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HEALTH AND MEDICINE

Lymph-targeted high-density lipoprotein-mimetic
nanovaccine for multi-antigenic personalized

cancer immunotherapy

Mingqi Liut, Yang Fengt, Yougong Lu, Renqi Huang, Ying Zhang, Yanan Zhao, Ran Mo*

Cancer vaccines show huge potential for cancer prevention and treatment. However, their efficacy remains limited
due to weak immunogenicity regarding inefficient stimulation of cytotoxic T lymphocyte (CTL) responses. In-
spired by the unique characteristic and biological function of high-density lipoprotein (HDL), we here develop an
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HDL-mimicking nanovaccine with the commendable lymph-targeted capacity to potently elicit antitumor immu-
nity using lipid nanoparticle that is co-loaded with specific cancer cytomembrane harboring a collection of tumor-
associated antigens and an immune adjuvant. The nanoparticulate impact is explored on the efficiency of
lymphatic targeting and dendritic cell uptake. The optimized nanovaccine promotes the co-delivery of antigens
and adjuvants to lymph nodes and maintains antigen presentation of dendritic cells, resulting in long-term im-
mune surveillance as the elevated frequency of CTLs within lymphoid organs and tumor tissue. Immunization of
nanovaccine suppresses tumor formation and growth and augments the therapeutic efficacy of checkpoint in-
hibitors notably on the high-stemness melanoma in the mouse models.

INTRODUCTION
Vaccinations are considered effective preventive interventions against
infectious diseases by greatly reducing morbidity and mortality in
public health (1). Cancer vaccines have been extensively investi-
gated over the past decade, which aim to eliminate cancer cells
through tumor antigen-specific cellular immune responses (2-5).
To date, a few prophylactic vaccines have been approved by the
U.S. Food and Drug Administration (FDA) and applied for the
prevention of malignancies caused by hepatitis B virus and hu-
man papillomavirus (6). Notably, tumor antigens are endogenously
characterized by low immunogenicity and often barely induce ef-
fective immune responses (7, 8), which quite differ from traditional
vaccines with antigens from foreign pathogens. Moreover, tradi-
tional vaccines elicit humoral immunity, whereas cellular immuni-
ty mediated by the CD8" cytotoxic T lymphocytes (CTLs) plays a
key role in killing cancer cells for cancer vaccines (9, 10). A variety
of strategies have been developed to increase the efficacy of the vac-
cine by application of the whole-tumor lysate (11), coadministra-
tion of antigens with adjuvants (12, 13), and formulation in carriers
(14). Nanocarriers are recognized as promising delivery vehicles
for cancer vaccines, which facilitate targeted delivery of antigens to
essential immune organs and cell types (15-17). Secondary lym-
phoid organs, especially lymph nodes (LNs), are rich in dendritic
cells (DCs) and T cells, which are crucial target sites for strong
antigen-specific CTL-mediated responses of cancer vaccines. An
effective delivery system targeting LNs and DCs is still desired for
the development of cancer vaccines (18, 19).

High-density lipoprotein (HDL) is an endogenous nanoparticle
for the transportation of lipids, such as cholesterol and triglyc-
erides in the human body, which has varying constituents and
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characteristics relying upon the maturation phase (20). Nascent
discoidal HDL is formed by lipidation of apolipoprotein A1 (ApoA1)
that is produced in the liver or intestine and absorbs cholesterol
ester that is converted from cholesterol by lecithin cholesterol ac-
yltransferase, resulting in the transformation from discoidal to
spherical HDL (21). A typical mature HDL with a spherical mor-
phology consists of a hydrophobic lipid core and a phospholipid
monolayer anchored with ApoA1 (22). HDL has been validated to
be actively transported into the lymphatic vessels through the
scavenger receptor class B type I (SR-BI) expressed on the lym-
phatic endothelial cells (23, 24). However, the application of en-
dogenous HDL for drug delivery vehicles is limited by the high-cost
purification process, the difficulty of large-scale manufacture, and
the safety concerns of blood-borne pollution (25, 26). To address
this dilemma, HDL-mimicking nanocarriers have been increas-
ingly explored for targeted delivery of therapeutic agents and en-
hanced efficacy of disease treatment (27-30). Lipid nanoparticles
(LNPs) composed of hydrophobic cores parceled by phospholipids
and functionalized with apolipoprotein or apolipoprotein-mimetic
peptides attract considerable interest for lymph-targeted drug
delivery and cancer vaccination (31-34). Of note, the efficacy of
lymphatic targeting and immune cell uptake of LNPs is highly cor-
related with their nanoparticle properties (35, 36), such as formu-
lation composition, particle size, and surface charge. However, the
relative investigation remains elusive. In addition, cancer stem-
like cells (CSCs) that are characterized by self-renewal, high tu-
morigenicity, and therapeutic resistance are identified as one of the
key factors leading to tumor growth and metastasis (37, 38). Can-
cer vaccine for preventing and treating CSC-derived tumor pro-
gression is still lacking.

In this work, we engineered a lymph-targeted HDL-mimicking
LNP that is wrapped by a cancer cell membrane carrying the full
assay of membrane antigens and loaded with imiquimod (R837), a
hydrophobic immune adjuvant (39) for a combined prophylactic
and therapeutic cancer vaccine. R837, a specific agonist to the Toll-
like receptor 7/8 (TLR7/8) (40, 41) is encapsulated in the lipid core
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of LNP. The R837-loaded LNP (R837/LNP) is wrapped by the cell
membrane with multi-antigens isolated from the cancer cells or the
poorly immunogenic CSCs for developing personalized cancer
vaccination (R837/LNP-M). An ApoAl-mimetic peptide, named
22A peptide (29, 42), is modified on the surface of R837/LNP-M to
acquire the 22A-modified membrane-coated R837-loaded LNP
(R837/LNP-M-L) (Fig. 1A). The nanoparticulate properties are
modulated by formulation change, such as core composition, par-
ticle size, surface charge, and peptide decoration. We explore the
nanoparticulate impact on the efficacies of lymphatic targeting and
DC uptake in vitro and in vivo (Fig. 1B). The optimized LNP-M-L
has a potent capacity for lymphatic targeting and DC uptake. After
subcutaneous inoculation, the obtained R837/LNP-M-L markedly
promotes the co-delivery of antigens and adjuvant to the LNs and
generates effective DC activation and CTL responses (Fig. 1C). Im-
munization with R837/LNP-M-L delays the tumor formation and
growth in the mouse models of melanoma and augments therapeu-
tic efficacy of clinically applied immune checkpoint inhibitors
against the stemness-derived immunoresistant melanoma.

