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. . . . : . 1. Introduction
Hematological malignancies (HM) like acute myeloid leukemia (AML) are often

intractable. Cancer vaccines possibly inducing robust and broad anti-tumor
immune responses may be a promising treatment option for HM. Few effective
vaccines against blood cancers are, however, developed to date partly owing
to insufficient stimulation of dendritic cells (DCs) in the body and lacking ap-
propriate tumor antigens (Ags). Here it is found that systemic multifunctional
nanovaccines consisting of nucleotide-binding oligomerization domain-
containing protein 2 (NOD2) and Toll-like receptor 9 (TLR9) agonists — muramyl
dipeptide (MDP) and CpG, and tumor cell lysate (TCL) as Ags (MCA-NV) induce
potent and broad immunity against AML. MCA-NV show complementary stim-

Therapeutic vaccines have demonstrated
promising potential in curing solid
tumors.[!l Cancer vaccines are designed to
promote antigen-presenting cells (APCs)
such as dendritic cells (DCs) to present
loaded tumor antigens (Ags) to T cells, thus
inducing T cell immunity to specifically
eradicate Ag-expressing tumor cells.?!
With an appropriate repertoire of Ags and
adjuvants, cancer vaccines can elicit robust
and broad immune responses for tumor

ulation of DCs and prime homing to lymphoid organs following systemic ad-
ministration. Of note, in orthotopic AML mouse models, intravenous infusion
of different vaccine formulations elicits substantially higher anti-AML efficacies
than subcutaneous administration. Systemic MCA-NV cure 78% of AML mice
and elicit long-term immune memory with 100% protection from rechallenging
AML cells. Systemic MCA-NV can also serve as prophylactic vaccines against
the same AML. These systemic nanovaccines utilizing patient TCL as Ags and
dual adjuvants to elicit strong, durable, and broad immune responses can pro-
vide a personalized immunotherapeutic strategy against AML and other HM.

eradication. Nevertheless, cancer vaccines
have only yielded marginal survival benefits
in blood cancer patients so far.l*]

One main contributing factor is that in-
sufficient immune responses were gener-
ated by these subcutaneously-applied can-
cer vaccines. Hematological malignancies
(HM) are usually systemic and aggressive
with large quantities of cancer cells dis-
seminated in bone marrow, lymph nodes
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(LNs), spleen, peripheral blood, or other

organs.[*l However, subcutaneous vaccines

rely on tumor-specific T cells generated at
injection sites or in draining LNs to migrate to disease sites for tu-
mor cell killing, thus failing to treat HM efficiently and promptly.
It has been reported that systemic application of cancer vaccines
could allow delivery of vaccine content to DCs in body-wide lym-
phoid compartments such as LNs, spleen, and bone marrow.l’!
As the location of anti-tumor immunity generated by systemic
vaccines mostly overlaps with where AML cells accumulate,*! we
hypothesized that systemic vaccines might elicit more direct and
robust killing of blood cancer cells.

Recently, intravenously infused cancer vaccines demonstrated
substantially improved therapeutic efficacies than the same vac-
cines administered subcutaneously in certain murine solid tu-
mor models and yielded encouraging results in patients.!2°]
However, systemic vaccines for blood cancers are yet to be ex-
plored. Acute myeloid leukemia (AML) is the most difficult-to-
treat HM and effective anti-AML therapy is lacking, resulting in
the low 5-year survival rate (<50%) for AML patients.[*”] There-
fore, developing potent intravenously-infused vaccines against
AML might serve as a proof of concept that systemic can-
cer vaccine is a more effective treatment option for blood
cancers.

Tumor cell lysate (TCL) is a promising source of tumor
Ags as TCL generated from leukemia cells contains abundant

© 2024 Wiley-VCH GmbH
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Scheme 1. A) Intravenously-infused multifunctional nanovaccines MCA-NV stimulate robust and systemic immune responses against hematological
malignancies. B) Generation of tumor cell lysate (TCL) for vaccine antigens (Ags). C) Preparation of nanovaccines co-loading dual adjuvants — CpG and

MDP as well as Ags TCL (MCA-NV) via self-assembly.

and diverse tumor-associated antigens (TAAs) and personal-
ized neoantigens.®l Thus, TCL-based cancer vaccines can in-
duce broad and personalized anti-AML immune responses to ad-
dress heterogeneity, a notorious trait of AML, and reduce relapse
caused by residual cancer cells.®*<] Furthermore, employing TCL
as Ags does not require prior knowledge of Ag identity and a
suitable number of leukemia cells can be readily harvested from
blood or bone marrow.’

Immunostimulatory adjuvants are also paramount to effective
cancer vaccines.[?#1% Toll-like receptors (TLRs) and nucleotide-
binding oligomerization domain (NOD)-like receptors (NLRs)
are among the five main classes of pattern recognition receptors
(PRRs) in innate immunity.['!l CpG oligodeoxynucleotides (CpG-
ODN), a potent TLR9 agonist, can activate DCs, macrophages,
and B cells to drive a strong Thl inflammatory response.!*?!
CpG has been approved as an adjuvant in hepatitis B virus vac-
cine and has demonstrated encouraging potential in cancer vac-
cine studies.[?*13] Muramyl dipeptide (MDP), a minimal and con-
served peptidoglycan of bacteria cell walls, is an effective ag-
onist to nucleotide-binding oligomerization domain-containing
protein 2 (NOD2), a type of NLRs.'*) MDP can potently in-
duce immune activation through NF-xB and AP-1 signaling
and has entered cancer vaccine clinical trials.'>] The interplay
between different classes of PRRs allows coordinated and en-
hanced pathogen sensing and immune activation.['®] Combin-
ing CpG and MDP can engage both TLR9 and NOD2 to acti-
vate different pathogen sensing mechanisms, thus amplifying
the NF-«B, AP-1, and IRF signals for more potent immune
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activation.!?*15*17] Furthermore, TLRY is expressed in the endo-
somal membrane while NOD2 is expressed in the cytosol. CpG
and MDP together can activate the innate immune system in
different cell compartments for complementary stimulation of
DCs.[18]

For potent systemic blood cancer vaccines, it is also cru-
cial to efficiently co-deliver Ags and adjuvants to DCs in lym-
phoid organs for efficient DC stimulation.®!% Prolonged ex-
posure to Ags without the support of adjuvants might lead to
immune tolerance.[?) A few novel delivery systems have been
developed for anti-AML immunotherapies.?!l However, these
platforms were not suitable for delivering cargos to systemic
lymphoid compartments, quantitatively co-load TCL and adju-
vants, and/or responsively releasing vaccine content in DCs.
Previously, we developed intravenously-infused polymersomes
based on poly(ethylene glycol)-b-poly(trimethylene carbonate-
co-dithiolane trimethylene carbonate)-b-spermine (PEG-P(TMC-
DTC)-SP) to targeted deliver protein toxins and/or immunos-
timulant CpG for efficient cancer cell killing.[??) This poly-
mersome platform is suitable to co-load CpG and TCL
which contain diverse proteins to serve as vaccine delivery
vehicles.

