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ABSTRACT

Toll-like receptors (TLRs) and C-type lectin receptors (CLRs) contribute to antigen capture, uptake, presentation and activation of immune responses. We recently
developed a new and lymph node (LN) targeting adjuvant (D-CpG) by chemical conjugation type B CpG DNA with FDA-approved dextran polymer for lymph node
imaging. To elucidate the possible antitumor mechanisms of this adjuvant, prophylaxis and therapeutic models of melanoma were used in this study. Our results
showed that D-CpG was an efficient adjuvant of protein-based tumor vaccine in both prophylaxis and therapeutic models. It enhanced the tumor-specific Th1 and CTL
responses. It also facilitated the tumor infiltration of the T cells and promoted IFNy and TNFa production of both CD4* and CD8™ T cells. In therapeutic model, D-
CpG included tumor vaccine decreased the percentage of CD11b*Gr1!°"* MDSCs in spleen and inhibited their infiltration in tumor microenvironments.
Administration of the D-CpG included vaccine significantly inhibited lung metastasis of the tumor through similar mechanisms. In conclusion, D-CpG used as tumor

vaccine adjuvant can enhance both Th1 and CTL responses and inhibit CD11b* Gr

against tumors.

1low

MDSCs, which may have general applicability to the development of vaccines

1. Introduction

Both type 1 helper T (Th1) and cytotoxic T lymphocytes (CTLs) were
required during the eradication of tumor [1-3]. Induction of both Thl
and CTL responses is one of the most sought-after goals in cancer im-
munotherapy. Vaccines have been widely used in many infectious dis-
eases. However, tumor vaccines have not succeeded in cancer immuno-
therapy, as the poor induction of both Th1l and TC1 responses and the
immunosuppressive microenvironment [4,5].

To enhance CD4* T and CD8™ T responses, adjuvants are routinely
used to vaccine formulations [6,7]. However, limited vaccine adjuvants
are currently approved for human use. Agonists of Toll-like receptors
(TLRs) activate the innate immunity and support the subsequent de-
velopment of adaptive immunity, which makes them attractive candi-
dates of vaccine adjuvants to improve immune responses [8-10].
Among different TLRs, TLR9 senses unmethylated cytosine-phosphate-
guanine (CpG) dinucleotides, which are relatively common in bacterial
and viral DNA, but not in vertebrate [11-13]. Activation of TLR9 can
induce the secretion of cytokines (such as IFNy) and expansion of T-cell
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populations, particularly Thl cells and CTLs [14-18]. Therefore, ago-
nists of TLR9 (CpG) have a potential to stimulate both Thl and CTLs,
which makes it a candidate of adjuvants of tumor vaccines [19,20].
Although clinical trials indicated that CpG enhanced the development
of antitumor T-cell responses when used as tumor vaccine adjuvants,
strategies for improving the therapeutic potential of CpG used as tumor
vaccine adjuvants are warranted. Previously, we developed a new ad-
juvant (D-CpG) by chemical conjugation of type B CpG DNA to dextran
employed as the LN targeting carrier, which exhibited a long-lasting
therapeutic effect than unconjugated CpG in mice tumor model [21].
However, the mechanisms underlying the antitumor activity of D-CpG
used as protein-based tumor vaccine are not clear.

In the current study, we used prophylaxis and therapeutic models to
elucidate the effects and possible mechanisms of D-CpG included tumor
vaccine in vivo. Our results showed that D-CpG was an efficient ad-
juvant of protein-based tumor vaccine in both prophylaxis and ther-
apeutic models. It enhanced the tumor-specific Thl and CTL responses
and inhibited CD11b*Grllow™ MDSCs, which may have general ap-
plicability to the development of vaccines against tumors.
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2. Materials and methods
2.1. Animals

Specific-pathogen-free (SPF) 6-week-old female C57BL/6 mice were
purchased from the Shanghai Laboratory Animal Center (Shanghai,
China). OT-I mice were provided by Prof. Zhinan Yin (Nankai
University, Tianjin, PR China). Mouse care and experimental proce-
dures were performed under SPF conditions. All animal protocols were
approved by the ethics committee of Soochow University, and all in vivo
experiments were performed according to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. At the end of
the experiments, animals were euthanized in a CO»-containing
chamber.

2.2. Cell lines

B16-OVA and B16-F10cells obtained from the American Type
Culture Collection in 2011 were cultured in complete DMEM medium
(Gibco) with 10% FBS. Tumor cells were passaged when they reached
80%-90% confluence, and cells used in this study were not passaged
more than three times. Cells were cytogenetically tested with negative
were performed with negative results before use.