RESULTS

Construction of LNP-M-L for lymphatic targeting

and DC uptake

LNP was prepared using the nanoprecipitation method. LNP-M was
obtained by repeatedly co-extruding LNP and the cell membranes
from the mouse melanoma B16F10 adherent cells (ACs). Rational de-
sign and formulation optimization are important for LNP-M to be an
efficient cancer vaccine. In view of this, we evaluated the impact of
nanoparticle properties of LNP-M, including core composition, par-
ticle size, surface charge, and peptide modification, on the efficiencies
of lymphatic targeting in the mouse models and cellular uptake by the
isolated primary DCs. Two fluorescent dyes, lipophilic carbocyanine
DiD and coumarin 6 (Cou6), were encapsulated in LNP-M for track-
ing and determination of in vivo lymphatic targeting and in vitro DC
uptake, respectively. The mice were subcutaneously injected with the
DiD-labeled LNP-M (DiD/LNP-M) at the tail base. After 24 hours,
the mice were euthanized, and the draining LNs were harvested
and imaged by In Vivo Imaging System (IVIS). The DCs were iso-
lated from the bone marrow of the mice and incubated with the
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Fig. 1. Schematic of lymph-targeted HDL-mimicking LNP for cancer vaccination and personalized immunotherapy. (A) Preparation of R837/LNP-M-L as cancer nanovac-
cine. R837 is loaded in the lipid core of LNP, which is enveloped by the cytomembrane with tumor-associated antigens isolated from cancer cells or poorly immunogenic CSCs,
followed by surface modification with an ApoA1-mimetic 22A peptide. (B) Exploration of the nanoparticulate properties of LNP-M including core composition, particle size, sur-
face charge, and peptide modification for in vivo lymphatic targeting and in vitro DC uptake. SPC, soybean phosphatidylcholine; CO, cholesteryl oleate; TB, tributyrin; TC, tricaprin;
TO, triolein. (€) Antitumor immune responses elicited by vaccination of R837/LNP-M-L. (1) After subcutaneous injection, R837/LNP-M-L permeates the lymphatic vessel via the
SR-Bl-mediated manner; (2) R837/LNP-M-L migrates with lymph flowing into the draining LNs and is taken up by the DCs in the LNSs; (3) R837/LNP-M-L triggers maturation of the
DCs; (4) the mature DCs present the multi-antigens to the cell surface for naive T cells recognition; (5) the naive T cells differentiate into the CTLs; (6) the CTLs leave from the LNs
through the efferent lymphatic vessel; (7) the CTLs recognize and eradicate tumor cells, showing enhanced antitumor efficacy in combination with aPD1; (8) the CTLs can trans-
form into memory T cells; (9) the memory T cells are rapidly converted into large numbers of CTLs upon re-exposure to the specific invading antigens to eliminate tumor cells.
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Cou6-tagged LNP-M (Cou6/LNP-M) for 4 hours. The fluorescent in-  four kinds of DiD/LNP-M (Fig. 2, A and B), indicating that the stud-
tensity of Cou6 within the DCs was quantified by flow cytometry. ied composition of lipid core has no notable effect on the in vivo LN-

For investigation of the influencing factor of the core component,  targeted capacity of LNP-M. However, Cou6/LNP-M with different
four LNP-M formulated with soybean phosphatidylcholine (SPC), lipid cores exhibited an obvious difference in the DC uptake. LNP-M
cholesterol, and different additive lipid constituents involving tribu-  containing TO or CO with long-chain alkanes significantly increased
tyrin (TB), tricaprin (TC), triolein (TO), and cholesteryl oleate (CO)  intracellular accumulation as evidenced by higher fluorescent inten-
were prepared. The particle sizes of LNP-M were controlled to be sity of Cou6 within the DCs (Fig. 2C), which is because the DCs pref-
similar, approximately 130 nm. No statistical difference in the fluores-  erentially internalize foreign structures with stronger hydrophobic
cent intensities of DiD in the skin-draining LNs of the mice receiving  cores and longer alkyl chains (43). Moreover, the melting point of CO
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Fig. 2. Evaluation of nanoparticulate property for lymphatic targeting and DC uptake. (A and B) Ex vivo fluorescence imaging (A) and fluorescent intensities (B) of
the LNs harvested from the mice at 24 hours after inoculation of DiD/LNP-M with different core compositions (n = 3 mice per group). MFI: mean fluorescent intensity.
(C€) Fluorescent intensities of the DCs at 4 hours after incubation with Cou6/LNP-M with different core compositions (n = 3). (D and E) Ex vivo fluorescence imaging (D) and
fluorescent intensities (E) of the LNs at 24 hours after inoculation of DiD/LNP-M with different particle sizes (n = 3 mice per group). (F) Fluorescent intensities of the DCs
at 4 hours after incubation with Cou6/LNP-M with different particle sizes. (G and H) Ex vivo fluorescence imaging (G) and fluorescent intensities (H) of the LNs at 24 hours
after inoculation of DiD/LNP-M with different surface charges (n = 3 mice per group). (I) Fluorescent intensities of the DCs at 4 hours after incubation with Cou6/LNP-M
with different particle sizes (n = 3). (J and K) Ex vivo fluorescence imaging (J) and fluorescent intensities (K) of the LNs at 24 hours after subcutaneous inoculation of DiD/
LNP-M1 (40 nm, —30 mV), DiD/LNP-M2 (50 nm, —5 mV), or DiD/LNP-M-L (50 nm, —5 mV) (n = 3 mice per group). (L) Fluorescent intensities of the DCs at 4 hours after in-
cubation with Cou6/LNP-M1 (40 nm, —30 mV), Cou6/LNP-M2 (50 nm, —5 mV), or Cou6/LNP-M-L (50 nm, —5 mV) (n = 3). Data are shown as means + SD [(B), (C), (E), (F), (H),
(1), (K), and (L)]. Statistical significance was determined by one-way analysis of variance (ANOVA) with a Tukey post hoc test [(C), (E), (H), (1), (K), and (L)]. P > 0.05 (no sig-
nificance, n.s.), **P < 0.01, and ***P < 0.001.
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(~50°C) is above body temperature and much higher than that of TO
(~0°C) (44), suggesting that the CO-containing LNP-M has prefera-
ble stability. Together, LNP-M with CO-formed lipid core was selected
for further studies in consideration of high stability, appreciable lym-
phatic targeting, and favorable DC uptake.