Here we explored systemic multifunctional nanovaccines that
quantitatively co-load dual adjuvants MDP and CpG as well as
Ag TCL (MCA-NV) for robust immunotherapy against AML
(Scheme 1). MCA-NV was designed to mimic the natural struc-
ture of bacteria. MDP, a component of the bacteria cell wall,
was exposed outside while nucleic acid CpG was loaded inside
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of NV. This pseudo-bacteria NV might potently activate innate
immunity by engaging multiple types of PRRs simultaneously.
Intravenous infusion of varying formulations of NV elicited su-
perior anti-tumor efficacies than subcutaneous injection in both
AML- or lymphoma-bearing mice. Dual adjuvant MCA-NV pro-
moted complementary stimulation of DCs and remarkably out-
performed single adjuvant NV in upregulating proinflammatory
cytokines such as IL-6, TNF-a, and IL-1p. In two orthotopic AML
mouse models (MLL-AF9 and WEHI-3), systemic MCA-NV in-
duced robust immune responses to cure 78% of mice and elicited
long-term anti-AML immune memory to protect 100% of sur-
vived mice from rechallenge of leukemia cells. Furthermore,
MCA-NV could serve as prophylactic vaccines to reject engrafted
AML cells in healthy mice. This TCL-based systemic NV platform
can induce robust and broad immune responses, thus provid-
ing a personalized immunotherapeutic strategy to treat various
HM.

2. Results

2.1. Preparation and In Vitro Characterization of Nanovaccines

Nanovaccines (NV) co-loading dual adjuvant MDP and CpG and
TCL Ag (MCA-NV) were facilely fabricated by self-assembling
PEG-P(TMC-DTC)-SP and MDP-PEG-P(TMC-DTC) in buffer
containing CpG and TCLs (Figure 1A). We functionalized
PEG-P(TMC-DTC) with MDP to obtain MDP-PEG-P(TMC-DTC)
(Figure S1, Supporting Information).

We induced primary AML in mice by injecting mixed lin-
eage leukemia (MLL-AF9) cells that express a green fluo-
rescent protein (GFP* MLL-AF9).%] Tissues from MLL-AF9
AML mice such as bone marrow/spleen or blood cancer cells
(WEHI-3 or A20) were lysed to generate tumor cell lysates
(TCLs) which are rich sources of AML-associated antigens (Ag)
(Figure 1A; Figure S2, Supporting Information). Both NP40
and RIPA were used as lysis buffers to generate AML cell
lysate. On our hands, NP40-generated Ags generally elicited
stronger immune responses than that by RIPA and thus
NP40 was used in the following experiments unless otherwise
indicated.

After NV formation, MDP was located on the surface of MCA-
NV while CpG and Ag were loaded into the vesicular interior. We
have shown previously that PEG-P(TMC-DTC)-SP is an asym-
metric amphiphilic triblock copolymer, which tends to form
chimeric polymersomes with PEG segments preferentially at the
outer surface while short SP segments at the watery core.!?2>24]
To facilitate the alignment of MDP at the outside, the PEG
in MDP-PEG-P(TMC-DTC) was designed longer than that in
PEG-P(TMC-DTC)-SP (M, prc = 7500 vs 5000 g mol~1). These
chimeric polymersomes allow efficient loading of CpG and Ag
into the vesicular interior via ionic and hydrogen interactions
with SP.

To confirm the vesicular structure and loading of Ag protein
and CpG in the interior, we performed fluorescence resonance
energy transfer (FRET) experiments. Ag protein and CpG were
modified with FITC to form donor AgF'™® and CpGF'™C. TRITC
was conjugated to spermine in polymer to form an acceptor
in the core. The FRET efficiency between Agf'T and NVIRIIC
was 35.1% (Figure S3A, Supporting Information). As the aver-
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age FRET distance was 6.1 nm while the particle size of NV was
56.6 + 1.3 nm (Figure 1B), Ag"™'¢ must be loaded into the NV
core. The FRET efficiency between CpGFT and NVIRIIC wag
28.5% and the average FRET distance was 6.4 nm (Figure S3B,
Supporting Information), demonstrating that CpG was also en-
capsulated in the NV inner pocket. The FRET efficiencies ob-
tained were consistent with those reported in the literature for
cargo loading in the particles.[?]

With feeding content of CpG and TCL Ag at 4 wt% of
polymer, MCA-NV had nearly 100% drug loading efficiency
(DLE) for both CpG and Ag (Table S1, Supporting Informa-
tion). The amount of MDP loaded onto the surface of the poly-
mersomes could also be adjusted by changing the molar ra-
tio of PEG-P(TMC-DTC)-SP and MDP-PEG-P(TMC-DTC) added.
Thus, MCA-NVs can achieve quantitative co-loading of TCL Ag
and dual adjuvants by simply varying the feeding amount of
cargos.

Prepared nanovaccines loading Ag (A-NV), Ag with MDP (MA-
NV), and Ag with CpG (CA-NV) exhibited similar size and zeta
potential compared to MCA-NVs (Figure 1B; Table S1, Support-
ing Information). Observation under the transmission electron
microscope (TEM) confirmed that MCA-NV had homogeneously
spherical morphology with ~40 nm diameter (Figure 1B). MCA-
NV exhibited good colloidal stability against dilution, 10% FBS,
and 7-day storage. On the contrary, MCA-NV could be dis-
rupted under acidic conditions and demonstrated accelerated
release of cargo at pH 5.0 (Figure 1C,D). Due to the disulfide
bond crosslinking in polymersomes, MCA-NV also exhibited
responsive-release in the reducing environment. Only ~20% of
CpG was released from MCA-NV in non-reducing environment
while over 80% of content was released in the presence of 10 mm
GSH within 24 h (Figure 1D).

2.2. MCA-NV Induce Robust Stimulation of BMDCs In Vitro

MCA-NV remarkably promoted the uptake of loaded content by
APCs such as DCs and macrophages. After 6 h co-incubation
of MCA-NV with APCs, the fluorescence signals of vaccine con-
tent appeared in the cytosol of DC2.4 or RAW264.7 (Figure S4,
Supporting Information). After adding MCA-NVs for 24 h, a
substantial amount of CpG and Ag co-localized in the cytosol
while a much lower amount of fluorescence was observed when
the equivalent amount of free CpG®?® and Agf'™® was added
(Figure 1E,F).