2.3. Animal models

In prophylatic models, mice were immunized s.c. at the left flank
with one of three vaccines (PBS and 10 ug OVA (PBS + OVA), 10 ug
OVA and 1.24 nmol CpG (CpG + OVA), or 10 ug OVA and 1.24 nmol D-
CpG (D-CpG + OVA)) in a total volume of 100 pL, and the injections
were repeated 1-wk later. Two weeks after last immunization,
1.5 x 10° B16-OVA cells were s.c. implanted into the right flank of
mice. Tumor volumes were monitored and calculated using formula V
= (L X W?)/2, where L is the length (longest dimension), and W is the
width (shortest dimension).

In therapeutic experiments on subcutaneous model, mice were s.c.
inoculated at the right flank with 1.5 x 10° B16-OVA cells, and im-
munized s.c. with tumor vaccines at the left flank 8 and 13 days post
tumor inoculation, respectively. The tumor sizes were daily measured
from day 5 post tumor inoculation.

In metastasis model, mice were injected i.v. with 4 x 10°> B16-OVA
from tail vein. Tumor vaccines were injected s.c. at the left flank 8 and
13 days post tumor inoculation. 7 days later, mice were sacrificed and
lungs were removed, and the metastatic nodules were counted.

As for survival experiments, tumor-bearing mice were observed up
to 40 days in preventive model and 45 days in therapeutic models post
tumor injection.

2.4. Cell preparation from spleens and tumors

The spleen was gently homogenized, and splenocytes were collected
by filtering through a 70-mm nylon mesh. TILs were prepared by pro-
cessing the tissues into single-cell suspensions, and lymphocytes were
separated on a 40% Percoll (GE Healthcare) gradient. Red blood cells
were lysed.

2.5. Invitro T-cell proliferation and MDSCs inhibition assay

DCs isolated from spleens were loaded with OVA protein for about
24 h. In the proliferation experiment, CD4* and CD8* T cells (15,000)
were co-cultured with 3000 irradiated OVA-loaded DCs in a 96-well cell
culture plate (Corning Costar), respectively. In MDSC inhibition ex-
periment, CD8* T (50,000) cells from OT-1 mice were co-cultured with
CD11b*Gr1®" or CD11b*Gr1e" cells isolated from tumor-bearing
mice at different ratios in the presence of 10,000 irradiated OVA-loaded
DCs. All of co-cultured cells were maintained in RPMI 1640 medium
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supplemented with 10% fetal bovine serum and 20 IU/mL recombinant
IL2 (Beijing Four Rings Bio-Pharmaceutical). *H-thymidine (Shanghai
Institute of Physics, Chinese Academy of Sciences, Shanghai, China)
were added to the co-culture 72h later. After another 16h, in-
corporation of *H-thymidine was measured with a liquid scintillation
counter (PerkinElmer Instruments). The proliferation of T cells was also
examined by detection of PCNA expression with western blot.

2.6. Cytotoxicity assay

Splenocytes (effctor) were diluted and cultured with B16-OVA
(6500 cells/well, target) in a 96-well plate at effector/target ratios of
100:1, 50:1 and 25:1 at 37 °C in a 5% CO,. Cytotoxicity was measured
by CytoTox 96 nonradioactive cytotoxicity assay (Promega). The per-
centage of lysis was calculated using the following formula: (experi-
mental - effector spontaneous - target spontaneous) X 100/(target
maximum - target spontaneous).

2.7. Flow cytometry

Monoclonal antibodies were purchased from BD Biosciences and
Biolegend: anti-CD4-FITC (RM4-5), anti-NK1.1-FITC (PK136), anti-
CD19-FITC (1D3), anti-IL2-FITC (JES6-5H4), anti-CD3e-PE (145-2C11),
anti-IL4-PE (11B11), anti-IFNy-PE (XMG1.2), anti-CD8a-PerCP Cy5.5
(53-6.7), anti-Gr1-PE, anti-Grl-PerCP Cy5.5 (RB6-8C5), anti-CD11b-
PE-Cy7 (M1/70), anti-CD44-PE (IM7), anti-CD45-APC (30-F11) anti-
CD62L-FITC (MEL-14), anti-CD11c-PE-Cy7 (HL3), anti-F4/80-FITC
(BM8), anti-CD16/32-PE (93), anti-CD206-PE (C068C2), anti-PD1-APC
(29F.1A12), anti-PDL1-APC(10F.9G2), anti-CTLA4-PE(9H10) and anti-
TNFa-APC (MP6-XT22). Cells stainings were performed in FACS buffer
(PBS containing 1% BSA, 0.2 mM EDTA, and 0.1% NaN3) supplemented
with purified anti-CD16/32 for 30 min at 4 °C. The flow cytometric re-
sults were analyzed with FACS Cantoll (BD Biosciences) using CellQuest
software.

