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Abstract

Cancer stem cells (CSCs) proliferate extensively and drive tumor metastasis and recurrence. CSCs
have been identified in over 20 cancer types to date, but it remains unknown how to target and
eliminate CSCs in vivo. Aldehyde dehydrogenase (ALDH) is a marker that has been used
extensively for isolating CSCs. Here we present a novel approach to target and reduce the
frequency of ALDHN9N CSCs by vaccination against ALDH. We have identified ALDH1-Al and
ALDH1-A3 epitopes from CSCs and developed synthetic high-density lipoprotein nanodiscs for
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vaccination against ALDHNY" CSCs. Nanodiscs increased antigen trafficking to lymph nodes and
generated robust ALDH-specific T cell responses. Nanodisc vaccination against ALDHM9I" CSCs
combined with anti-PD-L1 therapy exerted potent antitumor efficacy and prolonged animal
survival in multiple murine models. Overall, this is the first demonstration of a simple nanovaccine
strategy against CSCs and may lead to new avenues for cancer immunotherapy against CSCs.
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Cancer is one of the most significant causes of death worldwide despite decades of research.
Standard treatments for patients with solid malignancies include surgical resection,
chemotherapy, and radiation therapy; however, their efficacy is limited by tumor recurrence
and metastasis. One mechanism for tumor recurrence is cancer stem cells (CSCs), which are
a small fraction of cancer cells that self-renew, mediate tumor growth, and contribute to
tumor metastasis.1 Unlike differentiated cancer cells, CSCs exist in a mostly inactive cell
cycle, making them resistant to standard cytotoxic drugs designed to target rapidly dividing
cells. Thus, CSCs are considered one of the key factors that drive chemoresistance, tumor
relapse, and metastasis.3~>

Aldehyde dehydrogenase (ALDH), which is known to detoxify intracellular aldehydes
through an oxidation process, has been extensively used as a functional biomarker to isolate
CSCs from more than 20 cancer types.5-11 We have previously shown that dendritic cells
(DCs) pulsed with cell lysate from ALDHNSN CSCs generated CSC-specific T cells and
humoral immune responses and that anti-PD-L1 immunoglobulin G (IgG) augmented these
adaptive immune responses.12-14 Despite these promising results, this approach has been
limited by the requirement for isolation of a sufficient number of patient-specific CSCs and
suboptimal clinical efficacy of DC vaccines.® On the other hand, cancer immunotherapy
based on immune checkpoint blockade (ICB) is now established as a major pillar in cancer
therapies.16-18 However, current ICB therapy benefits only a small group of cancer patients,
with response rates of 10-30% reported in the clinic.18-20 Importantly, recent studies have
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indicated that CSCs may contribute to immune resistance by employing multiple
mechanisms to evade immune surveillance, including expression of immunosuppressive
genes and cytokines.21-23 However, it remains unknown how to selectively target and
eliminate CSCs.

To overcome these critical challenges, we sought to identify new CSC antigens and utilize
them to elicit T cell immunity against CSCs (Figure 1A). ALDH constitutes a family of over
20 members, and we and others have previously shown that ALDH1-Al and ALDH1-A3 are
the primary isoforms found in human CSCs of melanoma and breast cancer patients.24-27
Hence, we have focused on antigenic sequences predicted to be immunogenic from human
ALDH1-A1 and ALDH1-A3 and identified ALDH1-Algg g6 and ALDH1-A3g9 107 as
promising ALDH epitopes with sequence homology in mice. Using these epitopes (termed
ALDH-A1 and ALDH-AS3 peptides), we have developed a nanoparticle vaccine system to
deliver ALDH epitope peptides to antigen-presenting cells (APCs) and elicit T cell
responses against ALDHNY" CSCs. Our approach is based on synthetic high-density
lipoprotein nanodiscs (NDs) composed of apolipoprotein-Al-mimetic peptide (22A) and
phospholipids.28:29 These NDs have attractive features for vaccination against CSCs: (1)
NDs with a small diameter (~10 nm) allow direct access to draining lymph nodes (dLNs)
after subcutaneous (sc) administration; (2) NDs mediate codelivery of antigen and adjuvant
to DCs in dLNSs; (3) NDs promote antigen processing and presentation on DCs; and (4) NDs
are safe, well-characterized, and amenable for scalable manufacturing.28.29 Here we report
that NDs coloaded with ALDH antigen peptides and immunostimulatory molecules induce
robust ALDH-specific T cell responses, reduce ALDHN9" CSCs, and exert potent antitumor
efficacy in murine models of D5 melanoma and 4T1 breast cancer (Figure 1A).