After endocytosis, MCA-NV effectively stimulated bone
marrow-derived dendritic cells (BMDCs) in vitro. The percent-
age of mature (CD80*CD86%) BMDCs induced by A-NV was
only 27.3% while MA-NV significantly elevated the percentage
to 35.4%. Due to the strong stimulating effect of CpG, both CA-
NV group and the dual adjuvant group (MCA-NV) had matured
BMDCs over 70% (Figure 1G,H). Notably, in comparison to the
single adjuvant group CA-NV and MA-NV, dual adjuvant MCA-
NV induced significantly higher antigen presentation ability and
secretion of proinflammatory cytokines by BMDCs (Figure 11-L).
The amount of tumor necrosis factor-alpha (TNF-a) secreted by
BMDCs treated with MCA-NV was 3.4-, 6.8-, and 9.0-fold higher
than those by BMDCs treated with CA-NV, MA-NV, and A-NV,
respectively. Similarly, dual adjuvant MCA-NV outbeated single
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Figure 1. Preparation, characterization, and in vitro immunostimulatory effects of nanovaccines. A) Schematic of MCA-NV preparation to co-load
leukemia cell lysate (Ag), CpG, and MDP. B) Size distributions of A-NV, MA-NV, CA-NV and MCA-NV. C) Size change of MCA-NV under different
conditions. D) Release kinetics of loaded CpG from MCA-NV in the presence/absence of 10 mm GSH, at pH 7.4 or at pH 5.0 (n = 3). E) Confocal images
of DC2.4 cells or F) RAW264.7 cells after pulsing with a physical mixture of free Cy3-labeled CpG (CpG®¥?) and FITC-labeled Ag (Ag™'¢), or MCA-NV
co-loading equivalent amount of CpG®? and AgF'™® for 24 h. Scale bars: 25 um. (G-L) BMDCs were treated with different formulations of nanovaccines
for 24 hrs (n = 5). G) Representative flow cytometry graphs for expression of CD80 and CD86 by BMDCs. H) Quantitative analysis of the percentage of
mature BMDCs (CD11ctCD80*CD86%). I) Percentage of CD11c*MHCII* BMDCs. Level of pro-inflammatory cytokine J) TNF-a, K) IL-6, and L) IL-15

secreted by BMDCs. Statistical analysis was performed via one-way ANOVA with Tukey’s post hoc test, “p < 0.05, ““p < 0.01, “*p < 0.001, “**p < 0.0001.
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adjuvant CA-NV and MA-NV by inducing BMDCs to secrete 3.9
and 6.5 times higher amounts of interleukin-6 (IL-6), respectively.
MDP has been reported to increase the production of interleukin-
15 (IL-1p) in DCs and endothelial cells.[?] Compared to A-NV,
MA-NV promoted BMDCs to secrete 3.9-fold more IL-14 while
CA-NV did not trigger significantly higher IL-18 production than
A-NV. Excitingly, dual adjuvant MCA-NV could further elevate
BMDCs’ IL-1f production 1.8 times higher than MA-NV, lead-
ing to an overall 6.9-fold higher than A-NV. These results con-
firmed that co-delivering MDP and CpG could complementarily
enhance antigen presentation and pro-inflammatory cytokine se-
cretion by BMDCs.

2.3. Systemic Infusion of NV Elicits Superior Efficacy than
Subcutaneous Injection

The established murine MLL-AF9 AML model was extremely
aggressive as GFP* leukemia cells grew exponentially in mice
after initiation. The percentage of leukemia cells in periph-
eral blood (PB) could increase by over 30% in less than 5
days (Figure S5A,B, Supporting Information). A massive num-
ber of MLL-AF9 cells were also detected in bone marrow
(BM), spleen, liver, and lungs (Figure S5C,D, Supporting In-
formation). Phenotypically, tumor-bearing mice exhibited typ-
ical AML features including pale rather than dark redbones,
swollen spleen, and enlarged liver. The weight of spleens and
livers also increased remarkably (Figure SS5EF, Supporting
Information).

As intravenously (i.v.) infused vaccines can generate anti-
tumor immunity in more lymphoid organs than vaccines in-
jected subcutaneously (s.c.), we hypothesized that NV (i.v.) might
have a higher potency than NV (s.c.). To quickly explore the
effects of administration routes on the efficacies of NV, we
prepared single adjuvant NV loading RIPA-lysed Ags and in-
jected just three doses of NV in initial experiments. Compared
to saline, subcutaneously (s.c.) injected MA-NV only inhibited
30.7% of leukemia cell growth in PB while intravenously (i.v.)-
infused MA-NV inhibited the proliferation of leukemia cells
15.9-fold more and significantly prolonged the survival of mice
(Figure 2A—C). Intravenously administered CA-NV also elicited
higher, albeit not significantly different, efficacy compared with
CA-NV (s.c.) (Figure 2A—C), probably due to the already high po-
tency of CA-NV. In mice bearing with A20 lymphoma, the en-
hanced efficacy of intravenously injected MA-NV was also ob-
served both as prophylactic (Figure S6A-D, Supporting Infor-
mation) and therapeutic vaccines (Figure S6E-G, Supporting
Information).

Next, we evaluated the impacts of administration routes on the
full potency of dual-adjuvant NV with five doses. MCA-NV (i.v.)
substantially outperformed the subcutaneously-infused counter-
parts by boosting the inhibition rate of leukemia cells in PB from
65.7% 10 99.5% and extending the median survival time (MST)
from 38 days to 47 days (Figure 2D-F). Due to rapid disease pro-
gression and high heterogeneity, AML-bearing mice might show
big variations in response to the same treatment. As the systemic
application of NV generally induced more robust efficacy than
subcutaneously-injected NV, NV were i.v. infused for the follow-
ing experiments.
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2.4. Systemic NV Remarkably Enhance Immune Responses
Generated in Lymphoid Organs

