measured by the tetramer staining assay. Shown
are (A) the percentages of Adpgk-specific CD8ar+ T cells and (B) representative flow cytometry scatter plots. (C, D) CS7BL/6 mice were injected
with nanodiscs containing 1 pg/dose of DiR via the SC or IM route. At 24 h after injection, mice were euthanized and inguinal lymph nodes were
harvested for IVIS imaging. (E—G) CS7BL/6 mice were injected with nanodiscs containing 1 pg/dose of DiR via the SC or IM route. At 24 h after
injection, uptake of nanodiscs by different antigen-presenting cells in draining inguinal lymph nodes was measured by flow cytometry. Shown are the
uptake of nanodiscs by dendritic cells (CD11c+), B cells (B220+), and macrophages (F4/80+). Data are represented as box plots (whiskers 5—95
percentile, n = 3—4): () P < 0.0S, (%) P < 0.01, (%) P < 0.001, and (sss) P < 0.0001 analyzed by one-way ANOVA with Bonferroni multiple
comparisons post-test.

preclinical development,'' "> conventional vaccines used in the including neoantigens, and eradicated established B16F10
clinic are typically administered via the intramuscular (IM) tumors in ~60% of animals.
route,"”"” presumably due to the “depot” effect for prolonged

vaccine delivery.'® Therefore, with our long-term goal set on B RESULTS AND DISCUSSION

clinical translation of the nanovaccine technology, we have
sought to address the following three questions in this current
study: (1) to determine whether SC route of administration
offers a superior site of nanodisc vaccination than the IM route;
(2) to assess systemic and local safety profiles of nanodisc
vaccination; (3) to thoroughly evaluate the therapeutic efficacy
of vaccine nanodiscs in combination with ICBs for treatment of
advanced, established tumors.

Here, we first investigated the impact of administration
routes on vaccine delivery to antigen-presenting cells (APCs)
and induction of antigen (Ag)-specific T cell responses in mice.
Specifically, we administered vaccine nanodiscs via the SC or
IM route and studied their LN draining and uptake by different

populations of APCs, including dendritic cells (DCs), B cells, for 30 min at room temperature, with 96.5 + 1.8% of CpG
and macrophages using MS and flow cytometry. We also incorporated into nanodiscs based on the gel permeation
analyzed serum biochemical markers and tissues from the chromatography (GPC). sHDL-Adpgk/CpG had an average

Comparison of SC and IM Routes of Nanodisc
Vaccination. Vaccine nanodiscs containing the neoantigen
Adpgk (sHDL-Adpgk/CpG) were prepared as we previously
reported.” Briefly, the antigen peptide containing N-terminal
cysteine was reacted with 1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine (DOPE-PDP) to form lipid—peptide conjugate
with >90% of DOPE-PDP converted to the conjugate as
determined by LC—MS. Lipid—peptide conjugate was then
incubated with preformed nanodiscs for 30 min at room
temperature to load them into the lipid bilayer of nanodiscs.
The resulting sHDL nanodiscs were processed through
desalting column to remove unincorporated reagents. We
then incubated nanodiscs with CpG modified with cholesterol

injection sites and major organs after nanodisc vaccination for diameter of 10.8 + 0.3 nm and polydispersity index of 0.22 +
any signs of side effects. Briefly, our results showed that vaccine 0.02 as measured by dynamic light scattering,
nanodiscs administered via the SC or IM routes were both well We then compared the effect of vaccination routes on
tolerated without any overt signs of systemic or local toxicity. induction of Ag-specific CD8a+ T cell responses. We chose to
Interestingly, compared with the IM route, the SC route of focus on the SC and IM routes of vaccination because most
vaccination significantly improved nanodisc delivery to dLNs; vaccines in the clinic are administered via these two
promoted nanodisc uptake by DCs, B cells, and macrophages in routes,ls’w’19 whereas cutaneous immunization via intradermal
dLNs; and elicited 7-fold higher frequency of Ag-specific T cell or transcutaneous routes requires skilled personnel or
responses in mice. Lastly, when mice bearing advanced specialized injection apparatus and is often limited by small
established B16F10 melanoma tumors (with the average injection volume. We administered C57BL/6 mice with three
tumor volume of ~80 mm® at the initiation of therapy) were weekly doses of sHDL-Adpgk/CpG via either the SC route at
treated with SC nanodisc vaccination plus ICBs, the tail base or the IM route at thigh muscles bilaterally. One week
combination immunotherapy induced robust CD8a+ and after the third vaccination, peripheral blood mononuclear cells
CD4+ T cell responses against multiple tumor antigens, (PBMCs) were analyzed for the frequency of Adpgk neo-
772 DOI: 10.1021/acs.bioconjchem.7b00761
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Sodium, mmol/L 145-181 149.75+1.71 155.33+0.58 154.33+2.89 PBS