2.8. Tetramer staining

TILs were blocked with Fc-blocker and stained with PE-labeled
tetramers (Beckman Coulter) and anti-CD8-APC for 30 minat room
temperature. Cells were washed, resuspended in FACS buffer and ana-
lyzed with FACS Cantoll (BD Biosciences).

2.9. In vivo T-cell and MDSCs depletion

For CD4" or/and CD8" T cells depletion, mice were injected i.p.
with 1 mg of GK1.5 (rat anti-mouse CD4mAb, Sungene Biotech) or/and
53-6.7 (rat anti-mouse CD8 mAb, Sungene Biotech) 2 days before im-
munization with vaccines, and the injections were repeated 7 days
later. To deplete MDSCs, 250 ug of RB6-8C5 (rat anti-mouse Grl Ab,
Abcam) were injected i.p. on the same day of vaccination, and antibody
injections were repeated 7 days later. The efficacy of cell depletion was
confirmed by flow cytometric analysis.

2.10. Immunohistochemistry and histopathology

Paraffin sections of tissue were sequentially deparaffinized and in-
cubated with various primary antibodies, including GK1.5 (rat anti-
mouse CD4 Ab, Abcam) or 2.43 (rat anti-mouse CD8 Ab, Abcam)
overnight at 4 °C, followed by incubation with HRP-conjugated rabbit
anti-rat IgG (Abcam). The presence of protein of interest was visualized
by DAB staining, and nuclear counter-staining was performed with
hematoxylin (Solarbio). Slides were examined by a pathologist who was
blinded for the experimental history of the animals.
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Fig. 1. Prophylaxis effect of D-CpG included tumor vaccine.(A) Tumor growth curves of melanoma model. Mice were immunized with PBS + OVA, CpG + OVA,
or D-CpG + OVA twice with 1-wk intervals, respectively, then the mice were injected with 1.5 X 10° B16-OVA cells 2 wk after the last immunization. The tumor
volumes were monitored daily. (B) Kaplan — Meier survival of mice were monitored over time. (C-G) Mice were sacrificed on day 10 after the last immunization, and
single cell suspensions of spleen were prepared to analyze the numbers of total splenocytes (C), CD4™ T cells (D) and CD8* T cells (E) by flow cytometry. The
frequencies and total numbers of IFNy-, TNFa- and IL2-producing CD4* T cells (F) and CD8" T cells (G) by flow cytometry. The experiments were performed with
five to seven mice per group. The assays were done in quadruplicates. The data shown are the representative of three experiments. *p < 0.05 and **p < 0.01,
wxxp < 0.001.

*
A 30007 B C1 2 T 1
N —a= PBS+OVA 100 j I I
& —e— CpG+OVA I — S
== D- VA - — PBS+OVA o
E 20001 CpG+O S L- k] e
2 2 1 —=— CpG+OVA 17 [% } :
2 i I s :
g 3 | mmms D-CpG+OVA: z
= » 501 7]
S "' = =
— 100071 . B 44
S 0 L 2
g ) 1 ko) y
F e I & Ee
| s
0 04— — . 1 y . 0+ T T 1
7 9 11 13 15 17 19 10 20 30 40 45 PBS+0OVA CpG+OVA D-CpG+OVA
Days post challenge (d) Days post challenge (d)
D * E
| - 1 . 5
g 259 —r 30 §20 — 20
B0 . <, 25 2 1 o
£ : x £151 % 157
. =20 = =
+ 9 o o
a Z15 810 Z 10
O [} O ©
« 10 1 o s s}
o =10 5 i
= 5 . E £ 54 & 51
8 o5 g o
) b o) i e
& 0 L [

r : " 0 . . . .
PBS+OVA CpG+OVA D-CpG+OVA PBS+OVA CpG+OVA D-CpG+OVA PBS+OVA CpG+OVA D-CpG+OVA PBS+OVA CpG+OVA D-CpG+OVA

F G PBS+OVA CpG+OVA D-CpG+OVA
N
p=0.056 ',L,_*'
— H&E
= _L T
=2
o : ¥ PBS+OVA
B & O CpG+OVA
g i = O D-CpG+OVA
0 6 -
e e cD4
0 - - : .