After intravenous injection for 24 h, NV loading CpG®? (C-NV)
and NV co-loading MDP and CpG®* (MC-NV) efficiently ac-
cumulated in lymph nodes (LNs) and the fluorescence signal
in LNs was 2.6- and 2.8-fold higher than that of free CpG®?
(Figure 3A,B). We next investigated the immune responses in-
duced by different formulations of NVs. NVs were injected i.v.
after transplanting MLL-AF9 leukemia cells and immune cells
from different organs were analyzed two days after the last dose
(Figure 3C). In order to minimize data skewing due to disease-
related death and poor condition of saline-treated mice on day
23 onward, only four doses of NV were injected before analy-
sis of NV-induced immune responses. Enhanced LN-targeted de-
livery of adjuvants and Ags significantly promoted the matura-
tion of LN DCs. MA-NV induced 24% of CD11c* DC cells to
mature (CD80"CD86%) while both CA-NV and MCA-NV elicited
>30% (Figure 3D,E). MCA-NV induced a 2.2-fold increase in
the percentage of CD8* T cells in peripheral blood (PB) in com-
parison to saline and achieved the highest CD8" T cell percent-
age among all formulations (Figure 3F,G). Furthermore, in bone
marrow (BM), the proportion of CD8* T cells was only 1.1% from
the saline group. Single adjuvant CA-NV and MA-NV boosted
the CD8" T cell percentage to 3.6% and 4.8% respectively while
MCA-NV remarkably increased the proportion of CD8" T cells to
6.7% (Figure 3H,I). The immunostaining of BM also confirmed
that MCA-NV induced evidently more CD8" T cells than other
formulations (Figure 3]). More importantly, MCA-NVs also led
to the highest portion of activated CD8+*CD69* T cells in BM
(Figure 3K).

In addition, NV also generated more functional CD8* T cells.
In spleens, the percentage of TNF-a* CD8" T cells induced by
MCA-NV was 8.7- and 5.8-fold higher than that by saline and
A-NV (Figure 3L; Figure S7A, Supporting Information). MCA-
NV also outperformed all formulations of NV including single
adjuvant MA-NV and CA-NV by generating the most Granzyme
B-expressing CD8" T cells (Figure 3M; Figure S7B, Supporting
Information). The proportion of CD4* T cells in PB and BM was
also increased by MCA-NV (Figure S8A,B, Supporting Informa-
tion). Moreover, MCA-NV induced the proliferation of B cells and
NK cells in BM, indicating that MCA-NV could potentially en-
hance humoral and innate immunity to treat AML (Figure S8B,
Supporting Information). Thus, intravenously infused MCA-NV
allowed the effective generation of immune responses in vary-
ing lymphoid organs and PB. These results matched with the
observation obtained when treating solid tumors with systemic
vaccines.[*5]

MCA-NV also induced antigen-specific immune responses. By
using model protein OVA as Ag, i.v. infused O-NV and MCO-
NV induced substantial inhibition of subcutaneous B16-OVA tu-
mor (Figure S9A-C, Supporting Information). Splenocytes were
then harvested and pulsed with OVA for both ELISPOT and
flow cytometry analysis. Compared to saline, O-NV and MCO-NV
elicited 11.3- and 21.7-fold elevation in IFN-y-producing (OVA-
specific) T cells in ELISPOT (Figure S9D,E, Supporting Informa-
tion). In addition, splenocytes from O-NV and MCO-NV groups
had 2.3- and 5.3-fold increase in the percentage of CD69* cells
among CD8" T cells, respectively (Figure S9F,G, Supporting
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Figure 2. Systemic infusion of NV outperformed subcutaneous injection in treating mice bearing with MLL-AF9 AML. A) Timeline for therapy experiment
with single adjuvant NV (MA-NV and CA-NV). B) Percentage of GFP™ MLL-AF9 cells in peripheral blood (PB) on day 23 (n = 6). C) Survival curve (n
= 6). D) Timeline for therapy experiment with dual adjuvant MCA-NV. E) Percentage of GFP* MLL-AF9 cells in PB on day 24 (n = 7). F) Survival curve
(n = 7). Statistical analysis was performed by one-way ANOVA with Tukey’s post hoc test for panels (B), (E) and log-rank test for panels (C), (F), “p <

Information). These results indicated that NV substantially in-  of NV were i.v. injected after transplantation of MLL-AF9 cells
creased the frequency of OVA-specific T cells. (Figure 4A). Due to the aggressive disease progression, the per-
centage of GFP* leukemia cells in PB of saline-treated mice in-
creased exponentially and these mice quickly succumbed to death
2.5. Systemic NV Eradicate Leukemia Cells in Murine MLL-AF9 with a median survival time (MST) of only 27 days (Figure 4B-D).
Model A-NV significantly reduced the proliferation of leukemia cells
in PB, while leukemia cells were almost undetectable in CA-NV
We then investigated the anti-AML efficacies of different NV. Af-  and MCA-NV groups at 20 days post-leukemia cell transplanta-
ter loading Ag (generated by NP40 lysis buffer) in NV, five doses  tion (Figure 4C). A-NV substantially prolonged MST to 49 days
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Figure 3. MCA-NV enhanced immune cell activation in vivo. A) Ex vivo fluorescence image and B) quantitative analysis of fluorescence intensity in
inguinal lymph nodes (iLNs) 24 h after i.v. injection of saline, free CpG, C-NV and MC-NV (n = 5). C) Timeline for analyzing immune responses
generated by different formulations of NVs in MLL-AF9 leukemia model (n = 5). D) Representative flow cytometry graphs of CD80 and CD86 expression
by DCs and E) percentage of matured (CD80*CD86") DCs in iLNs. F) Representative flow cytometry graphs and G) calculated percentages of CD8% T
cells in PB. H) Representative flow cytometry graphs and 1) calculated percentages of CD8% T cells in bone marrow (BM). ) Immunostaining of CD8 in
BM sections. Scale bars: 50 um. K) Calculated percentages of CD8" T cells expressing early activation marker (CD69") in BM. Percentages of L) TNF-a
and M) Granzyme B expressing CD8* T cells in spleen. Statistical analysis was performed via one-way ANOVA with Tukey’s post hoc test, “p < 0.05, “p
<0.01,"p < 0.001.
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Figure 4. Therapeutic efficacy of MCA-NV in mice bearing with MLL-AF9 AML. A) Timeline for the therapy experiment. Mice bearing with MLL-AF9
leukemia were treated with different formulations of NV. B) Percentage of GFP* MLL-AF9 cells in PB at different time points (n = 9). C) Percentage of
GFP* MLL-AF9 cells in PB on day 20 (n = 9). D) Survival curve (n = 9). E) Serum concentration of IL-6 and F) IFN-y on day 25 (n = 6). G) Representative
H&E staining images of bone marrow (BM) from healthy mice, AML mice treated with saline and MCA-NV on day 25. Shown are the distribution of
hematopoietic cells or leukemia cells in the BM cavity. Scale bars: 100 um. H) Representative histological images of H&E stained spleen, liver, lung,
heart, and kidney on day 25. Scale bars: 50 um. 1) Body weight of mice following different treatments (n = 9). Statistical analysis was performed by
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while co-loading MDP and Ags in NV (MA-NV) further increased
MST to 75 days with remarkably delayed leukemia cell growth in
PB (Figure 4B-D). Dual adjuvant nanovaccine (MCA-NV) cured
78% of mice and yielded a higher survival rate than MA-NV
(22%) and CA-NV (67%) at 90 days post MLL-AF9 transplanta-
tion (Figure 4B,D).