Next, to evaluate the effect of particle size on the lymphatic target-
ing and DC uptake of LNP-M, we prepared three LNP-M with similar
surface charge (—30 mV) but different particle sizes (40, 90, and
130 nm). LNP-M showed increased accumulation in the LNs as the
particle size decreased (Fig. 2, D and E). The DiD fluorescent intensity
in the LNs of the 40-nm-sized LNP-M-treated group was 1.5- and
5.9-fold that of the 90-nm- and 130-nm-sized LNP-M-treated groups,
respectively. By comparison, the particle size had no substantial effect
on the DC uptake of LNP-M at the studied size range (Fig. 2F). Fur-
thermore, the surface charge impact was estimated. Three LNP-M
with comparable particle size (40 nm) but different surface charges
(=30, —5, and +20 mV) were obtained by incorporation of cetyltri-
methylammonium bromide at different amounts. Highly negatively
charged LNP-M exhibited superior LN-targeted capacity than its
positively charged counterpart (Fig. 2, G and H). In sharp contrast,
positive surface charge promoted the DC uptake of LNP-M (Fig. 21),
which is mainly attributed to increased adsorption of LNP-M on the
negatively charged cell membrane of the DCs by electrostatic interac-
tion. The results indicate that small particle size and negative surface
charge facilitate the lymphatic drainage of LNP-M, while positive sur-
face charge increases the DC uptake of LNP-M.

We further assessed the effect of surface modification of the 22A
peptide on the LN accumulation and DC uptake of LNP-M. LNP-
M-L was prepared by hydrophobic and electrostatic interactions be-
tween the membrane lipid biolayer and the 22A peptide. The positive
charge and hydrophobic amino acid segment enabled the 22A peptide
to be absorbed and anchored on the negatively charged membrane
lipid biolayer of LNP-M. The obtained LNP-M-L had an increased
particle size and a decreased negative charge compared with the un-
decorated LNP-M (fig. S1). We first compared the in vivo lymphatic
targeting efficiency of LNP-M-L with LNP-M which had the same
particle size and surface charge. Prominently higher lymph-targeting
efficiency of LNP-M-L was determined, as substantiated by signifi-
cant elevation of the DiD fluorescent intensity within the harvested
LNs (Fig. 2, ] and K), suggesting that surface functionalization of the
22A peptide promotes the nanoparticle to penetrate the lymphatic
vessels via active transmembrane transport mediated by the SR-BI re-
ceptor expressed on lymphatic endothelial cells, resulting in enhanced
accumulation in the LNs. Notably, LNP-M-L with mild negative
charge showed significantly increased accumulation in the LNs than
the unmodified LNP-M with a high negative charge and smaller par-
ticle size, further reflecting that the SR-BI-mediated active perme-
ation through the lymphatic vessel wall plays a dominant role in
enhancing the LN-targeted capability of LNP-M-L compared with the
passive diffusion. Encouragingly, LNP-M-L presented significantly
higher uptake by the DCs than both control LNP-M (Fig. 2L), and by
the SR-BI-expressing human B cell lymphoma (Ramos) cells than by
the human T lymphocyte (Jurkat) cells without SR-BI expression
(fig. S2), indicating that the peptide modification also promotes the
DC uptake of the nanoparticles.

In addition to lymphatic drainage, the retention of nanoparticle-
based vaccine in the LNs is also one of the major requisites for effec-
tive cell interaction and antigen presentation (19). We monitored the
biodistribution of DiD/LNP-M-L by IVIS within a long period of
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96 hours after subcutaneous injection in the mice at the tail base
(Fig. 3A). As expected, both DiD/LNP-L and DiD/LNP-M-L exhib-
ited superior capacity to rapidly transport to the skin-draining LNs
than either DiD/LNP or DiD/LNP-M. A stronger fluorescent signal
of DiD was detected in the LNs 2 hours after injection of DiD/LNP-
M-L. More significantly, DiD/LNP-M-L showed higher LN retention
ability than DiD/LNP-M (fig. S3). At 96 hours after injection, the
LNs and major tissues including the heart, liver, spleen, lung, and
kidney were immediately harvested from the mice, followed by
ex vivo fluorescence imaging and region-of-interest (ROI) quantita-
tive analysis (Fig. 3, B and C). The fluorescent signal of DiD in the
LNs of the mice was obviously higher than that in other normal tis-
sues. Moreover, the DiD fluorescent signal within the LNs of the
mice after treatment with DiD/LNP-M-L was noticeably stronger
than that treated with DiD/LNP-M. The fluorescent intensity in the
LNs of the DiD/LNP-M-L-treated group was about 2.1-fold that of
the DiD/LNP-M-treated group. The harvested LNs were subse-
quently sliced by freezing microtomy, followed by confocal micro-
scopic observation (Fig. 3, D and E). A notably high fluorescent
signal of DiD was visualized and determined in the LNs of the DiD/
LNP-M-L-treated group.

Preparation and characterization of R837/LNP-M-L
R837/LNP-M was prepared by coating the cancer cell membrane onto
the surface of R837/LNP through repeated extrusion. The 22A pep-
tide was anchored on R837/LNP-M to obtain R837/LNP-M-L. Upon
the formulation optimization, the obtained R837/LNP-M-L had the
encapsulation efficiency of 93.94% and drugloading of 0.84% (fig. S4).
The mass ratio of membrane protein content to R837 was approxi-
mately 1.1:1. The particle size increased from 25 nm of R837/LNP to
39 nm of R837/LNP-M and 51 nm of R837/LNP-M-L, and the zeta
potential changed from —30 mV of R837/LNP to —29 mV of R837/
LNP-M and —5 mV of R837/LNP-M-L (Fig. 4A). The transmission
electron microscopy (TEM) images exhibited the spherical morphol-
ogies of R837/LNP, R837/LNP-M, and R837/LNP-M-L (fig. S5). The
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) analysis dis-
played that the distribution pattern of protein bands of R837/LNP-
M-L was consistent with that of the pure cell membranes (45), and the
22A peptide was successfully modified on R837/LNP-M-L (Fig. 4B).
R837/LNP-M-L had a high stability (fig. S6).