Specifically, as ALDH1-A1 and ALDH1-A3 are the primary isoforms found in human CSCs
of melanoma and breast cancer patients,24-27 we analyzed ALDH-A1 and ALDH-A3
sequences for predicted binding to major histocompatibility complex-1 (MHC-1) using an
MHC-binding prediction tool (IEBD) and identified ALDH1-Algg_gg and ALDH1-A3gg_1¢7
with low predicted ICgq values as promising ALDH epitopes with sequence homology in
mice. Using these ALDH-A1 and ALDH-AS3 epitope peptides, we synthesized NDs
coloaded with ALDH antigens and CpG (a TLR-9 agonist). Briefly, NDs were synthesized
by mixing 1,2-dimyristoyl-sn-glycerol-3-phosphocholine (DMPC) and 22A followed by
lyophilization, rehydration, and heating/cooling cycles. Afterward, ALDH antigen peptides
(ALDH-A1 and ALDH-A3) premodified with a cysteine at the N-terminus were conjugated
with 1,2-dioleoyl-srglycero-3-phosphoethanolamine- A-[3-(2-pyridyldithio)propionate]
(DOPE-PDP) and then added to preformed NDs to produce antigen-loaded NDs.
Quantification with HPLC/MS showed highly efficient conjugation of ALDH antigen
peptides to DOPE lipid and subsequent incorporation of the lipid—peptide conjugates into
NDs (>90% efficiency for both) (Figure 1B-D). HPLC chromatograms showed a reduction
in the area under the curve (AUC) for the DOPE-PDP peak after mixing with cysteine-
modified ALDH-A1 or ALDH-A3 peptides, indicating successful conjugation, and this
reduction in AUC was accompanied by the appearance of the lipid—peptide conjugate peak
at 21.9 min (Figure 1D). Subsequently, cholesterol-modified CpG1826 (cho-CpG) was
incubated with antigen-loaded NDs by simple mixing at a DMPC:cho-CpG weight ratio of
50:1. Gel-permeation chromatography (GPC) analysis showed >90% cho-CpG loading into
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NDs, resulting in the formation of NDs coloaded with CpG and either ALDH-A1 or ALDH-
A3 peptide, termed (ALDH-A1-CpG)-ND and (ALDH-A3-CpG)-ND, respectively (Figure
1E,F). Dynamic light scattering (DLS) revealed that the addition of antigen and cho-CpG to
blank NDs did not significantly increase the size of the resulting NDs (Figure 1G). (ALDH-
A1-CpG)-ND and (ALDH-A3-CpG)-ND had comparable particle sizes ranging from 9 to 13
nm, a polydispersity index of 0.20 + 0.02, and slightly positive charges of 2.8 £ 0.1 and 3.4
+ 0.3 mV, respectively. The transmission electron microscopy (TEM) images showed that
the NDs had an average diameter of 10 £ 3 nm (Figure 1H), in line with the DLS results.

To study the lymphatic delivery of antigen in vivo, C57BL/6 mice were immunized sc at the
tail base with ALDH-A1 peptide fluorescently tagged with tetramethylrhodamine (TMR) in
soluble form or ND form (Figure 2A). Administration of soluble ALDH-AL1-TMR peptide
resulted in minimal TMR signal in inguinal dLNs after 24 h (Figure 2B,C). This is
consistent with literature reports of limited lymphatic delivery of short soluble peptides after
sc administration due to systemic dissemination of low-molecular-weight peptides and direct
antigen binding to non-APCs at the injection site.30 In contrast, administration of (ALDH-
Al1-TMR)-ND led to a significantly higher TMR signal in inguinal dLNs compared with the
soluble ALDH-A1-TMR group (p < 0.0001; Figure 2B,C). Next, we examined antigen
uptake by APCs in dLNs by flow cytometry analysis. Consistent with the above results,
(ALDH-A1-TMR)-ND promoted cellular uptake of antigen, significantly increasing the
mean fluorescence intensity (MFI) of TMR among CD11c* DCs (5.9-fold, p< 0.01), B220*
B cells (7.9-fold, p < 0.001), and F4/80" macrophages (6.3-fold, p< 0.001) as well as the
percentages of TMR+ APCs compared with the soluble ALDH-A1-TMR group (Figures
2D-F and S1). Taken together, these results showed that NDs efficiently delivered ALDH
peptide to dLNs and promoted antigen uptake by APCs in dLNs, which are prerequisites for
the induction of T cell responses against these ALDH peptides.