To assess the efficacy of NV without Ag loading, M-NV, C-
NV, and MC-NV were injected i.v. after transplantation of MLL-
AF9 cells (Figure S10A, Supporting Information). Compared
to their respective counterparts loading both Ag and adjuvants
(Figure 4D), M-NV, C-NV and MC-NV elicited much weaker anti-
AML efficacies and shorter survival of mice (Figure S10B-D, Sup-
porting Information). Compared to MC-NV, MCA-NV also in-
duced a considerable increase in the number of CD8" T cells
in BM (Figure S10E, Supporting Information) as well as the
percentage of IFN-y-expressing and TNF-a-expressing CD8+ T
cells in spleen (Figure S10F,G, Supporting Information). Over-
all, these results indicated that Ags contributed substantially to
the therapeutic efficacies of NV.

The enhanced efficacy of dual adjuvant MCA-NV than sin-
gle adjuvant NV was also observed when Ags were generated by
RIPA lysis buffer. Regardless of the quality of TCLs used, dual
adjuvant MCA-NYV still achieved the highest inhibition rate of
leukemia cell growth in PB and prolonged the survival of mice
(Figure S11, Supporting Information).

In addition, MCA-NV also synergistically stimulates the pro-
duction of pro-inflammatory cytokines. MCA-NV induced 2.4-
and 2.2-fold higher serum concentrations of IL-6 than sin-
gle adjuvant nanovaccines MA-NV and CA-NV, respectively
(Figure 4E). MCA-NV also induced the highest serum concentra-
tion of IFN-y among all formulations (Figure 4F). Hematoxylin-
eosin (H&E)-stained images corroborated that saline-treated
mice were burdened with abundantleukemia cells in BM, spleen,
and liver, as well as metastatic lesions in the lung. On the con-
trary, the organs from MCA-NV-treated mice showed similar his-
tology to that of healthy mice, indicating that MCA-NV eradicated
leukemia cells (Figure 4G,H). H&E images of all groups of mice
demonstrated few leukemia cells in the heart and kidney, similar
to what was observed in the literature.[?1¢?7]

To evaluate the acute toxicity of MCA-NV, we measured the
serum levels of pro-inflammatory cytokines just hours post-
injection (Figure S12A, Supporting Information). After injection
of MA-NV and CA-NV, the serum concentration of IL-6 increased
sharply. The dual adjuvant MCA-NV could further raise IL-6
serum concentration to #5100 pg mL~! 6 h post injection. This
peak value was less than half of the IL-6 triggered by approved
Chimeric Antigen Receptor T cells (CAR-T cells) and comparable
to CAR-T cells engineered with alleviated cytokine release syn-
drome (CRS).[?®] Notably, the IL-6 concentration quickly dropped
65% by 12 h and back to normal level after 24 h (Figure S12B,
Supporting Information). NV-induced IFN-y exhibited a simi-
lar trend (Figure S12C, Supporting Information). No overt body
weight loss was observed throughout the time points (Figure
S12D, Supporting Information). In addition, all formulations of
NV did not significantly change blood cell counts nor trigger
differences in H&E analysis of major organs (Figure S13A-C,
Supporting Information). Taken together, the moderate CRS trig-
gered by i.v. infused MCA-NV was transient and manageable.
Therefore, MCA-NV is most likely safe for use.
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2.6. Systemic NV Elicit Long-Term Anti-AML Immune Memory

To evaluate the immune memory generated by NVs, we re-
challenged cured mice with GFP* MLL-AF9 leukemia cells af-
ter initial leukemia cell transplantation for 90 days. Healthy
mice inoculated with leukemia cells (MLL-AF9 group) or with-
out leukemia cells transplantation (Naive group) both served as
controls (Figure 5A). The rapid growth of GFP* leukemia cells
was detected in PB of mice from MLL-AF9 group while neg-
ligible GFP* cells were detected in the PB of mice previously
cured by CA-NV or MCA-NV (Figure 5B). All mice were sacrificed
at 20 days post-re-challenge. A substantial number of leukemia
cells were found in PB (7.2%), BM (82.6%), spleen (55.2%), liver
(36.1%), and lung (2.9%) of MLL-AF9 mice (Figure 5C; Figure
S14, Supporting Information). In contrast, NV-elicited immune
memory prevented the outgrowth of leukemia cells in these ma-
jor organs (Figure 5C; Figure S14, Supporting Information). Due
to the excessive number of leukemia cells in spleens, mice from
MLL-AF9 group had swollen spleens, a classic feature of AML
(Figure 5D). The spleens of NV-cured mice were only slightly
enlarged in comparison with healthy controls. As leukemia cells
were not detected in NV-cured mice by flow cytometry, we rea-
soned that the minute splenomegaly might be due to immune
activation.[?”]

NV-treatment increased the percentage of CD8* effector mem-
ory T cells (Tg,, CD44*CD62L’) among T cells in BM by 3.8-fold
higher than that in mice from the naive group (Figure 5E,F). Sur-
prisingly, the percentage of CD8" Ty, from MLL-AF9 mice was
higher than that from NV-treated mice. A closer look at the data
revealed that the excessive growth of leukemia cells in BM ren-
dered too few number and abnormal phenotype of T cells for ac-
curate analysis of memory responses in BM. In the spleen, MCA-
NV and CA-NV induced significantly more CD8" Ty, (1.7-2.1-
fold higher) than naive or MLL-AF9-bearing mice. In PB, NV-
cured mice also had higher CD8* Ty, than naive and MLL-AF9
groups (Figure 5E,F). In addition, more CD4" Ty, was also de-
tected in BM, spleen, and PB in the NV-treated groups, indicat-
ing successful generation of immune memory by NVs (Figure
S15, Supporting Information). Furthermore, we also observed
stronger stimulation of DCs in LNs. The percentage of mature
DCs among CD11c" cells in MCA-NV-treated mice was signif-
icantly higher than that in CA-NV, MLL-AF9, and naive groups
(Figure S16, Supporting Information).