The release behavior of R837 from R837/LNP-M-L was deter-
mined (Fig. 4C). R837/LNP-M-L exhibited a sustained release of
R837. Of note, the release rate of R837 under acidic conditions was
faster than that under neutral conditions. About 11% of R837 was
released from R837/LNP-M-L at pH 7.4, while 22% was released at
pH 5.5, a level comparable to the endosomal pH value in the first
1 hour. R837/LNP-M-L released 46% of R837 at pH 7.4, but 90% at
pH 5.5 within 48 hours. This is because the protonation of aromatic
amines in the structure of R837 under acidic conditions accelerates its
release from R837/LNP-M-L (46). The results indicate that R837 can
be rapidly released in the acidic environment of endosomes within
the DCs for efficient activation of TLR7/8 in the endosomes to poten-
tiate immune responses.

Next, we investigated the uptake of the nanoparticles by the
DCs in vitro. The DCs were incubated with different Cou6-loaded
nanoparticles for 4 hours and were analyzed by flow cytometry
(Fig. 4D). There is no marked difference in the Cou6 fluorescent in-
tensities between the Cou6/LNP and Cou6/LNP-M groups, suggest-
ing that the cell membrane coating does not influence the DC uptake
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of LNP. As expected, the fluorescent intensity of Cou6 in the DCs
treated with Cou6/LNP-M-L was significantly higher than that treat-
ed with either Cou6/LNP or Cou6/LNP-M, indicating that the surface
modification of the 22A peptide promotes the uptake of LNP by the
SR-BI-expressing DCs (47).

The activation of DCs by R837/LNP-M-L was further evaluated by
monitoring specific surface biomarker expression (Fig. 4, E to G). The
DCs were incubated with different nanoparticles for 24 hours, and the
expression of costimulatory molecules including CD40, CD80, and
CD86 on the DCs were analyzed by flow cytometry. The blank LNP
or LNP-L did not show any effect on the studied surface biomolecules
of the DCs. By comparison, both R837/LNP-and LNP-M-treated
DCs presented an elevation of expression of all three biomolecules.
Significant up-regulation was determined after treatment with R837/
LNP-M, suggesting that R837/LNP-M-mediated co-delivery of the

Liu etal., Sci. Adv. 10, eadk2444 (2024) 13 March 2024

antigen-expressing cancer cell membrane with the immune adjuvant
displayed considerable effect on forcing activation of the DCs. The
R837/LNP-M-L treatment brought about significantly higher levels of
CD40, CD80, and CD86 expressions on the DCs in comparison with
the R837/LNP-M treatment, confirming that the increased uptake of
R837/LNP-M-L markedly boosts the DC activation. In addition,
R837/LNP-M-L did not show any obvious cytotoxicities toward the
DCs and the murine monocyte/macrophage (RAW264.7) cells within
the studied concentrations (fig. S7).

We further evaluated the lymphatic migration and retention of
R837/LNP-M-L in vivo. The mice subcutaneously injected with the
DiD and R837 co-loaded LNP-M-L (DiD/R837/LNP-M-L) at the tail
base were monitored by IVIS (Fig. 4H). DiD/R837/LNP-M-L retained
favorable accumulation and retention in the LNs comparable to DiD/
LNP-M-L. A high fluorescent signal of DiD was determined in the
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electrophoresis analysis of the proteins from the B16F10 AC membrane, R837/LNP-M, R837/LNP-M-L, and the 22A peptide. (C) Release profiles of R837 from R837/LNP-M-L at
pH 7.4 and pH 5.5 (n = 3). (D) Fluorescent intensities of the DCs at 6 hours after incubation with different Cou6-loaded nanoparticles (n = 3). (E to G) Flow cytometric quanti-
fication of relative expression of CD40 (E), CD80 (F), and CD86 (G) on the DCs at 24 hours after incubation with different nanoparticles (n = 3). (H) In vivo fluorescence imaging
of the mice at different time after inoculation of DiD/LNP-M-L and DiD/R837/LNP-M-L. (I and J) Ex vivo fluorescence imaging (l) and fluorescent intensities (J) of different tis-
sues harvested from the mice at 96 hours after inoculation of DiD/LNP-M-L and DiD/R837/LNP-M-L. (K) Confocal microscopic imaging of the LN sections at 96 hours after in-
oculation of DiD/LNP-M-L and DiD/R837/LNP-M-L. Scale bar, 20 pm. Data are shown as means + SD [(A), (C) to (G), and (J)]. Statistical significance was determined by one-way
ANOVA with a Tukey post hoc test [(D) to (G)] or by two-way ANOVA with a Tukey post hoc test (J). P> 0.05 (n.s.), *P < 0.05, **P < 0.01, and ***P < 0.001.

LNs of the mice in the first 2 hours and remained within 96 hours af-
ter injection of DiD/R837/LNP-M-L (fig. S8). The ex vivo imaging
and ROI quantification results showed that the DiD fluorescent inten-
sity was markedly higher in the harvested LNs than in other tissues at
96 hours after injection (Fig. 4, I and J). The DiD fluorescent intensi-
ties of the LNs presented no significant difference between the DiD/
LNP-M-L and DiD/R837/LNP-M-L groups (Fig. 4K and fig. S9). In
addition, the LN section was examined by immunofluorescent stain-
ing. The DiD fluorescent signal of DiD/LNP-M-L was highly over-
lapped with that of the DCs (fig. S10), indicating that most of the
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infiltrating R837/LNP-M-L target the DCs in the LNs. Collectively,
the encapsulation of R837 does not affect the lymphatic-targeting
property of LNP-M-L. R837/LNP-M-L supports efficient co-delivery
of antigens and adjuvants to the DCs in the LNs, which lays a vital
foundation for the activation of the anticancer immune response.

Prophylactic effects of R837/LNP-M-L on inhibiting

tumor formation

The in vivo antitumor effects of R837/LNP-M-L were first esti-
mated on the prophylactic model of melanoma (48). The mice were

60f12



SCIENCE ADVANCES | RESEARCH ARTICLE

subcutaneously immunized with different LNP-based vaccines, in-
cluding R837/LNP-L, R837/LNP-M, LNP-M-L, and R837/LNP-M-L
at the tail base three times with an interval of 1 week. At 7 days after
the last immunization, the mice were challenged by subcutaneous im-
plantation of the BI6F10 ACs, and the tumor formation and growth
were monitored (fig. S11A). Vaccination with R837/LNP-M-L showed
the highest effects on delaying tumor formation, as embodied by the
slowest speed of tumor generation and the lowest volume of the
formed tumor (fig. S11, B to E).