Potassium, mmol/L 7.33-57.65 7.450.42 7.840.58 7.9510.54

Calcium, mg/dL 9.03-12.4 11.840 10.25+0.38 10.5+0.46

Chloride, mmol/L 111.6-13921 111.75+1.26 114.33+0.58 11442.65

Triglyceride, mg/dL 72.7-303.2 151.5+19.60 174.75+26.94 107.67+14.5

Cholesterol, mg/dL 60.2-167.3 76.25+4.43 76.25+7.89 80.67+10.97

Albumin, g/dL 2.72-4.2 3.610 3.82510.05 3.9340.21

Total protein, g/dL 4.63-7.2 6.810 6.57510.17 6.77+0.23

AST, U/L 39.55-386.05 143.33+23.46 131+16.15 110.67+34.06

ALT, UL 24.3-115.25 69.5£21.79 6819.56 62.33+14.57

ALP, U/L 65.5-364.2 154.5+15 181.5#8.06  180.67+27.32

Figure 2. Safety of nanodisc vaccination. (A, B) CS7BL/6 mice were vaccinated with three doses of nanodiscs containing 15.5 nmol/dose of
neoantigen Adpgk peptide and 2.3 nmol/dose of CpG via the SC or IM route in a 1-week interval. On day 7 after the last vaccination, mice were
euthanized for (A) analyses of serum biochemical markers and (B) H&E staining for histological analyses of the injection site and major organs. Data

are represented as mean + SD (n = 4).
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Figure 3. Therapeutic effect of vaccine nanodiscs in combination with immune checkpoint blockers. (A—C) CS7BL/6 mice were inoculated
subcutaneously with 1 X 10° B16F10 tumor cells on day 0. On days 10, 17, 24, and 31, tumor-bearing mice were treated with indicated formulations
containing 10 nmol/dose of each antigen peptide (Trp2, M27, and M30) and 2.3 nmol/dose of CpG. Anti-PD-1 (100 pug/dose) and anti-CTLA-4
(100 pug/dose) IgG were injected intraperitoneally on days 1 and 4 after each vaccination. Shown are (A) representative pictures of tumor-bearing
mice on day 10 (at the start of treatment) and day 22 with arrows pointing to tumors, (B) the average tumor growth, and (C) animal survival. Data
represent the mean = SEM (n = 8). (D, E) On day 24, tumor antigen-specific T cell responses were assessed by IFN-y ELISPOT analysis. Shown are
(D) representative pictures of ELISPOT wells and (E) the number of IFN-y+ spots specific to the indicated tumor antigens. Data represent the
mean + SEM (n = 5—8): (%) P < 0.05, (%) P < 0.01, (%) P < 0.001, and (s%) P < 0.0001 analyzed by two-way ANOVA (B), one-way
ANOVA (E) with Bonferroni multiple comparisons post-test, or log rank (Mantel—Cox) test (C).

antigen-specific CD8a+ T cells by tetramer staining and flow
cytometry analyses. Mice immunized SC with nanodiscs elicited
17.2 + 3.1% Adpgk neoantigen-specific CD8a+ T cells among
PBMCs, representing a 7-fold increase compared with mice
immunized IM with the equivalent dose of sHDL-Adpgk/CpG
(p < 0.0001, Figure 1A,B).

We sought to investigate the impact of administration routes
on nanodisc delivery to dLNs. We labeled nanodiscs with a
lipophilic near-infrared fluorescent tracer, 1,1’-dioctadecyl-
3,3,3/,3'-tetramethylindotricarbocyanine iodide (DiR), and
administered them in CS7BL/6 mice via either the SC or the
IM route. After 24 h of injection, inguinal dLNs were harvested
for ex vivo imaging by IVIS. The SC route of nanodisc
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administration significantly increased the DiR signal in inguinal
dLNs, compared with the IM route (3.3-fold increase, p <
0.0001; Figure 1C,D). We next prepared single cell suspensions
from the dLNs and analyzed nanodisc uptake among various
populations of APCs using flow cytometry. Consistent with the
above results, the SC route of administration significantly
increased cellular uptake of nanodiscs, as shown by improved
mean fluorescence intensity (MFI) of DiR among CD1lc+
DCs (1.3-fold, p < 0.05), B220+ B cells (2.0-fold, p < 0.05), and
F4/80+ macrophages (1.5-fold), compared with the IM route
of administration (Figure 1IE—G). Taken together, these results
indicated that compared with the IM route, the SC route of
administration allows for more efficient delivery of nanodiscs to
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dLNss, resulting in improved nanodisc uptake by APCs in dLNs
and induction of potent Ag-specific CD8a+ T cell responses in
Vivo.

