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Objective This study aimed to improve the antitumor immunocompetence of a tumor lysate-pulsed
dendritic cell (DC) vaccine through differential centrifugation and provide a theoretical basis for its clinical
application in glioblastoma.

Methods Peripheral blood mononuclear cells were extracted using Ficoll-Paque PLUS and induced
into mature DCs in vitro with a cytokine cocktail. The modified tumor lysate was generated by differential
centrifugation. The maturity markers of DCs in each group, namely the modified tumor lysate, tumor lysate,
and negative and positive control groups, were assessed using flow cytometry. Furthermore, their ability to
stimulate lymphocyte proliferation and in vitro antitumor effects were assessed using Cell Trace TM CFSE.
IFN-y secretion levels were measured with ELISA. Intracellular reactive oxygen species were measured
using 2',7"-dichlorofluorescein diacetate (DCFDA) staining. The results were statistically analyzed using an
unpaired Student’s t-test and were considered significant at P < 0.05.

Results Compared with tumor lysate-pulsed DCs, modified tumor lysate-pulsed DCs had a higher
expression of maturity markers: CD1a (7.38 + 0.53% vs. 4.47 £ 0.75%) and CD83 (19.81 + 4.09% vs. 9.64
+ 1.50%), were better capable of stimulating lymphocyte proliferation [proliferation index (Pl): 8.54 + 0.16
vs. 7.35 £ 0.05], secreting IFN-y, and inducing stronger in-vitro cytotoxic T lymphocyte (CTL) cytotoxicity
against glioblastoma cells. In addition, we found that the level of ROS in modified tumor lysate-pulsed DCs
was lower than that in tumor lysate-pulsed DCs.

Conclusion Differential centrifugation of tumor lysates can improve the antitumor immunocompetence
of DC vaccines, and reactive oxygen species may be the key to affecting DC function in the whole tumor
lysate.
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Glioblastoma is the most common primary malignant
tumor of the central nervous system with an annual
incidence rate of 3-5/100000 and a poor prognosis
of 14.6 months, accounting for about 50% of all
gliomas 2. Although there are numerous studies on
glioblastoma, the anatomical location of the central
nervous system limits the application of locoregional
treatment. In addition, the tumor is characterized by
endogenous radio- and chemoresistance, heterogeneity,
and an immunosuppressive microenvironment; these
factors limit the progress of glioblastoma treatment.

The standard treatment is to safely maximize surgical
resection with adjuvant radiotherapy and chemotherapy
B4 Other adjuvant treatments include tumor treating
fields, immunotherapy, gene therapy, and molecular
targeted therapy, among which immunotherapy has great
potential in the treatment of glioblastoma.

As the most effective antigen-presenting cells,
dendritic cells (DCs), bridge the innate and adaptive
immune system 7. DCs are cultured in vitro for
maturation, sensitized with tumor-associated antigens
or tumor-specific antigens, and then injected back into
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the patient to elicit an antitumor immune response 11,

Many clinical studies have shown that DC vaccines are
safe and rarely have autoimmune-related side effects, but
their clinical efficacy remains limited '*%\. Therefore,
maximizing the effectiveness of DC vaccines is a hot topic
in the field of immunotherapy. Considering the tumor
heterogeneity of glioblastoma, it is difficult to induce an
effective antitumor immune response by sensitizing DCs
with a single antigen. Although tumor lysates contain
multiple epitopes of tumor antigens, many components
released from tumor cell lysis may inhibit DC maturation,
thereby affecting their ability to effectively present
antigens. Most studies have improved the anti-tumor
immune effect of the DC vaccine through combination
with immune adjuvants '*8 but few have attempted to
eliminate the possible components of whole tumor lysate
that may inhibit the maturation of DCs to improve the
clinical efficacy of DC vaccines.

Reactive oxygen species is a collective term for the
superoxide anion (O), hydroxyl radical (HO-), and
hydrogen peroxide (H,O,), which are mainly released
from the electron transport chain in the mitochondria and
membrane-bound NADPH oxidase complexes (NOXs).
They are involved in the pathogenesis of many diseases
such as tumors, aging, diabetes, neurodegenerative
diseases, and atherosclerosis!!®.. Many studies have shown
that reactive oxygen species have a sophisticated effect on
the function of DCs and can elicit bidirectional regulation
of their maturation. Studies have shown that the reactive
oxygen species in the tumor microenvironment can
induce endoplasmic reticulum stress in ovarian tumor-
associated DCs, causing abnormal deposition of lipid
peroxides in DCs, resulting in a decrease in their ability to
activate T cells, leading to immune tolerance ?%. Oxidized
lipid products can affect antigen presentation by DCs,
subsequently compromising their ability to stimulate
adaptive immunity 21-22,