Next, we evaluated the prophylactic efficacy of R837/LNP-M-L in
inhibiting the formation and development of high-stemness melano-
ma. The B16F10 ACs were cultured under serum-free suspension
conditions and formed tumorspheres with enrichment of CSC popu-
lation (49), as characterized by up-regulated expression of ABCB5, a
specific stemness-related surface biomarker and Nanog, a typical
stemness-associated transcription factor (fig. S12). As examined by
the SDS-PAGE analysis, the cell membrane protein expression of the
tumorsphere cells (TCs) was notably different from that of the ACs,
including protein types and contents (Fig. 4B and fig. S13). The cell
membranes of the TCs were used for the preparation of R837/LNP-
M-L. The obtained R837/LNP-M-L preserved the protein expression
on the cell membranes of the TCs (fig. S13). After immunization, the
mice were challenged by the B16F10 TCs (Fig. 5A). The CSC-enriched
B16F10 TCs showed higher in vivo tumorigenic ability than the ACs.
Only 40% of the saline-treated mice developed tumors at 13 days after
inoculation of the ACs (fig. S11D), while all the mice generated tu-
mors within 12 days after implantation of the TCs at even low inocu-
lated cell density (fig. S14). R837/LNP-M-L exhibited a potent effect
on retarding tumor formation and inhibiting tumor growth (Fig. 5, B
and C,and fig. S14). The tumor size of the R837/LNP-M-L-immunized
mice was significantly smaller than that of other treated mice at
22 days after inoculation of the TCs (Fig. 5D). The mice immunized
with R837/LNP-M-L had markedly prolonged survival period
(Fig. 5E). No noticeable change of the mouse body weight was found
after treatment with R837/LNP-M-L (fig. S15). These results indicate
that R837/LNP-M-L acts as an efficacious cancer vaccine to suppress
the melanoma occurrence and progression, and moreover, fulfills per-
sonalized immunization against melanoma with different malignant
degrees including high-stemness counterpart by being equipped
with cytomembrane of melanoma cells with distinct phenotypes.

To investigate the mechanism behind the noticeable prophylactic
efficacy of R837/LNP-M-L against the challenge of the B16F10 TCs,
we evaluated the protective immune response of mice after vaccina-
tion. Both LNs and spleens were harvested from the mice 7 days
after the last vaccination. The proportions of the memory T cells
in the tissues were analyzed by flow cytometry. Immunization
with R837/LNP-M-L resulted in prominent elevation of the ratios
of memory T cells in the LNs, including the CD8" central memo-
ry T (Tem) cells (CD3*CD8*CD44*CD62L"), the CD8* effector
memory T (Tem) cells (CD3*CD8tCD447CD62L"), the CD4*
Tem cells (CD37CD47CD44"CD62L"), and the CD4" Tep cells
(CD3*CD4*CD44"CD62L7) (Fig. 5, F to I, and fig. S16). The pro-
portions of the CD8* Tep,, CD8" Tepy, CD4™ Tepy, and CD4Y Tepy cell
population in the R837/LNP-M-L-treated group were 6.9-, 4.1-,
3.6-, and 4.8-fold that in the saline-treated group, respectively. Both
CD8* and CD4" Ty, cell populations in the spleens of the mice im-
munized with R837/LNP-M-L were also significantly higher than
that of the mice vaccinated with other LNPs (Fig. 5, ] and K, and
fig. S17). After treatment with R837/LNP-M-L, the ratios of CD8"
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and CD4" T.p, cells in the spleens were 2.6- and 1.9-fold that af-
ter treatment with saline. Accordingly, R837/LNP-M-L elicits and
maintains protective cellular immunity reflected by elevation of the
CD8" Ty and Ty, cell frequency in the immune organs such as the
LN and spleen to promptly supply the effector CD8" T cells and
elicit CTL response against tumor formation. Promotion of the
CD4" Tep and Tep, cell proportion produced by R837/LNP-M-L
also facilitates the increase of tumor infiltration of the helper CD4"*
T cells for further augmenting the CTL response.

Therapeutic effects of R837/LNP-M-L on inhibiting

tumor growth

With the confirmation of the enhanced effectiveness of R837/LNP-
M-L on inhibiting tumor formation and growth by providing long-
term immune surveillance and protection, we explored whether
R837/LNP-M-L could serve as a therapeutic cancer vaccine to induce
tumor regression and assessed the combination anticancer efficacy of
R837/LNP-M-L with the clinically applied immune checkpoint in-
hibitor, anti-PD1 antibody (aPD1). After subcutaneous implantation
of the BI6F10 TCs, the mice were subcutaneously immunized with
R837/LNP-M-L, intravenously injected with aPD1 and combination
of R837/LNP-M-L and aPD1, respectively, and the tumor growth was
monitored (Fig. 6A). Treatment with aPD1 produced limited tumor
inhibitory effect (Fig. 6B), which is mainly attributed to tumor
stemness-derived innate immunoresistance and immunosuppressive
microenvironment. By comparison, vaccination with R837/LNP-M-L
generated preferable suppression of tumor growth. The R837/LNP-
M-L immunization markedly augmented the therapeutic efficacy of
aPD1 on tumor inhibition. Combined utilization of R837/LNP-M-L
and aPD1 (R837/LNP-M-L + aPD1) had a significantly stronger in-
hibitory effect on tumor development than the application of R837/
LNP-M-L or aPD1 alone. The lowest tumor size of the mice receiving
combinatorial treatment was achieved (Fig. 6C). Combination treat-
ment did not cause any evident variations of the mouse body weight
(Fig. 6D). The histological examination using hematoxylin and eosin
(H&E) staining showed that treatment with R837/LNP-M-L + aPD1
led to extensive cell death in the tumor tissue (fig. SI8A) but did not
cause any observable pathological abnormalities in the normal tissues
such as the heart, liver, spleen, lung, and kidney (fig. S18B). Expres-
sion of stemness-related biomolecules including Nanog, Sox2, and
ABCBS5 within the tumors was further inspected using immunohisto-
chemical and immunofluorescent staining (figs. S19 and $20). Com-
pared with the aPD1-treated group, significant down-regulation of
the biomolecule expression was found in the R837/LNP-M-L-treated
group. A combination of R837/LNP-M-L with aPD1 distinctly re-
duced intratumoral expression of all three stemness-associated
biomolecules. Furthermore, the jointly treated mice had a longer
survival period than the mono-treated ones (Fig. 6E). These findings
indicate that R837/LNP-M-L serves as a therapeutic vaccine to poten-
tiate the antitumor efficacy of aPD1-mediated immunotherapy
against the CSC-enriched resistant melanoma. In addition, the treat-
ment does not induce any conspicuous variation in serum levels of
liver and kidney biochemical indices, such as alanine aminotransfer-
ase, aspartate aminotransferase, creatinine, and blood urea nitrogen
(fig. S21).