In order to verify that leukemia cells were indeed absent in
mice instead of being merely below the detection limit of the flow
cytometer, we collected BM cells from MLL-AF9 or NV-treated
mice and then transplanted them i.v. into healthy recipient mice
(secondary transplantation). Before the secondary transplanta-
tion of BM cells, sublethal irradiation was conducted to weaken
the immune system of the recipient mice to facilitate the trans-
plantation of donor cells from NV-cured mice.[21¢3% Ag just a few
transferred MLL-AF9 leukemia stem cells (LSCs) were able to
induce leukemia in the recipient mice,?’] the secondary trans-
plantation could be an effective method to detect residual AML
cells that could be overlooked by flow cytometry. Due to the pres-
ence of a large amount of leukemia cells in BM from MLL-AF9
mice, engraftment of BM cells from MLL-AF9 group quickly ap-
peared in the PB of recipient mice after secondary transplanta-
tion and caused death of mice. However, all mice that received
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Figure 5. MCA-NV elicited immune memory to prevent recurrence due to rechallenged leukemia cells. A) Timeline for the rechallenge experiment. B)
Percentage of GFP* leukemia cells progression in PB post-re-challenge (for Naive, MLL-AF9, and CA-NV group: n = 6; for MCA-NV group: n = 7). C)
Percentage of GFP* leukemia cells engraftment in different organs on day 20 post re-challenge. D) Morphology and weight of spleens from mice in
different groups. Scale bars: 1cm. E) Representative flow cytometry graphs and F) percentage of Tgy, cells (CD44tCD62L") among CD3*CD8* T cells in
BM, spleen, and PB on day 20 post-re-challenge. G) GFP* leukemia cells progression in PB post-secondary transplantation. (H) Survival curve. Statistical

ana|y5|s was performed by one-way ANOVA with Tukey’s post hoc test for panels (C,D,F) and log-rank test for panel (H), “p < 0.05, "
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BM cells from MCA-NV-cured mice were free of leukemia cells
in PB even after 80 days post-secondary transplantation and sur-
vived. This indicates that MCA-NV induced effective anti-AML
immune memory and no leukemia cells were present in BM af-
ter MCA-NV treatment (Figure 5G,H).

2.7. Systemic NV Demonstrate Promising Efficacy in Mice with
WEHI-3 AML

We also investigated the therapeutic efficacies of different NV in
WEHI-3 murine AML model (Figure 6A). WEHI-3-Luc leukemia
cells grew rapidly in mice treated with saline, leading to a
rapid increase in the bioluminescence signals and short MST
at 52 days. A-NV significantly prolonged the MST to 77 days
and MA-NV could further increase the MST of mice to 108
days (Figure 6B-D). Both CA-NV and MCA-NV substantially
delayed the outgrowth of WEHI-3-Luc cells. After leukemia
cell transplantation for 300 days, the survival rate of CA-NV-
treated and MCA-NV-treated mice was 56% and 78%, respec-
tively (Figure 6B-D). Notably, not only did MCA-NV inhibit the
growth of leukemia cells most efficiently, but MCA-NV also
significantly enhanced the production of pro-inflammatory cy-
tokines (Figure 6E-G). As opposed to MA-NV, MCA-NV elicited
2.0, 4.5, and 1.5-fold higher concentrations of TNF-a, IFN-y
and IL-1p in serum. Even in comparison to CA-NV, MCA-NV
induced 1.5, 1.5, and 2.4-fold elevation in serum TNF-q, IFN-
y and IL-1p8. Furthermore, MCA-NV also yielded higher secre-
tion of IL-6 than all other formulations (Figure 6H). Thus, NV
co-loading TCL and dual adjuvants (MCA-NV), demonstrated
the most potent efficacy among all formulations when treating
WEHI-3 AML.

2.8. Prophylactic Systemic NV Protect Mice Against AML

Next, we evaluated the efficacy of MCA-NV as a prophylactic vac-
cine for AML. Mice were immunized with three doses of MCA-
NV before inoculation with varying amounts of GFP* MLL-AF9
leukemia cells (Figure 7A). MCA-NV substantially delayed the
growth of leukemia cells in PB when 5 x 10° MLL-AF9 cells were
transplanted (Figure 7B,C) and increased the proportion of CD8*
T cells in PB 1.3-times higher than that in saline-treated con-
trol groups (Figure 7D,E). Even when the number of MLL-AF9
cells transplanted was raised tenfold to 5 x 10° cells per mouse,
MCA-NV still could considerably delay the growth of leukemia
cells (Figure 7B). At 20 days post 5 x 10° MLL-AF9 cells trans-
plantation, the average percentage of GFP* leukemia cells in PB
of saline-treated mice was 40.1% while that in mice immunized
with MCA-NV was only 1.7% (Figure 7C). The percentage of
CD8* T cells was also increased 1.6-fold higher (Figure 7D,E).
Mice without treatment quickly succumbed to AML (MST 28
days) while MCA-NV significantly improved the MST of mice to
52 days. Even 75 days post MLL-AF9 cells transplantation, 43%
of MCA-NV immunized mice were still alive. When mice were
transplanted with tenfold more MLL-AF9 cells (5 x 10° cells per
mouse), MCA-NV immunization still could prolong MST from
23 to 37 days (Figure 7F). MCA-NV did not cause overt body
weight change and implied the treatments were safe as a prophy-
lactic vaccine for AML (Figure 7G). Thus, MCA-NV could offer
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strong and lasting protective effects to prevent the initial onset of
AML.

3. Discussion

Hematological malignancies, a collection of blood neoplasias
such as leukemia, lymphoma, and multiple myeloma, had an
estimated 1.3 million new cases and accounted for >7% of
cancer deaths worldwide in 2020.*3! Despite the encourag-
ing efficacy of cancer vaccines shown in solid tumor treat-
ment, the potency of cancer vaccines against blood cancer is
still mediocre,®! partly owing to insufficient stimulation of den-
dritic cells (DCs) in the body and lacking appropriate tumor
antigens (Ags). As AML is the most difficult-to-treat hemato-
logical malignancy (HM), exploring effective cancer vaccines for
AML is of great clinical and socio-economic interests and can
shed insight into developing immunotherapies to other types of
HM.

In this study, we explored systemic vaccines for blood cancers.
We developed potent systemic MCA-NV to efficiently co-deliver
TCL as Ags and dual adjuvants MDP and CpG for eliciting ro-
bust and broad immune responses against AML. MCA-NV cured
78% of mice in both MLL-AF9 and WEHI-3 AML models. The
two models were relatively difficult to treat as combinations of
immune checkpoint inhibitors (ICIs) only elicited slight survival
benefits (Figure S17, Supporting Information). Systemic NV also
boosted the therapeutic efficacy of lymphoma (Figure S6, Sup-
porting Information), indicating this approach could be gener-
alized to enhance the prognosis of different types of HM. More
importantly, MCA-NV induced strong and lasting immune mem-
ory to protect mice from both recurrences or initial outgrowth of
leukemia cells.