CD4+T CD8+T

Fig. 2. Therapeutic effects of D-CpG included tumor vaccine in subcutaneous melanoma model.(A) Tumor growth of melanoma-bearing mice. Mice were
injected with 1.5 X 10° B16-OVA cells, and immunized s.c. with one of the three tumor vaccines at the left flank 8 and 13 days post tumor inoculation, respectively. C
(C-G) Mice were sacrificed on day 18 after tumor inoculation. Total cell numbers of splenocytes (C), frequencies and total cell numbers of CD4* T (D), and CD8* T
(E) cells in the spleen and frequencies of tumor-infiltrating CD4* T and CD8™* T cells (F) were analyzed by flow cytometry. (G) H&E and immunochemical staining
for CD4™ and CD8™ T cells of tumor tissues from melanoma-bearing mice (100 X magnification). The data shown are the representative of at least three experi-
ments. *p < 0.05 and **p < 0.01, ***p < 0.001.
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Fig. 3. D-CpG included tumor vaccine promoted the production of tumor-specific Th1 cytokine from both CD4* T and CD8™ T cells in a primary tumor
model.(A) Intracellular staining of TNFa and IFNy of CD4™ T and CD8* T cells from splenocytes stimulated with OVA proteins. (B) Intracellular staining of TNFa
and IFNy of CD4 ™" and CD8* T cells from TILs stimulated with OVA proteins. (C) Tetramer staining of OVA-specific CD8* T cells in TILs. (D) Proliferations of CD4™*
T and CD8* T cells from the spleens of tumor-bearing mice stimulated with irradiated OVA-loaded DCs were measured by *H-thymidine incorporation assay and
PCNA expression using western blot. (E) Cytotoxicity assay of splenocytes from the tumor-bearing mice against B16-OVA tumor cells. Splenocytes from tumor-
bearing mice were incubated with OVA protein for 5 days and used as effector cells, and then co-cultured with B16-OVA at various ratios. The specific killings were
determined using CytoTox 96 nonradioactive cytotoxicity assay. The experiments were performed with five to seven mice per group. The assays were done in
quadruplicates. The data shown are the representative of at least three experiments. *p < 0.05 and **p < 0.01, ***p < 0.001.

2.11. Statistical analysis

Experiments were performed at a minimum of triplicate. Data were
analyzed using a one-way analysis of variance (ANOVA) with the
Tukey's post-hoc test for statistical evaluation, and presented as the
mean standard error of the mean (SEM). Log-Rank test was performed
on the Kaplan—Meier survival curves. Data were analyzed using
GraphPad Prism 5 software for Windows (GraphPad Software, San
Diego, CA), and differences were considered statistically significant
when p < 0.05. The significance levels are marked *p < 0.05,
**p < 0.01, and ***p < 0.001.

3. Results
3.1. Prophylatic effects of protein-based vaccine formulated with D-CpG

In prophylaxis model, mice immunized with D-CpG + OVA had
significant reduction in tumor growth (Fig. 1A). The reduction of tumor
growth was also correlated with an increase in survival (Fig. 1B).
Splenocytes from immunized mice were analyzed by flow cytometry 10
days post last vaccination (Fig. 1C-E). Percentages and total numbers of
CD4" T and CD8' T cells were significantly enhanced after D-
CpG + OVA immunization. The percentages and total numbers of other
immune cells were similar in each group (Fig. S1). Antigen-specific T-
cell responses were examined by intracellular staining (Fig. 1F-G). D-
CpG + OVA immunized mice exhibited significantly increased pro-
duction of TNFa, IFNy and IL2 in CD4 ™" T and CD8™* T cells. These data
suggested that D-CpG enhanced tumor-specific Th1l and Tcl responses
in prophylaxis model.

3.2. Therapeutic benefits of D-CpG included vaccine in a primary tumor
model

In primary tumor model, tumor-bearing mice were injected s.c. with
vaccines on day 8 and 13. As shown in Fig. 2A, tumor growth was
effectively controlled in mice immunized with CpG + OVA compared
with PBS + OVA. Notably, tumor growth was significantly inhibited in
D-CpG + OVA group, as compared with CpG + OVA and PBS + OVA
groups. The reduction of tumor growth was also correlated with an
increase in survival (Fig. 2B).