To further explore the underlying mechanisms of the constructed
R837/LNP-M-L against tumor progression, the tumors and LNs were
harvested from the mice at 22 days after different treatments, followed
by flow cytometric analysis of immune cell infiltration (Fig. 6, F to K).

7 of 12



SCIENCE ADVANCES | RESEARCH ARTICLE

TR S R

Evaluation of

* * * ? prophylactlc antitumor effects
I 7 days 1 7 days 1 7 days
Vaccination Vaccination Vaccination Implantation of
the B16F10 TCs (day 0)
B 15 1.5 - 1.5 1.5 1.5
- Saline R837/LNP-L | R837/LNP-M LNP-M-L R837/LNP-M-L
|5
o 1-07 1.0 1.0 1.0+ 1.0
£
3
o
>
5 0.5 0.5 0.5 0.5 0.5
£ /
=
2 %
0.0 T T T T 0.0 T T T T 0.0 T T T T 0.01 T T T T 0.0 T T T T
0 5 10 15 20 25 0 5 10 1520 25 0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time (day) Time (day) Time (day) Time (day) Time (day)
Ci15 D 20 E
_ = Saline IR - e~ 100
e -+ R837/LNP-L e —
O O 1.5+ L] A S
S 4 04+ R837/LNP-M R A *xk s 75
2 ~+ LNP-M-L g = ¢ &
2 | R837LNP-M-L /. 2 1.0 ah T 2 5o — Saline H
Z 0.54 Y > A = — R837/LNP-L
2 g€ 05 2 @ — R837/LNP-M
5 5007 ' 259 — LNP-M-L
- =
0.0 s Eﬂ — R837/LNP-M-L
’ T T T T T 0 C T T T T I- 0 T T T T
0 5 10 15 20 25 N\ N 0 10 20 30 40
x ? %
Time (day) 1\\,\‘\ W \ﬁ?,l:\,\‘\?’\q\ Time (day)
?\ ?~ ?\%’b
F 60 G 30 H 30
LN *kk LN Kk LN *kk
§ 454 *kKk \? *k%k ;\3‘ *kk
= *kk Q;’ 20 *x — 204 ns.
8 30 Kkk 8 *kk 8 kkk
- E
'_5 oo 5 oy 5 .
o t5 104 % 101 i
8 197 3 o ) £
ooy
Bmy  ha e 5y bt B % R
0 T T T T T 0 T T T T 0 T T T T T
B\ 5 N \t\ \, B\ SRS
N ,\\ B\g ? \& oW e s
I 75 J 75 K100
LN . Spleen *kek Spleen kk
§ Kk ;\? *k ;\? 75 Kk
= 50 *kk = 504 okl = *kk
8E *kk 85 *kk 85 50_ *kk
+ 254 Ty w 251 < ey
a B [a) i
8 &) - L P, [3) 25 [T — ey
Bay Ax e o
C T T T T T 0 T T T T T G T T T T
o W $ R o M oV o »
»ﬁ? R V\vf @)“\ < \»\4 1@ ?"“ o \»\* oF Oy“\ e
\, ?\ ?\'b ,51\ @

Fig. 5. Prophylactic antitumor effects of R837/LNP-M-L on the CSC-enriched melanoma mouse model. (A) Schematic illustration to evaluate the prophylactic anti-
tumor effects after different treatments. (B and C) Changes in individual (B) and average (C) tumor volumes of the mice after different treatments (n = 12 mice per group).
(D) Tumor volumes of the mice at 22 days after implantation of the B16F10 TCs (n = 12 mice per group). (E) Survival curves of the mice after different treatments (n = 12
mice per group). (F to K) Percentages of the CD8" Ty, (F), CD8" Tem (G), CD4™ Ter (H), and CD4™ Tey, (1) cells in the LNs and the CD8* Tep, (J) and CD4™ Ty (K) cells in the
spleens harvested from the mice at 22 days after first inoculation of different nanoparticles (n = 3 mice per group). Data are shown as means + SD [(C), (D), and (F) to (K)].
Statistical significance was determined by one-way ANOVA with a Tukey post hoc test [(D) and (F) to (K)]. P> 0.05 (n.s.), *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 6. Therapeutic antitumor effects of R837/LNP-M-L on the CSC-enriched melanoma mouse model. (A) Schematic illustration to evaluate the therapeutic antitu-
mor effects after different treatments. (B) Tumor growth profiles of the mice after different treatments (n = 12 mice per group). (C) Tumor volumes of the mice at 22 days
after implantation of the B16F10 TCs after different treatments (n = 12 mice per group). (D and E) Body weight changes (D) and survival curves (E) of the mice after differ-
ent treatments (n = 12 mice per group). (F to K) Flow cytometric images and quantification of the CD8™ T cells in the tumors [(F) and (G)], the DCs [(H) and (I)], and CD8* T
cells in the LNs [(J) and (K)] harvested from the mice at 22 days after implantation of the B16F10 TCs after different treatments (n = 4). Data are shown as means + SD [(B)
to (C), (G), (), and (K)]. Statistical significance was determined by one-way ANOVA with a Tukey post hoc test [(C), (G), (1), and (K)] or by a two-sided log-rank (Mantel-Cox)

test (E). *P < 0.05, **P < 0.01, and ***P < 0.001.
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The tumor of the mice treated with R837/LNP-M-L displayed signifi-
cant elevation of the CD8™ cell infiltration, while no marked increase
of the CD8" cell (CD45TCD37CD8™) percentage was determined in
the tumors after the aPD1 treatment. The proportion of the CD8"
cells within the R837/LNP-M-L-treated tumor was 3.9-fold that of
the saline-treated tumor. Notably, a combination of R837/LNP-M-L
and aPD1 resulted in substantial promotion of the CD8" cell infiltra-
tion. The infiltrating CD8™ T cell percentage was 1.7- and 6.6-fold that
of the saline and R837/LNP-M-L groups, respectively. Meanwhile, the
R837/LNP-M-L vaccination promoted the infiltration of both DCs
and CD8" T cells into the LNs. Moreover, the immune cell infiltration
was significantly enhanced in combination with aPD1. The propor-
tions of the DCs and CD8" cells in the LNs after combinatorial
treatment were 2.6- and 2.3-fold that after the saline treatment, re-
spectively. These data suggest that vaccination with R837/LNP-M-L
overcomes the tumor immunosuppressive microenvironment and
elicits effective immune responses as evidenced by increased frequen-
cy of the CD8" T cells within both tumors and LNs, which brings
about enhanced therapeutic efficacy in combination with aPD1.