Having shown that NDs increase antigen delivery to LNs, we next investigated their efficacy
as a therapeutic vaccine in a syngeneic murine model of D5 melanoma, which is known to
harbor ALDHM9" CSCs.12 C57BL/6 mice were inoculated sc in the flank with 5 x 104 D5
melanoma cells. On day 1, mice were immunized sc at the tail base with ALDH-A1, ALDH-
A3, and CpG as either a soluble mixture or an (ALDH-AL1/A3-CpG)-ND formulation
(Figure 3A). (ALDH-A1/A3-CpG)-ND denotes a pooled mixture of NDs carrying CpG and
either ALDH-AL or ALDH-AS3 peptide, each loaded in separate NDs. On day 8, a boost
vaccination was administered, and mice were monitored for D5 tumor growth. Vaccination
with soluble peptide mixture + CpG had no impact on D5 tumor growth or animal survival
compared with the PBS control group (Figure 3B-D). In contrast, ND vaccination
significantly slowed tumor growth (p < 0.0001; Figure 3B,C) and significantly prolonged the
animal survival (p < 0.001; Figure 3D) compared with soluble peptide vaccination. To
further amplify the antitumor immunity by blocking the immunosuppressive PD-1/PD-L1
pathway, a subset of animals also received intraperitoneal (ip) administration of anti-PD-L1
IgG. The addition of anti-PD-L1 1gG therapy augmented the antitumor efficacy of the NDs,
leading to enhanced tumor growth suppression and extension of the animal survival (p <
0.001; Figure 3B-D). Moreover, anti-PD-L1 IgG therapy also improved soluble peptide
vaccination, enhancing tumor growth inhibition and animal survival to a similar level as the
ND-vaccine-alone group (Figure 3B-D). We analyzed a subset of tumor tissues on day 23 to
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quantify the frequency of ALDHN9" D5 CSCs. ND vaccination combined with anti-PD-L1
IgG therapy significantly reduced the frequency of ALDHY" D5 CSCs compared with the
PBS control (p < 0.05; Figure 3E).

Next, we examined the impact of ND vaccination on ALDH-specific T cell responses. D5
tumor-bearing mice were treated as shown in Figure 3A, and immunological assays were
performed on day 15. Soluble vaccine with or without anti-PD-L1 IgG failed to generate a
detectable level of ALDH-specific CD8" T cell responses in peripheral blood. In contrast,
mice treated with (ALDH-A1/A3-CpG)-ND plus anti-PD-L1 IgG elicited robust ALDH-
specific CD8* T cell responses with 62-fold (p < 0.0001) and 44-fold (p < 0.05) higher
frequency of ALDH-A1-tetramer+ and ALDH-A3-tetramer+ CD8* T cells compared with
soluble vaccine plus anti-PD-L1 IgG (Figure 4A-C). ND vaccination combined with anti-
PD-L1 therapy also induced robust IFN-»* CD8" and CD4* T cell responses, as evidenced
by intracellular cytokine staining of peripheral blood mononuclear cells (PBMCs)
restimulated with ALDH-A1/A3 peptides (Figure 4D,E). To further delineate the magnitude
of T cell responses against ALDH-A1 and ALDH-A3, we performed an interferon y (IFN-
¥) ELISPOT assay using PBMCs restimulated with individual epitopes. Compared with
soluble vaccine plus anti-PD-L1 IgG, ND vaccination plus anti-PD-L1 1gG generated 3.9-
fold, 4.2-fold, and 7.5-fold higher IFN-»* T cell responses against ALDH-A1, ALDH-A3,
and the mixture of two peptides, respectively (p < 0.0001; Figure 4F). Moreover, mice
immunized with (ALDH-A1/A3-CpG)-ND or soluble ALDH-A1/A3+CpG did not exhibit
any signs of toxicity, as they all had normal numbers of hematopoietic stem cells (HSCs)
(Lin~c-Kit*Sca-1%) and long-term HSCs (LT-HSCs) (Lin~c-Kit*Sca-1*CD347)31 in bone
marrow as well as normal animal body weight, blood chemistry, and complete blood cell
counts (Figure S2 and Tables S1 and S2). Taken together, these results show that ND
vaccination generates robust ALDH-specific T cell responses in a safe and effective manner
and exerts potent antitumor efficacy in combination with anti-PD-L1 IgG therapy.