We reasoned the intravenous administration route contributed
remarkably to the superior efficacies of NV. Compared to sub-
cutaneous injection, systemic administration substantially en-
hanced efficacy for all NV formulations tested in both leukemia
and lymphoma models (Figure 2; Figure S6, Supporting Infor-
mation). Intravenously-infused MCA-NV generated body-wide
anti-AML immunity and memory responses in LNs, spleen,
bone marrow, and PB (Figure 5E,F; Figures S15 and S16, Sup-
porting Information). As blood cancer cells usually accumu-
late in these locations, systemic NV might mediate more direct
and efficient killing of tumor cells. Recent research findings in
solid tumor treatment also corroborated our observations. Much
enhanced efficacies of intravenously-infused cancer vaccines,
in comparison to the same vaccines injected subcutaneously,
were reported in multiple murine solid tumor models.[®! Fur-
thermore, systemic cancer vaccines were shown to induce T
cells with more stem-like phenotype and higher tumor-killing
ability.[62d]

The robust efficacy of NV might also be attributed to their
ability to quantitatively co-load and efficiently co-deliver Ag
and dual adjuvant for promoting DC stimulation. As reacting
through the amino group of MDP caused minimal impairment
on NOD2-stimulating effects of MDP,[*?] we chemically linked
MDP to NH,-functionalized PEG-P(TMC-DTC) polymer via 2-
aminoethanethiol. As MDP-PEG-P(TMC-DTC) and CpG could
be quantitatively incorporated into NV, tailoring the feeding
amount of the two allowed precise tuning of the ratio between
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Figure 6. Therapeutic efficacy of nanovaccines in WEHI-3 AML model. A) Timeline for therapy experiment. B) Representative bioluminescence IVIS
image and C) bioluminescence intensity at different time points (n = 9). D) Survival of the mice from different treatment groups (n = 9). Serum levels
of pro-inflammatory cytokine E) TNF-a, F) IFN-y, G) IL-14, and H) IL-6 on day 25 (n = 5). Statistical analysis was performed by one-way ANOVA with
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Figure 7. MCA-NV could serve as a protective vaccine for AML. A) Timeline for the experiment. B) Percentage of GFP™ MLL-AF9 leukemia cells in PB
at different time points (n = 7). C) Percentage of GFP* MLL-AF9 leukemia cells in PB at 20 days post-transplantation (n = 7). D) Representative flow
cytometric graphs and E) percentage of CD8% T cells in PB at 20 days post-transplantation (n = 7). F) Survival of mice in different treatment groups

v (n = 7). G) Body weight of mice following different treatments (n = 7).

Statistical analysis was performed by one-way ANOVA with Tukey’s post hoc

test for panels (C), (E) and log-rank test for panel (F), “p < 0.05, “p < 0.01, “*p < 0.001.

two adjuvants to obtain optimal DC stimulation. By activating
both NOD2 and TLR9 signaling pathways,!'****) dual adjuvant
MCA-NV can induce complementary stimulation of DCs. In-
deed, compared to single-adjuvant NV (MA-NV and CA-NV),
dual-adjuvant MCA-NV achieved the highest anti-AML efficacies
among all formulations. Despite the fact that CpG seemed to
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play a more dominant role in the efficacy, dual-adjuvant MCA-
NV yielded an obvious increase in cure rate and fewer resid-
ual leukemia cells in BM than CA-NV (Figures 4D and 5G,H).
Furthermore, in comparison to CA-NV, MCA-NV induced strik-
ingly higher secretion of pro-inflammatory cytokine by BMDCs
in vitro (Figure 1J-L), generated significantly more TNF-a
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expressing CD8" T cells in the spleen (Figure 3L), and elicited
substantial higher serum concentration of IL-6 (x2.2-fold higher)
(Figure 4E). Therefore, it is important to have dual adjuvant as
MDP could further improve the efficacy of CA-NV. In addition,
MCA-NV were stabilized by disulfide-crosslinking between con-
stituting polymers to minimize leakage of Ags and CpG in circu-
lation, thus increasing the bioavailability of cargo. Furthermore,
once MCA-NV were internalized by DCs, the reduction-sensitive
MCA-NV could responsively release vaccine content for optimal
DC stimulation.

Employing TCL as Ags enabled MCA-NV to generate broad
and yet personalized anti-AML immune responses. Since
leukemia cell lysate contains a wide range of TAAs and
neoantigens for AML, MCA-NV can induce immunity to min-
imize the immune escape of leukemia cells. MCA-NV can
be used for all patients regardless of their AML subtypes
and remarkably reduces the chances of relapse. In addition,
leukemia cells are readily available in blood or bone mar-
row, facilitating the generation of TCL. Using TCL as Ags can
also circumvent the technically challenging, time-consuming,
and expensive procedures to identify and synthesize relevant
neoantigens.[%!

To further enhance therapeutic efficacy, combination therapy
is a viable option. Induction chemotherapies usually elicit appar-
ent remission of AML, but suffer from high replace rates due
to the outgrowth of residual AML cells.”d) Chimeric antigen re-
ceptor T (CAR-T) cell therapies or antibodies targeting a par-
ticular subtype of AML or subpopulation of AML cells elicited
promising efficacies, but the residual drug-untargetable AML
cells might still lead to frequent relapses and high mortality.3]
Given their potential to trigger broad and robust immune re-
sponses, systemic MCA-NV can complement the existing treat-
ment options to eliminate minimal residual disease or serve
as a standalone therapy. As ICIs could help vaccine-induced
T cells to counter immunosuppression,*! the anti-tumor effi-
cacy of MCA-NV might be further improved with the support of
IClIs.

MCA-NV might also have the potential to treat acute lym-
phoid leukemia (ALL). Despite the promising efficacy of CAR-
T cell therapy to B-cell ALL, relapse due to residual cells still
occurs. Furthermore, T-cell ALL is still intractable. MCA-NV
might trigger broad anti-ALL immune responses to complement
other immunotherapies or even act as a standalone treatment
option.