DISCUSSION

We have developed an HDL-mimetic LNP-based cancer nanovac-
cine having a high lymph-targeted potency, which is packed with
tumor-specific membrane antigens and encapsulated with R837 ad-
juvant, for personalized cancer immunotherapy. We explore and re-
veal the relationship between the nanoparticle properties and the
lymphatic targeting capacity, as well as the DC uptake efficiency. The
core composition does not affect the LN-targeted efficiency of LNP-
M, but the LNP-M containing the hydrophobic core formed by lon-
ger alkyl chain lipids is more likely to be taken up by the DCs. Small
particle size and negative charge promote the subcutaneously inject-
ed LNP-M to migrate to the LNs (35). However, the particle size does
not affect the DC uptake within the size range investigated, while the
positive charge increases the DC uptake. Of note, the surface modifi-
cation with the 22A peptide boosts both LN accumulation and DC
uptake despite increased particle size and neutralized surface charge,
indicating that active transport plays a significant role in enhancing
the permeation of the nanoparticle into the lymphatic vessels and
eventually increasing accumulation in the LNs. Upon optimization,
the obtained LNP-M-L not only shows more lymphatic transporta-
tion but also prolongs retention accompanied by elevated DC uptake
within the draining LNs.

On the basis of the optimized formulation, R837 is efficiently
loaded in the hydrophobic core, and the antigen-expressing cancer
cell membrane is engineered on the surface on demand. R837/LNP-
M-L exhibits sustained release of R837, and the release rate acceler-
ates under acidic conditions, rendering promotion of the TLR7/8
activation of R837 within the acidic endocytic vesicles of the DCs.
R837LNP-M-L shows a potent effect on hastening the activation and
maturation of the DCs by co-delivery of R837 and tumor antigens,
and promoting elevation of the CD8* T cell proliferation and infiltra-
tion, resulting in delay of tumor formation in the prophylactic mouse
model of melanoma.

Identification of antigens that can elicit antitumor immunity is of
vital importance to cancer vaccines. We find out that the expression
patterns of membrane protein are noticeably different between the
ACs and the CSC-enriched TCs, suggesting that personalized devel-
opment of a cancer vaccine that is directed against CSCs is essential
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for the treatment of high-stemness tumors with high tumorigenicity.
To this end, the cytomembrane of the TCs is formulated in R837/
LNP-M-L. We demonstrate that the obtained R837/LNP-M-L can
act as a combined prophylactic and therapeutic cancer nanovaccine.
Investigated on the prophylactic mouse model of CSC-enriched mel-
anoma, vaccination of R837/LNP-M-L evokes strong immune re-
sponses, as manifested by increased frequency of the CD8" and
CD4" Tep cell populations in the LNs and spleens, to significantly
decrease the tumor formation rate and retards the tumor progres-
sion. Of note, the CSC-enriched melanoma is found to be highly re-
sistant to aPD1-mediated therapy. Immunization of R837/LNP-M-L
sensitizes the high-stemness melanoma to aPD1 and augments the
therapeutic effect of aPD1. The proportions of the activated DCs in
the LNs and the CD8" T cells in the LNs and tumors are noticeably
elevated after treatment with R837/LNP-M-L, confirming that R837/
LNP-M-L can elicit efficient cellular immunity to fight tumors with
high stemness.

At last, all the components used for the formulation are approved
by the FDA. Safety investigations show that R837/LNP-M-L does not
cause any observable liver and kidney function impairment and path-
ological tissue changes within the studied period. For further clinical
translation, a long-term safety assessment of the formulation should
be carried out. Moreover, additional studies for further validation of
efficacy will be necessary to perform on large animal models.

MATERIALS AND METHODS

Preparation and characterization of R837/LNP-M-L

LNP was prepared using the nanoprecipitation method. Briefly, 8 ml
of acetone dissolving CO, TO, TC, or TB (6 mg) and cholesterol
(3 mg) was mixed with 2 ml of ethanol dissolving SPC (60 mg). The
organic solution was dripped slowly into 30 ml of Tris-HCI buffer
[10 mM Tris, 0.1 M KCl, and 1 mM EDTA (pH 8)] containing sodium
cholate (30 mg) under stirring at 1000 rpm. After continuous stirring
for 2 hours, the suspension was dispersed by ultrasonication. The
organic solvent was removed by evaporation under reduced pressure.
Subsequently, the suspension was dialyzed against the Tris-HCl buffer
[10 mM Tris, 0.1 M KCl, and 1 mM EDTA (pH 8)] at 4°C for 12 hours.
The resulting LNP was attained after passing through a 220-nm filter
membrane. LNP-M was obtained by co-extruding LNP and cell
membranes repeatedly by a mini extruder (LF-1, Avestin). For the
preparation of LNP-M-L, LNP-M was incubated with the 22A peptide
at 37°C for 8 hours, and the excessive 22A peptide was removed by
ultrafiltration. For the modulation of nanoparticulate property, ultra-
sonic dispersing was used to adjust the particle size, while cetyltri-
methylammonium bromide, a cationic surfactant, was applied to
modulate the surface charge. For drug loading, R837 together with
the lipid components were dissolved in the organic solution, while for
the fluorescent tracking, the fluorescent dye, DiD, or Cou6 was added
in the organic solution. The particle size and zeta potential of nanopar-
ticles in phosphate-buffered saline (PBS) were determined by Zeta-
sizer (Nano ZS90, Malvern). The morphology of nanoparticles was
visualized by TEM (HT7700, Hitachi). The cell membrane proteins of
LNP-M or LNP-M-L were characterized by SDS-PAGE gel electro-
phoresis. For evaluation of drug release, R837/LNP-M-L was placed
in a dialysis bag (3.5-kDa molecular weight cutoff) and immersed in
PBS (pH 7.4 or 5.5) containing SDS (0.1%) under stirring at 100 rpm
at 37°C. At the arranged time intervals, the release medium was sam-
pled, followed by the replacement of the fresh release medium. The
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absorbance of the release medium at 325 nm was measured by a
microplate reader (Infinite M1000 Pro, Tecan). For assessment of sta-
bility, R837/LNP-M-L was stored at 4°C for 7 days, and the particle
size, zeta potential, and encapsulated R837 amount were determined
over time.