Next, we sought to confirm our results in a second tumor model. The 4T1 cell line is a
highly invasive model of mammary carcinoma that is resistant to conventional ICB
therapies32 and is widely used to study CSCs.33:34 BALB/c mice were inoculated with 104
syngeneic 4T1 cells in the mammary fat pad, and the animals were immunized sc on days 1
and 8 at the tail base with ALDH-A1, ALDH-AS3, and CpG as either a soluble mixture or an
(ALDH-A1/A3-CpG)-ND formulation (Figure 5A). Compared to the PBS control group, the
soluble peptide mixture + CpG with or without anti-PD-L1 IgG therapy had no impact on
4T1 tumor growth or animal survival (Figure 5B-D). In stark contrast, NDs combined with
anti-PD-L1 1gG exerted strong antitumor efficacy, leading to significantly slowed 4T1 tumor
growth (p < 0.0001; Figure 5B,C) and prolonged animal survival (p < 0.001; Figure 5D)
compared with soluble vaccine with or without anti-PD-L1 IgG. Using a subset of treatment
groups, we quantified the frequency of residual ALDHN9" CSCs in residual tumor tissues.
ND vaccination combined with anti-PD-L1 1gG therapy significantly decreased the
frequency of ALDHN9" 4T1 CSCs compared with the PBS control group (o < 0.05) or the
soluble vaccine plus anti-PD-L1 IgG group (o< 0.01; Figure 5E). Overall, these data
indicated that (ALDH-A1/A3-CpG)-ND vaccination combined with anti-PD-L1 therapy had
robust therapeutic effects against 4T1 breast cancer.
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In summary, CSCs play crucial roles in cancer formation, metastasis, and recurrence and
could potentially serve as a promising target for cancer treatment.3-> However, while
chemotherapeutics and nucleic acid-based therapies have been assessed for killing CSCs,
35-37 jt remains quite challenging to eliminate CSCs. In this study, we present a novel
vaccination approach for eliminating CSCs. We identified ALDH-A1 and ALDH-A3
epitopes and developed nanodiscs (NDs) carrying these epitopes to induce ALDH-specific T
cell responses. When combined with anti-PD-L1 IgG therapy, ND vaccination reduced the
frequency of ALDHN9" CSCs in tumor tissues and exerted strong antitumor effects against
multiple tumors known to harbor CSCs. While we and others have previously reported CSC
lysate-based DC vaccines12-14.38.39 or adoptive transfer of CSC-specific CD8+ T cells
generated ex vivo,4041 this work represents the first demonstration of an off-the-shelf
nanoparticle-based vaccine strategy against CSCs. We have previously reported that NDs
can be used with patient-specific tumor neoantigens for personalized cancer immunotherapy.
28,29 Despite their promise, the identification and discovery of neoantigens from cancer
patients as well as customized manufacturing of neoantigens present major technical and
regulatory challenges to overcome.#243 On the other hand, since ALDH is a metabolic
enzyme expressed in CSCs across a wide variety of cancer types,5-11 our ND-based ALDH
vaccination may offer a novel and universal pathway for immunological targeting and
elimination of CSCs across many tumor types. While these proof-of-concept studies show
the potential of ND vaccination, safety and off-target effects of ND vaccination against
ALDH should be examined closely. In addition, more research is warranted to understand
how reduction in the frequency of CSCs leads to tumor regression and how ND vaccination
affects non-CSCs within tumor tissues. Overall, the therapeutic approach outlined here may
open a new pathway for killing CSCs and should be evaluated further in the context of
combination therapy to eliminate both CSCs and differentiated cancer cells.

EXPERIMENTAL SECTION

Reagents and Materials.