To elucidate possible mechanisms of antitumor effects induced by
D-CpG + OVA, immune cell subtypes in the spleens were analyzed by
flow cytometry on day 18 after tumor inoculation. The total numbers of
splenocytes were significantly higher in D-CpG + OVA group than
PBS + OVA group (Fig. 2C). The percentages and absolute numbers of
both CD4* T and CD8* T in spleen significantly increased in D-
CpG + OVA groups (Fig. 2D-E). Percentages and total numbers of other
immune cells in spleen were not significantly different among each
group (Fig. S2).

Tumor-infiltrating lymphocytes (TILs) were phenotypically ana-
lyzed by flow cytometry, and significantly increased tumor infiltrations
of CD8* T cells were observed in mice immunized with CpG + OVA or
D-CpG + OVA compared with PBS + OVA group (Fig. 2F). These re-
sults were also confirmed by H&E staining and immunohistochemical
staining (Fig. 2G). Mice treated with D-CpG + OVA exhibited sig-
nificantly increased expressions of PD-1 on both CD4" and CD8* T
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cells (Fig. S3A), but CTLA-4 expression on T cells were not affected (Fig.
S3B). All of the tumor cells expressed PD-L1, and mice treated with D-
CpG + OVA exhibited significantly increased expressions levels of PD-
L1 on tumor cells (Fig. S3C). Percentages of Tregs were similar in each
group (Fig. S3D).

3.3. CD4™ and CD8™ T cells activated by D-CpG included vaccine in a
primary tumor model

T-cell responses from splenocytes and TILs were determined by
stimulation with OVA protein using intracellular staining (Fig. 3A-B).
In spleen, the percentages and numbers of TNFa- or IFNy-producing
CD4* and CD8™ T cells were significantly enhanced in D-CpG + OVA
group. CD4* and CD8* T cells from CpG + OVA group also exhibited
significantly higher TNFa production than PBS + OVA group. As for
TILs, the percentages of TNFa- or IFNy-producing CD4* T and CD8* T
cells were significantly high in D-CpG + OVA group (Fig. 3B).

The percentages of OVA-specific CD8 ™" T cells in TILs significantly
increased in D-CpG + OVA immunized mice (Fig. 3C). *H-thymidine
incorporation assay showed that the proliferations of OVA-specific
CD4* and CD8* T cells were significantly high in D-CpG + OVA
group, which was confirmed by the PCNA expression (Fig. 3D). Sple-
nocytes from D-CpG + OVA immunized mice exhibited the highest
killing capacity against B16-OVA cells (Fig. 3E). All these results de-
monstrated that D-CpG + OVA promoted both tumor-specific CD4*
and CD8* T-cell responses in primary tumor model.

3.4. Therapeutic benefits of D-CpG in melanoma lung metastasis model

To assess whether D-CpG included vaccine could protect mice from
tumor metastasis, mice injected i.v. with B16-OVA were s.c. immunized
with vaccines at day 8 and 13 post tumor injection. CpG + OVA or D-
CpG + OVA treatment dramatically reduced the number of lung me-
tastases compared with PBS + OVA-treated group (Fig. 4A). Moreover,
immunization with D-CpG + OVA significantly reduced the number of
lung metastases compared with CpG + OVA. The reduction of lung
metastases was also correlated with an increase in survival (Fig. 4B).

To elucidate possible mechanisms of antitumor effects induced by
D-CpG + OVA, splenocytes and TILs were analyzed by flow cytometry
on day 17 after tumor inoculation. D-CpG + OVA immunization dra-
matically enhanced percentages and numbers of CD4* and CD8* T
cells in spleen (Fig. 4C-E). Tumor-infiltrating CD4* and CD8* T cells
in TILs also increased, which was confirmed by H&E staining and im-
munohistochemical staining (Fig. 4F-G). In spleen, prevalence and total
numbers of other immune cells were similar in each group (Fig. S4A).
Although the prevalence of M1 macrophages in D-CpG + OVA group
increased in TILs, but the difference was not significant. Percentages of
other immune cells were similar in TIL of each group (Fig. S4B). D-
CpG + OVA treatment increased PD-1 and CTLA-4 expressions on
tumor-infiltrating T cells, and PD-L1 expression levels on tumor cells,
but the differences were not significant (Figs. SSA-C). Percentages of
Tregs were similar in each group (Fig. S5D).
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Fig. 4. Therapeutic effects of D-CpG included tumor vaccine in lung metastasis model.