4. Conclusion

In summary, we developed multifunctional systemic nanovac-
cine MCA-NV for intractable blood cancers. Intravenously in-
fused MCA-NV could efficiently co-deliver TCL and adjuvant
CpG and MDP to lymphoid DCs for robust and personalized im-
munotherapy against AML, the most difficult-to-treat HM. Dual
adjuvants loaded in NV simultaneously stimulated NOD2 and
TLR9 signaling pathways for complementary activation of DCs
and significantly elevated the secretion of pro-inflammatory cy-
tokines by DCs. MCA-NV cured ~80% of mice in multiple AML
models and elicited long-term immune memory to protect 100%
of cured mice from leukemia cell rechallenge. In addition, sys-
temic NV also enhanced the efficacies of lymphoma, indicating
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that the platform is applicable to treat varying types of HM. By
employing TCL as Ags, MCA-NV might minimize the immune
escape of cancer cells to reduce relapse due to residual tumor cells
and offer personalized immunotherapy to HM patients. Overall,
MCA-NV provides a potent and versatile platform to efficiently
treat HM and might shed insights into designing next-generation
vaccines for blood cancers.

5. Experimental Section

Cells, Animals, and AML Models: Six-week-old female C57BL/6 mice
(Beijing Charles River Laboratory Animal Technology Co., Ltd.) and 6-week-
old female Balb/c mice (Shanghai Jihui Laboratory Animal Care Co., Ltd)
were housed in pathogen-free conditions at the Soochow University. All
animal experiments were approved by the Animal Care and Use Commit-
tee of Soochow University, and all protocols of animal studies conformed
to the Guide for the Care and Use of Laboratory Animals (202211A0108,
202303A0879).

GFP* MLL-AF9 primary AML cells, WEHI-3-Luc AML cell line, and A20-
Luc lymphoma cell line were kindly provided by Tianhui Liu (The First Af-
filiated Hospital of Soochow University). B16-OVA cells were kindly pro-
vided by Yiran Zheng (College of Pharmaceutical Sciences of Soochow
University). WEHI-3-Luc or A20-Luc cells were cultured in DMEM medium
containing 10% FBS, 100 ug mL™" streptomycin, 100 IU mL~" penicillin,
and anti-mycoplasma reagent. B16-OVA cells were cultured in RPMI-1640
medium containing 10% FBS, 100 ug mL~" streptomycin, 100 IU mL™"
penicillin, and anti-mycoplasma reagent. MLL-AF9 AML model was es-
tablished by tail vein injection of 5 x 10> GFP* MLL-AF9 cells into each
C57BL/6 mouse. WEHI-3 AML model was established via tail vein injec-
tion of 5 x 10% WEHI-3-Luc cells into Balb/c mice, A20 lymphoma model
was established via tail vein injection of 1x 107 A20-Luc cells into Balb/c
mice.

Preparation and Characterization of MCA-NV: MCA-NV were fabri-
cated by solvent exchange method. Briefly, 100 uL of DMF solution of PEG-
P(TMC-DTC)-SP /MDP-PEG-P(TMC-DTC) (concentration: 40 mg mL™",
molar ratio: 1/1) was added into 900 uL of HEPES buffer containing CpG
and Ag (10 mwm, pH 6.8, theoretical CpG and Ag loading content: 4 wt%).
After stirring for 10 min at 37 °C, the sample was dialyzed (MWCO:
1000 kDa) sequentially against HEPES (10 mm, pH 6.8) for 3 h, and PB
(10 mm, pH 7.4) for 3 h with an exchange of fresh medium every hour., A-
NV, MA-NV, and CA-NV were prepared similarly with corresponding com-
ponents.

The size distribution of NV was determined by dynamic light scattering
(DLS, Zetasizer Nano-ZS, Malvern). The Zeta potential of NVs was mea-
sured at 25 °C using a Zetasizer Nano-ZS. The morphology of MCA-NV
was characterized by Transmission electron microscope (TEM, FEI Tec-
nai G220). MCA-NV sample was prepared by dropping 10 uL of polymer-
some suspension (1 mg mL™") on the copper grid followed by staining
with 1 wt.% phosphotungstic acid.

Fluorescence resonance energy transfer (FRET) analysis was performed
to evaluate the location of Ag (or CpG) in NV after loading. Ag and CpG
were labeled with FITC (AgF'™¢ and CpGF'TC) while TRITC was conjugated
to spermine in polymer PEG-P(TMC-DTC)-SP. AgF'™® and PEG-P(TMC-
DTC)-SP-TRITC were mixed and allowed for NV formation. NVTRITC |oad-
ing AgF'TC (AgFITC-NVTRITC) " AgFITC "and NVTRITC were excited at wave-
length 440 nm, and their emission spectrum was recorded by using a plate
reader. The distance between FRET pairs (R) and FRET efficiency (E) was
calculated by the following equations. The R and E were also calculated
for CpGFITC.NVTRITC F_, is the fluorescence intensity when the acceptor
is present; Fp is the fluorescence intensity when the acceptor is absent;
R is the Férster distance at 50% transfer efficiency and R is 5.5 nm for
FITC-TRITC.

F
E=1-"22 R=py/L 1 M
Fp E
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CpG and Ag loading were measured by NanoDrop (Thermo Scientific)
and BCA protein assay kit, respectively. The drug loading efficiency (DLE)
or content (DLC) was calculated according to the following equations:

weight of loaded CpG or Ag
DLC (Wt.%) = : x 100 (2)
total weight of polymers and loaded CpG or Ag

weight of loaded CpG or Ag «
weight of CpG or Ag in feed

DLE (%) = 100 3)

The colloidal stability of MCA-NV against 20-fold dilution with PB,
overnight incubation with 10% FBS (37 °C, 100 rpm), storage (4 °C, 7
days), and acidic environment (pH 5.0) was monitored by DLS. In vitro re-
lease kinetics of Cy3-labeled CpG (CpG-Cy3) from MCA-NV was analyzed
in PB (10 mm, pH 7.4) with or without 10 mm GSH and PB (10 mm, pH 5.0)
(n=3). In brief, 0.5 mL of MCA-NV (CpG concentration: 50 uyg mL™") was
added into a dialysis bag (Spectra/Pore, MWCO 1000 kDa) submerged in
25 mL of reservoir medium with shaking at 100 rpm at 37 °C. At differ-
ent time points, 5 mL of dialysate was taken out and then 5 mL of fresh
medium was added. The sampled dialysate was lyophilized and redis-
solved in 200 uL DMSO. The fluorescence of the sample solution was mea-
sured by a multifunctional microplate reader (Thermo Varioskan LUX).

Statistical Analysis: The data were presented as mean + SD and ana-
lyzed by Prism 8.1. Comparisons between multiple groups were analyzed
by one-way ANOVA with Tukey post-test unless otherwise indicated. Com-
parison between the two groups was done by a two-tailed paired Stu-
dent t-test. Kaplan—Meier survival curves were analyzed by log-rank test.
*p < 0.05,p < 0.01, "p < 0.001 and “*p < 0.0007.
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Supporting Information is available from the Wiley Online Library or from
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