Animal models

The mice (C57BL/6, female, ~20 g) were purchased from the Com-
parative Medicine Centre of Yangzhou University. All the mice were
treated according to the Guide for Care and Use of Laboratory Ani-
mals, approved by the Animal Experimentation Ethics Committee of
China Pharmaceutical University. All the mice used in the studies
were randomly allocated to each experimental group. No formal
blinding was used for outcome assessment.

Determination of lymphatic targeting

The mice were subcutaneously injected with different DiD-labeled
nanoparticles [DiD (50 pg/kg)] at the tail base. At the prearranged
time intervals, the mice were imaged by IVIS (Spectrum, Perki-
nElmer). At the indicated time points, the mice were euthanized,
and the bilateral inguinal LNs and/or heart, liver, spleen, lung, and
kidney were harvested, followed by ex vivo imaging by IVIS. The
LNs were sliced by a freezing microtome (CryoStar NX50, Thermo
Fisher Scientific). The frozen LN sections were stained with the
anti-CD11c antibody, fluorescein isothiocyanate-conjugated anti-
immunoglobulin G antibody, and 4’,6-diamidino-2-phenylindole
and observed by fluorescence microscope (Ts2R, Nikon). The
fluorescent intensity and colocalization were determined by
Image] software.

In vivo prophylactic efficacy

The mice were subcutaneously inoculated with different drug-
loaded LNPs [R837 (1 mg/kg) and membrane protein (1.1 mg/kg)]
every 7 days (three injections) at the tail base. At 21 days after in-
oculation, the mice were euthanized, and the bilateral inguinal
LNs and spleens were harvested. The T cells within the LNs and
spleens were analyzed by detecting specific surface biomarkers us-
ing flow cytometry. In addition, the mice were subcutaneously in-
oculated with the B16F10 ACs (5 x 10° cells per mouse) or TCs
(2 X 10° cells per mouse). The tumor growth, tumor formation
rate, body weight, and mouse survival were monitored. The tumor
volume was calculated by the formula: V = L x W? x 0.5, where V
is the volume of the tumor, while L and W are the length and width
of the tumor, respectively.

In vivo therapeutic efficacy

The mice were subcutaneously inoculated with the B16F10 TCs
(2 x 10 cells per mouse). Subsequently, the mice were subcutane-
ously injected with different drug-loaded LNPs [R837 (1 mg/kg)
and membrane protein (1.1 mg/kg)] at the tail base and were intra-
venously injected with aPD1 (1 mg/kg). The tumor growth, body
weight, and mouse survival were monitored. At the indicated time
points, the mice were euthanized, and the tumors and bilateral in-
guinal LNs were harvested. The tumors were weighed and histo-
logically examined by the H&E staining. The expressions of Nanog,
Sox2, and ABCB5 within the tumors were examined by immuno-
histochemical and immunofluorescent staining and examined us-
ing confocal microscopy, respectively. The T cells within the tumors
and LNs as well as the DCs within the LNs were analyzed using flow
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cytometry. In addition, the blood was sampled. The serum levels of
alanine aminotransferase, aspartate aminotransferase, creatinine,
and blood urea nitrogen were determined using the corresponding
assay kits (Nanjing Jiancheng) according to the manufacturers’
protocols. The major normal tissues including the heart, liver, spleen,
lung, and kidney were harvested and histologically examined by
the H&E staining.

Flow cytometric analysis

The single-cell suspension was obtained by mashing the mashed tis-
sues (LN, spleen, or tumor) in PBS passing through a 70-um cell
strainer (BD Falcon). The spleen cell suspension was further treated
by the red blood cell lysis buffer. For analysis of immune cells, the
cell suspension was stained by the corresponding fluorescence-
conjugated antibodies according to the manufacturers’ protocols.
The stained cells were analyzed by flow cytometer (CytoFLEX S,
Beckman Coulter). For detection of the Nanog and Sox2 expression,
the tumor cell suspension was fixed by paraformaldehyde (4%) for
10 min, permeabilized by Triton X-100 (0.1%) for 10 min, and
blocked by bovine serum albumin (1%) for 60 min. The cells were
stained by the corresponding primary antibodies and fluorescence-
labeled secondary antibodies according to the manufacturers’ pro-
tocols and analyzed using flow cytometry. For detection of the
ABCBS5 expression, the tumor cell suspension without permeabili-
zation process was directly stained by the corresponding primary
antibody and fluorescence-labeled secondary antibody according to
the manufacturer’s protocol, and analyzed by flow cytometry.

H&E, immunohistochemical, and

immunofluorescent staining

The tumor and normal tissues were collected from the mice and
fixed by paraformaldehyde (4%). The tissues were then embedded in
paraffin and sliced into 5-pm-thick sections. For the H&E staining,
the tissue slices were stained by H&E and observed by the micro-
scope. For the immunohistochemical staining, the tumor sections
were blocked by serum, stained by the corresponding primary anti-
bodies and horseradish peroxidase-conjugated secondary antibody,
and treated with diaminobenzidine according to the manufacturers’
protocols. The stained tumor sections were observed by the micro-
scope. For the immunofluorescent staining, the tumor sections were
blocked by serum and stained by the corresponding primary anti-
body and fluorescence-labeled secondary antibody according to the
manufacturers’ protocols. The stained tumor sections were observed
by a confocal laser scanning microscope (FV3000, Olympus).

Statistical analysis

Results were presented as means + SD. Biological replicates were
used in all the experiments unless stated otherwise (n numbers are
specified in figure legends). The GraphPad Prism software 8.0 was
used for statistical analyses. The statistical tests used for each ex-
periment are detailed in the figure legends. P < 0.05 was considered
statistically significant (P > 0.05, no significance, n.s.; *P < 0.05;
**P < 0.01; ¥*¥*P < 0.001).
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