(A) The numbers of metastatic nodules in the lungs of the tumor-bearing mice. Mice were injected i.v. with 4 x 10° B16-OVA from tail vein. At day 8 and 13 post
tumor inoculation, mice were immunized with PBS + OVA, CpG + OVA or D-CpG + OVA, respectively. (B) Kaplan —Meier survival of mice were monitored over
time. (C-G) Seven days later, mice were sacrificed, and the metastatic nodules in lungs were quantified. The numbers of splenocytes (C), the percentages and total
numbers of CD4* T cells (D) and CD8™ T cells (E) were determined by flow cytometry. (F) The percentages of CD4 " T and CD8™* T cells were determined by flow
cytometry. (G) H&E and immunochemical staining for CD4* and CD8" T cells of tumor tissues from melanoma-bearing mice (100 x magnification). The ex-
periments were performed with five to seven mice per group. The assays were done in quadruplicates. The data shown are the representative of at least three
experiments. *p < 0.05 and **p < 0.01, ***p < 0.001.

3.5. Antigen-specific CD4™ and CD8™ T cells are critical for the antitumor of TNFa, IFNy and IL-2 (Fig. 5A-B). In TILs, CD4" T and CD8* T cells

effects in metastasis model also produced significantly high TNFa and IFNy in D-CpG + OVA
group (Fig. 5C). The percentages of IFNy-producing CD4™ T and CD8™"
Antigen-specific T-cell responses of mice with lung metastasis were T cells and TNFa-producing CD8* T in TILs were also significantly

determined by intracellular staining (Fig. 5A-C; Supplementary Fig. higher in CpG + OVA group than PBS + OVA group. These data
S6). In spleen, percentages and total numbers of CD4* and CD8* T suggested that D-CpG + OVA promoted both tumor-specific CD4 " and
cells from D-CpG + OVA group had dramatically enhanced productions CD8* T-cell responses in terms of Thl cytokine productions in lung
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Fig. 5. Antitumor response induced by the D-CpG included tumor vaccine in lung metastasis model was dependent on both CD4* and CD8* T cells.

Intracellular staining of TNFa, IFNy and IL2 by gating on CD4™ (A) or CD8™" (B) T cells from splenocytes stimulated with OVA protein. (C) Intracellular staining of
TNFa and IFNy by gating on CD4* or CD8* T cells from TILs stimulated with OVA proteins. (D) Proliferations of CD4* and CD8* T cells were measured by *H-
thymidine incorporation assay and PCNA expression using western blot. (E) Tetramer staining of OVA-specific CD8* T cells in TILs. (F) Cytotoxicity assay of
splenocytes from the tumor-bearing mice. Splenocytes from tumor-bearing mice were incubated with OVA proteins for 5 days. Then, the splenocytes (effectors) were
cocultured with B16-OVA (targets) at various E:T ratios using CytoTox 96 nonradioactive cytotoxicity assay. (G) Tumor foci of vaccine-treated mice with depletion of
CD4% or/and CD8™ T cells. In the depletion group, mice were injected i.p. with 1 mg GK1.5 (rat anti-mouse CD4 mAb) or/and 53-6.7 (rat anti-mouse CD8 mAb) 2
days before the first immunization. Mice were sacrificed on day 7 post the last immunization and the metastatic nodules were counted. The experiments were
performed with 5-7 mice per group. The assays were done in quadruplicates. The data shown are the representative of three experiments. *p < 0.05 and

#p < 0.01, ***p < 0.00L.

metastasis model.

The proliferations of both CD4™ and CD8* T cells were enhanced
after D-CpG + OVA immunization, as determined by *H-thymidine
incorporation and PCNA expression (Fig. 5D). The percentages of
OVA-specific CD8* T cells in TILs were significantly higher in D-
CpG + OVA group (Fig. 5E). Splenocytes from mice immunized with D-
CpG + OVA also exhibited a significantly high killing capacity against
B16-OVA cells (Fig. 5F). All these results demonstrated that D-
CpG + OVA promoted both tumor-specific CD4* and CD8* T-cell re-
sponses in lung metastasis model.

To determine whether CD4% and CD8" T cells were critical for
antitumor activity induced by D-CpG + OVA, in vivo depletion of CD4 ™"
and/or CD8* T cells were performed in metastasis model (Fig. 5G).
Depletion of CD8™" T cells partially reduced the therapeutic effects of
the vaccine, while depletion of CD4" has no effect on tumor growth.
The therapeutic effects of D-CpG + OVA were totally inhibited by
depletion of both CD4™ and CD8™ T cells. These results suggested that
antitumor response induced by D-CpG + OVA was dependent on both
CD4" and CD8™ T cells.