ALDH1-Algg 95 (LLYKLADLI) and ALDH1-A3g99_107 (LLHQLADLYV) epitope peptides
modified with a cysteine at the N-terminus were synthesized by RS Synthesis (Louisville,
KY). Female C57BL/6 mice aged 6-8 weeks were purchased from Jackson Laboratories
(Bar Harbor, ME). Antibody against mouse PD-L1 was purchased from BioXCell (West
Lebanon, NH). DMPC was purchased from NOF America (White Plains, NY). Peptide 22A
mimetic was synthesized by GenScript (Piscataway, NJ). DOPE-PDP was purchased from
Avanti Polar Lipids (Alabaster, AL). Both cholesterol-modified and unmodified CpG1826
were synthesized by Integrated DNA Technologies (Coralville, 1A). IFN-y ELISPOT Kits
were purchased from Fisher Scientific (Hampton, NH). Cell medium was purchased from
Invitrogen (Carlsbad, CA). The following antibodies for flow cytometry were purchased
from BioLegend: anti-mouse CD8a-APC, anti-mouse CD45R (B220)-PE/Cy?7, rat anti-
mouse CD4-Brilliant Violet 605, anti-mouse CD3-FITC, rat anti-mouse F4/80-APC-CY7,
and anti-mouse CD11c-FITC. MHC tetramer kit was purchased from MBL International
Corporation (Woburn, MA). TMR-NHS was purchased from Thermo Fisher Scientific
(Waltham, MA).
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Synthesis and Characterization of NDs Carrying ALDH Peptides.

Lipid—peptide conjugates were prepared as previously reported.2%44:45 To incorporate
ALDH peptides into NDs, peptides were modified with a cysteine at the N-terminus, and
cysteine-terminated peptides were reacted with DOPE-PDP (antigen peptide:DOPE-PDP
molar ratio = 2:1) for 4 h on an orbital shaker in dimethylformamide (DMF). The
conjugation efficiency of the reaction was calculated on the basis of the reduction in
absorbance signal associated with DOPE-PDP as measured by HPLC/MS. NDs were
prepared as previously reported.2%44 To incorporate ALDH peptides into NDs, lipid—peptide
conjugate dissolved in dimethyl sulfoxide (DMSO) was added to the ND solution, followed
by incubation at room temperature for 1 h. After incubation, unincorporated lipid—peptide
conjugate was separated using ultracentrifuge filtration (MilliporeSigma Amicon Ultra
Centrifugal Filter, 10 kDa). The efficiency of lipid—peptide conjugate incorporation into NDs
was measured by quantifying the amount of lipid—peptide conjugate remaining before and
after filtration of NDs using reversed-phase HPLC/MS, as previously reported.29:44.46 |n
some studies, peptides tagged with TMR (excitation/emission at ~540/560 nm) were used to
prepare NDs carrying TMR-tagged peptides. To load CpG into NDs, cho-CpG (Integrated
DNA Technologies) was added dropwise to antigen-loaded NDs, followed by incubation at
room temperature for 1 h. The amount of CpG loaded into NDs was quantified by GPC on a
TSKgel G3000SWxI column (7.8 mm i.d. x 30 cm, Tosoh Bioscience LLC). The
hydrodynamic size and zeta potential of NDs were measured using a Zetasizer Nano ZSP
system (Malvern Panalytical, Malvern, U.K.). The morphology of NDs was investigated by
TEM after 10x dilution, followed by osmium tetroxide negative staining. All of the TEM
images were obtained using a JEOL JEM 1200EX electron microscope equipped with an
AMT XR-60 digital camera (Advanced Microscopy Techniques).

Lymph Node Drainage and Antigen Uptake Mediated by NDs.

Animals were cared for following the federal, state, and local guidelines. The University of
Michigan, Ann Arbor is an AAALAC international accredited institution, and all work
conducted on animals was done in accordance with and approved by the Institutional
Animal Care and Use Committee (IACUC). For lymph node drainage studies, female
C57BL/6 mice of age 6-8 weeks were immunized with free ALDH-A1-TMR or (ALDH-
A1-TMR)-ND containing antigen peptide (15.5 nmol/mouse) in a volume of 100 /L by
subcutaneous injection at the tail base. At the 24 h time point after injection, animals were
euthanized. Different organs were harvested, and the TMR signal was measured with an
IVIS optical imaging system (Caliper Life Sciences). Afterward, inguinal lymph nodes were
ground and passed through a 70 zm cell strainer, washed two times with FACS buffer (1%
BSA in PBS), and stained with the indicated antibodies, followed by flow cytometry
analysis.