Safety of Nanodisc Vaccination. To evaluate safety of
nanodiscs, we injected C57BL/6 mice with three weekly doses
of sHDL-Adpgk/CpG via the SC or the IM route. On day 7
after the third vaccination, we measured a series of serum
biochemical markers, including sodium, potassium, calcium,
chloride, triglyceride, cholesterol, albumin, total protein,
aspartate aminotransferase (AST), alanine transaminase
(ALT), and alkaline phosphatase (ALP) (Figure 2A). No
significant changes were noted in animals that received PBS or
nanodiscs via either the SC or the IM route. We also excised
skin at the injection site, liver, and spleen on day 7 after the
third vaccination and examined them after H&E staining. We
did not observe any abnormal pathologies in the tissue sections
(Figure 2B). Furthermore, in animals administered with
nanodiscs, we did not observe any signs of weight loss
(Supporting Information, Figure S1), any change in the body
temperature (Supporting Information, Figure S2), acute release
of IL-6, IL-12, IL-17, or TNFa in serum (Supporting
Information, Figure S3), systemic toxicity, or autoimmunity.
Overall, these results indicated that nanodisc vaccines were well
tolerated without any overt systemic or local toxicity.

Therapeutic Effects of Combination Immunotherapy.
Our results presented above have shown that the SC route of
vaccine delivery significantly improved LN draining of
nanodiscs, their uptake by APCs, and induction of Ag-specific
CD8a+ T cell responses, compared with the IM route. On the
basis of these results, we performed the subsequent therapeutic
studies using the SC route of vaccination. In order to
thoroughly evaluate the potential of our therapeutic strategy
in a rigorous condition, we employed a highly aggressive and
poorly immunogenic murine model of BI6F10 melanoma. It is
noted that B16F10 tumors are difficult to treat with
conventional immunotherapies. For instance, multiple studies
have shown that treatment of B16F10 tumor-bearing mice with
anti-PD-1 and/or anti-CTLA-4 IgG therapies slowed tumor
progression but failed to achieve regression or eradication of
established B16F10 tumors.”’~>* In our current study, we
inoculated C57BL/6 mice with 1 X 10° B16F10 tumor cells in
the SC flank on day 0 and initiated treatments on day 10 when
advanced tumors (the average tumor volume of 81 + 10 mm?)
were established (Figure 3A). On days 10, 17, 24, and 31,
animals were treated with nanodiscs containing 2.3 nmol/dose
of CpG and 10 nmol/dose of three multi-Ag peptides (MHC-I-
restricted tumor-associated antigen tyrosinase-related protein 2,
Trp2; and B16F10-specific neoantigens, including MHC-I-
restricced M27 and MHC-II-restricted M30>***). For the
soluble control group, we administered the equivalent dose of
multi-Ag peptides and CpG in the free form. For both
treatment groups, we supplemented the vaccines with intra-
peritoneal administration of anti-PD-1 and anti-CTLA-4 IgG
antibodies on days 1 and 4 after each vaccination.

Compared with no treatment control group, mice treated
with the soluble vaccine plus anti-PD-1/anti-CTLA-4 IgG
therapy exhibited retardation of tumor growth (Figure 3B);
however, 100% of animals eventually developed large tumors
(Figure 3A,B) and succumbed to death with the median
survival of 26 days (Figure 3C). In stark contrast, the
combination immunotherapy with sHDL-multiAgs/CpG and
anti-PD-1/anti-CTLA-4 IgG resulted in regression of estab-
lished B16F10 tumors (p < 0.0001, Figure 3A,B), and 60% of
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animals remained tumor free until the end of the study at day
60 (p < 0.0001, compared with no treatment; p < 0.01,
compared with soluble combo-immunotherapy; Figure 3C).
The median duration of survival has not been reached at the
end of the study for the sHDL-multiAgs/CpG plus anti-PD-1/
anti-CTLA-4 IgG group. Furthermore, we examined specificity
of antitumor T cell responses by performing ELISPOT
analyses. Splenocytes harvested on day 24 from mice treated
with sHDL-multiAgs/CpG and anti-PD-1/anti-CTLA-4 IgG
responded robustly to MHC-I and MHC-II restricted Ag
peptides (ie, Trp2, M27, and M30), demonstrating signifi-
cantly enhanced functional IFN-y+ T cell responses, compared
with the soluble treatment group (p < 0.0S, Figure 3D,E).
Overall, these results have shown that vaccine nanodiscs elicit
robust CD8a+ and CD4+ T cell responses against multiple
tumor antigens, including neoantigens and tumor-associated
antigens, and that vaccine nanodiscs in combination with
immune checkpoint blockers can exert remarkable antitumor
efficacy against advanced B16F10 tumors.

Bl CONCLUSIONS

Nanodisc vaccination administered via the SC or IM routes
were well tolerated without any significant systemic or local
toxicities. However, the SC route of nanodisc vaccination
generated significantly stronger T cell responses than the IM
route, partially due to enhanced draining of nanodiscs to local
draining lymph nodes and their increased uptake by antigen-
presenting cells after SC administration. Moreover, SC
nanodisc vaccination in combination with immune checkpoint
blockers elicited robust CD8a+ and CD4+ T cell responses
against multiple tumor antigens and eliminated established
B16F10 tumors in ~60% of animals. These results demonstrate
strong efficacy of nanodiscs personalized with tumor neo-
epitopes and offer a promising approach for combination
immunotherapy against advanced cancers.
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