To assess whether the anti-tumor response was limited against OVA,
1.5 x 10° T cells from D-CpG + OVA treated B16-OVA metastasis mice
were isolated and adoptively transferred to mice i.v. injected with B16-
F10 cells. No obviously therapeutic effects could be observed on B16-
F10 tumor model after adoptive transfer of T cells from D-CpG + OVA
immunized B16-OVA-bearing mice, suggested that anti-tumor response
induced by D-CpG + OVA was limited against OVA (Fig. S7).

3.6. Decrease CD11b* Gr1™" MDSCs subtype by D-CpG included tumor
vaccine

In therapeutic models, D-CpG + OVA significantly decreased the
percentages of CD11b*Gr1®" subtype cells in spleen and tumor
(Fig. 6A), while CpG + OVA dramatically enhanced the percentage of
CD11b*Gr1'®" subtype cells in tumor. The percentages of
CD11b*Gr1™8® subtype cells were not significantly different in each
group. CD11b™ Gr1'°¥ cells from tumor-bearing mice exhibited strongly
inhibition of T cell proliferation, while CD11b * Gr1"" cells exhibited a
slight inhibition of T cell proliferation (Fig. 6C).

To define the therapeutic benefits by depletion of MDSCs, the anti-
Grl antibodies were used to deplete MDSCs in vaccine-treated mice
(Fig. 6D). Depletion of MDSCs significantly enhanced therapeutic ef-
fects in CpG group. Therapeutic effects of D-CpG + OVA were only
slightly enhanced when combined with MDSCs depletion.

4. Discussion

Stimulation of both tumor-specific Th1l and CTL responses has been
one of the challenges for effective tumor vaccines. Adjuvants are often
used to modulate the immune response types in vaccine development.
We recently developed a new and lymph node targeting adjuvant by
chemical conjugation type B CpG DNA with dextran polymer. To elu-
cidate the possible antitumor mechanisms of this adjuvant, prophylaxis
and therapeutic models of melanoma were used in this study. Our re-
sults demonstrated that this adjuvant can activate both tumor-specific
Thl-polarized CD4* T cell and CTL responses and decreased the

102

percentage of CD11b* Gr1'®" cells in spleen and tumor.

Effector CD4% T can be divided into several subpopulations ac-
cording to the cytokines they secreted. Thl, one of main antitumor
mediators, is very important for the establishment and augmentation of
tumor-specific CTL response, while Th2 and Treg cells inhibit anti-
tumor immunity and promote the progression in patients with tumor
[22-24]. The functional role of Th17 cells in tumor immunity remains
still controversial [25]. Immunization of D-CpG + OVA dramatically
increased both TNFa and IFNy productions in CD4™ T cells. The an-
tigen-specific IL4-or IL17-producing CD4™ T cells were too few to be
detected after D-CpG + OVA immunization. D-CpG-based vaccine en-
hanced Thl-mediate immune response in vaccination, instead of the
Th2-like effects, which makes it an effective adjuvant for cancer im-
munotherapy. The higher percentages of Thl and Tcl in lung metas-
tasis model than that of subcutaneous model suggested that D-CpG is
inclined to stimulate Th1l and Tcl responses in lung microenvironment.

CTL cells are considered to be the major player in cancer im-
munotherapy [26]. The increased proportion of TILs has been found to
correlate with improved clinical outcome in several human cancers,
such as ovarian cancer, melanoma, and prostate cancer [3,27]. Dextran-
CpG conjugate markedly increased the uptake by antigen presenting
cells in the lymph nodes, which is benefit for T cell activation [21].
Here, we found significantly high percentages of CD4* and CD8" T
cells in tumor from D-CpG + OVA treated mice, compared with
CpG + OVA or PBS + OVA treated mice. Many studies demonstrated
that CpG could induce CTL response [28,29], which has been confirmed
in our study with the high percentages of TNFa- and IFNy-producing
CD8™* T cells in TILs after CpG + OVA inoculation. Meanwhile, we also
observed dramatic enhancement of TNFa- and IFNy-producing CD8* T
cells in TILs and proliferation of antigen specific CD8* T cells after D-
CpG + OVA inoculation, indicating an effective stimulation of CD8* T
cells by D-CpG + OVA. Depletion experiments were carried out to
determine the essential cells during antitumor immune response, and
we found that antitumor immune response induced by D-CpG + OVA
was dependent on both CD4* and CD8™ T cells.