In Vivo Immunization Study.

For the studies in D5-tumor-bearing animals, C57BL/6 female mice of age 6-8 weeks were

inoculated sc in the right flank with 5 x 10% D5 cells on day 0. For the studies in 4T1-tumor-
bearing animals, BALB/c mice of age 6-8 weeks (Jackson Laboratories) were inoculated sc
with 104 4T1 cells in the mammary fat pad on day 0. Tumor-bearing animals were then
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immunized sc at the tail base on days 1 and 8 with ALDH peptides (Al and A3, each 15.5
nmol/dose) and CpG (15 wg/dose) in either soluble or ND form. In some studies, anti-mouse
aPD-L1 antibody (100 pg/mouse) was administered intraperitoneally on days 3, 5, 7, 10, 12,
and 14. Tumor growth was observed every other day, and the tumor volume was calculated
using the following equation: tumor volume = length x (width)Z x 0.5. Animals were
euthanized when the tumor size reached 1.5 cm in any dimension or when animals became
moribund with >20% weight loss or ulceration.

Immunological Analyses.

Blood samples were collected from the submandibular vein of mice, and red blood cells
were lysed with ammonium—chloride—potassium (ACK) lysis buffer. A tetramer staining
assay was used to quantify the percentage of CSC antigen-specific CD8a* T cells among
PBMCs as described previously.*” Briefly, the peptide-MHC tetramer was made according
to the manufacturer’s instructions. PBMCs were isolated, washed with FACS buffer, and
incubated with anti-CD16/32 blocking antibody. Cells were then incubated with tetramer for
1 h on ice followed by incubation with anti-mouse CD8a-APC for 20 min on ice. Cells were
then washed twice with FACS buffer, resuspended in DAPI solution (2 pg/mL), and
analyzed by flow cytometry. For IFN-y ELISPOT analysis, 2 x 105 PBMCs were added to
an anti-IFN- y~coated 96-well immunospot plate. PBMCs were restimulated with ALDH
peptides (Al and A3) for 18 h at 37 °C, followed by washing and development of plates
according to the manufacturer’s instructions. For the intracellular cytokine staining assay,
PBMCs were seeded at 2 x 10° cells/mL on a 96-well U-bottom plate and restimulated with
10 pg/mL antigen peptides for 18 h in the presence of a protein transport inhibitor, brefeldin
A (BD Biosciences). Subsequently, cells were washed with ice-cold FACS buffer and then
incubated with anti-CD16/32 for 10 min, followed by anti-CD8a, anti-CD4, and a fixable
viability dye (efluor450) for 20 min on ice. The cells were then fixed/permeabilized and
stained with anti-1FN- for 30 min on ice. After two washes with FACS buffer, the cells
were resuspended in FACS buffer and analyzed by flow cytometry. In some studies, tumors
were excised, cut into small pieces, and digested using collagenase/hyaluronidase for 30-40
min. A single-cell suspension was produced and used to detect the percentage of residual
ALDHN9" D5 or 4T1 CSCs by ALDEFLUOR assay via flow cytometry as previously
reported,12-14

Statistical Analysis.

Sample sizes were selected according to pilot experiments and previously published results
in the literature. All of the animal studies were performed after randomization. Data were
analyzed by one-way or two-way ANOVA followed by Tukey’s multiple comparisons post-
test or the log-rank Mantel-Cox test with Prism 8.0 (GraphPad Software). Statistical
significance is indicated as follows: *, p< 0.05; **, p< 0.01; ***, p< 0.001; ****p<
0.0001. All values are reported as mean + SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Vaccination against cancer stem cells (CSCs) with nanodiscs (NDs) carrying ALDH
epitopes. (A) Illustration of ND vaccination against ALDHN3" CSCs. (B, C) HPLC
chromatograms of (B) (ALDH-AL1)-ND and (C) (ALDH-A3)-ND and their individual
components. (D) HPLC/MS chromatograms indicating successful conjugation of ALDH-A1
and ALDH-AS peptides to DOPE-PDP and subsequent incorporation of the lipid—peptide
conjugates into NDs. (E, F) GPC chromatograms of (E) (ALDH-A1-CpG)-ND and (F)
(ALDH-A3-CpG)-ND and their individual components. (G) DLS analyses of blank NDs,
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(ALDH-A1-CpG)-ND, and (ALDH-A3-CpG)-ND. (H) TEM images of (ALDH-AL or A3)-
ND.
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Figure2.
NDs promote the delivery of ALDH peptides to APCs in draining lymph nodes. (A) TMR-