Adjuvants inclusion in vaccine formulations can stimulate and
modulate the desirable immune responses to specific antigens. Protein
without adjuvant always cannot stimulate any detectable immune re-
sponses (Fig. S7). Unlike in protective infectious diseases vaccines,
cancer vaccines also need to overcome immunosuppressive effects of
cells in tumor microenvironment. However, expected antitumor effects
were obtained in only a limited number of clinical trials [30,31], as
antitumor immunity is significantly suppressed by immunosuppressive
cells presented in tumor microenvironment. MDSCs have crucial roles
of immuno-suppression in tumor microenvironment [32-34]. MDSCs in
mice can be identified by Gr-1"CD11b™ phenotype, and can be further
subdivided into granulocyte- or monocyte-like MDSCs according to
their surface expression of the components of Grl antigen.CD11b* Gr-
1% cells resembling monocyte-like MDSCs are more im-
munosuppressive than CD11b* Gr-1"8"cells resembling neutrophils or
granulocyte-like MDSCs [35]. Present studies also demonstrated that
only CD11b*Gr1'®" subtype cells could strongly suppress T cell pro-
liferation. The prevalence, phenotypes and functions of MDSCs sub-
types were associated with the immunization routs of CpG. For in-
stance, systemic administration (e.g. subcutaneous injection) of CpG
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Fig. 6. Decrease CD11b " Gr1'®" MDSCs subtype by D-CpG included tumor vaccine.(A) In subcutaneous melanoma model, vaccine-treated mice were sacrificed
on day 18 after tumor inoculation. Percentages of MDSCs subtypes in spleen and tumor microenvironment were examined by staining of CD11b and Gr1. (B) In lung
metastasis model, vaccine-treated mice were sacrificed on day 7 after the last vaccination. Percentages of MDSCs subtypes in spleen and tumor microenvironment
were examined by staining of CD11b and Grl. (C) Immunosuppressive functions of both MDSCs subtypes. CD8* T (50,000) cells from OT-1 mice were co-cultured
with CD11b*Gr1'" or CD11b " Gr1™" cells isolated from tumor bearing mice at different ratios in the presence of 10,000 irradiated OVA-loaded DCs. *H-thymidine
were added to the co-culture 72 h later. After another 16 h, the incorporation of *H-thymidine was measured with a liquid scintillation counter. (D) Therapeutic
benefits by depletion of MDSCs. In the depletion group, mice were injected i.p. with 250 pg RB6-8C5 (rat anti-mouse Grl Ab) on the same day of vaccination, and the
antibody injections were repeated 7 days later. Mice were sacrificed on day 7 post the last immunization and the metastatic nodules were counted. The experiments
were performed with 5-7 mice per group. The assays were done in quadruplicates. The data shown are the representative of three experiments. *p < 0.05 and

**p < 0.01, ***p < 0.001.

increased the prevalence of MDSCs in the spleen and blood [36,37],
while accumulation of CpG in tumor site from intratumor injection
resulted in the reduction and inhibition of CD11b*Gr1'°" MDSC, as
direct interaction of CpG and MDSCs inhibited CD11b* Gr1'®" MDSC
[38]. Dextran is often employed as the LN and tumor targeting carrier
[21], and conjugation with dextran leads to the accumulation of D-CpG
in spleen and tumor after systemic injection, which may be the reason
of the reduction of CD11b* Gr1'°" MDSC in spleen and tumor after s.c.
injection of D-CpG. The status of immune checkpoint molecules was
also examined. In tumor microenvironment, PD-1 expression on T cells
was enhanced after CpG + OVA or D-CpG + OVA treatment. Previous
study showed that IFNy promoted PD-L1 expression on tumor cells
[39]. We also found that PD-L1 expression on tumor cells was also
enhanced in D-CpG + OVA group, which may result from the increased
expression of IFNy in this group. Therefore, combining with the Ab
therapy targeting PD-L1 or PD-1 may further promote the therapeutic
efficacy of D-CpG based tumor vaccine.

Thus, we demonstrated that D-CpG inclusion in vaccine formula-
tions activated both tumor-specific Th1-polarized CD4* T cells and CTL
responses in vivo and decreased the percentage of CD11b*Gr1'°" cells
in the spleen and tumor.
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