tagged ALDH-AL peptides (15.5 nmol) in soluble or ND form were administered sc to
C57BL/6 mice. After 24 h, various organs were isolated, and the TMR signal was quantified.
(B) Fluorescence images of major organs. (C) Quantification of the TMR signal in inguinal
LNs. Data are presented as mean = SEM (/7= 10). (D-F) Antigen uptake by APCs in dLNs
was quantified by flow cytometry analysis. Shown are MFI TMR signals among (D) CD11c
* DCs, (E) B220* B cells, and (F) F4/80* macrophages in inguinal dLNs at 24 h after sc
administration of (ALDH-A1-TMR)-ND or ALDH-A1-TMR. The data are shown as mean +
SEM. Statistical significance was calculated by one-way ANOVA followed by Tukey’s
multiple comparisons post-test: **, p< 0.01; ***, p< 0.001; ****, p< 0.0001.
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Figure 3.
Therapeutic efficacy of ALDH-ND vaccination in a D5 melanoma model. (A) C57BL/6

mice were inoculated sc in the flank with 5 x 10* D5 tumor cells and immunized with
(ALDH-A1/A3-CpG)-ND or a soluble mixture of ALDH-A1/A3 and CpG (15.5 nmol/dose
each antigen peptide and 15 pg/dose CpG) on days 1 and 8. A subset of mice also received
ip administration of aPDL-1 (100 wg/dose) on the indicated days. Shown are (B) average
tumor growth, (C) individual tumor growth, and (D) overall animal survival. (E) The
frequency of ALDHN9" CSCs among live cells within the residual tumor masses was
quantified on day 23. The data are shown as mean + SEM. Statistical significance was
calculated by (B) two-way ANOVA or (E) one-way ANOVA followed by Tukey’s multiple
comparisons post-test or (D) Kaplan—Meier survival analysis with the log-rank Mantel-Cox
test: *, p<0.05; **, p< 0.01; ***, p<0.001; ****, p<0.0001.
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Figure 4.

ALDH-ND vaccination elicits potent T cell responses against ALDHN9" CSCs. (A, B) Mice
bearing D5 tumors were treated as in Figure 3A, and the frequencies of (A) ALDH-A1-
specific and (B) ALDH-A3-specific CD8* T cells were quantified among PBMCs obtained
on day 15. (C) Representative scatter plots of ALDH-AL and ALDH-A3 tetramer+ CD8* T
cells. (D, E) Frequencies of IFN-»* (D) CD8" and (E) CD4* T cells as quantified by
intracellular staining. (F) Results of an IFN-y ELISPOT assay performed using PBMCs
obtained on day 15 followed by ex vivo restimulation with the indicated peptides. The data
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are shows as mean + SEM. Statistical significance was calculated by (A, B, D, E) one-way
ANOVA or (F) two-way ANOVA followed by Tukey’s multiple comparisons post-test: *, p
< 0.05; ***, p<0.001; **** p< 0.0001.
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Figure5.
Therapeutic efficacy of ALDH-ND vaccination in a 4T1 breast cancer model. (A) BALB/c

mice were inoculated in the mammary fat pad with 104 4T1 tumor cells and immunized with
(ALDH-A1/A3-CpG)-ND or a soluble mixture of ALDH-A1/A3 and CpG (15.5 nmol/dose
each antigen peptide and 15 wg/dose CpG) on days 1 and 8. A subset of mice also received
ip administration of aPDL-1 (100 wg/dose) on the indicated days. Shown are the (B) average
tumor growth, (C) individual tumor growth, and (D) overall animal survival. (E) Frequencies
of ALDHNS" CSCs among live cells within residual 4T1 tumor masses. The data are shown
as mean + SEM. Statistical significance was calculated by (B) two-way ANOVA or (E) one-
way ANOVA followed by Tukey’s multiple comparisons post-test or (D) Kaplan—Meier
survival analysis with the log-rank Mantel-Cox test: *, p< 0.05; **, p< 0.01; *** p<
0.001; ****, p<0.0001.
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