Differential centrifugation is a well-developed
biological method for separating organelles, through
which organelles with differences in sedimentation
coefficients are separated from each other. We
attempted to sequentially remove the main sources of
reactive oxygen, including mitochondria, lysosomes,
and peroxisomes, from the whole tumor lysate through
differential centrifugation, reducing the level of reactive
oxygen species in DCs sensitized by tumor lysate to boost
their maturity. We found that modified tumor lysate-
pulsed DCs have a higher expression of surface markers,
such as CDla and CD83, which are more capable of
stimulating lymphocytes and inducing stronger in vitro
cytotoxic T lymphocyte (CTL) cytotoxicity against
glioblastoma cells.

http://otm.tjh.com.cn

Materials and methods

Cell culture

The glioma cell lines U87 and U251 were cultured in
DMEM supplemented with 10% FBS, 2 mM l-glutamine,
100 units/ml penicillin, and 100 pg/mL streptomycin.

In vitro generation of human monocyte-
derived DCs

Peripheral blood mononuclear cells (PBMCs) were
obtained from healthy donor blood using Ficoll-Paque
PLUS according to the manufacturer’s instructions. The
cells were incubated for 2 h at 37 °C at a concentration
of 5 x 10° cells/mL in RPMI 1640 (Gibco, NY, USA).
Non-adherent cells were removed, and adherent PBMCs
were cultured in RPMI 1640 supplemented with 10%
FBS, 2 mM L-glutamine, 100 units/mL penicillin, 100
ug/mL streptomycin, recombinant human granulocyte-
macrophage colony-stimulating factor /rhGM-CSF (800
units/mL; R&D system, MN, USA), and recombinant
human interleukin (IL)-4 /rhIL-4 (400 units/mL; R&D).
DCs were activated by lipopolysaccharide (LPS; 0.5 pg/
mL) and TNF-a (200 units/mL).

Tumor lysate preparation and DC loading

Glioma cell lines were harvested, washed twice in
PBS, and resuspended at a density of 2 x 10° cells/mL in
serum-free medium. The cell suspensions were frozen at
80 °C and thawed at 37 °C for four freeze-thaw cycles.
To remove cell debris, the lysate was centrifuged at
1000 x g for 10 min. The supernatant was collected as a
classic tumor lysate and passed through a 0.2 um filter.
The modified tumor lysate was prepared by differential
centrifugation. Briefly, the lysate was centrifuged at
1000 x g for 10 min to remove debris and cell nuclei,
the supernatant centrifuged at 10000 x g for 10 min
to remove mitochondria, then at 15300 x g for 20 min
to remove lysosomes and peroxisomes. Finally, the
supernatant was collected as a modified tumor lysate
containing microvesicles and soluble proteins. The
protein concentration of the lysate was determined using
the BCA kit (NCM Biotech, Suzhou, China). DCs were
pulsed with the tumor lysate and modified tumor lysate
at a concentration of 100 pg/mL.

Flow cytometric analysis

DCs and lymphocytes were removed from the plate and
centrifuged at 1500 x g for 5 min. The pelleted cells were
washed with RPMI-1640 and incubated at 4 °C for 30 min
with FITC-anti-CDla (catalog No. 300103), FITC-anti-
CD83 (catalog No. 305305), PE/CY5-anti-CD86 (catalog
No. 305407), PE-anti-HLA-DR (catalog No. 307605), and
PE-anti-CD3 (catalog No. 300309), PE-anti-CD4 (catalog
No. 317409), FITC-CD8 (catalog No. 344703). Species-
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and isotype-matched monoclonal antibodies were used as
controls. All antibodies were purchased from BioLegend,
San Diego, CA, USA. The cells were washed twice with
PBS and analyzed using a FACSort flow cytometer (BD
Bioscience, San Jose, CA, USA). Flow cytometry data
were analyzed using Flow]o v.9 (TreeStar, Ashland, OR).

Proliferative T cell response and
cytokine measurement

Human blood samples were collected from healthy
donors under the principles of the ethical committee
of Tongji Hospital, Tongji Medical College, Huazhong
University of Science and Technology, China. PBMCs
were isolated by Ficoll-Paque PLUS density gradient
centrifugation and depleted of red blood cells using
ammonium chloride. The cells were incubated for 2 h at
37 °C at a concentration of 5 x 10° cells/mL in RPMI 1640
(Gibco, NY, USA). Non-adherent cells were collected and
cultured in RPMI 1640 medium supplemented with 10%
FBS, 100 units/mL penicillin, 100 pg/mL streptomycin,
and 100 U/mL IL-2 (R&D system, MN, USA). These cells
were co-cultured with autologous DCs in four parallel
groups consisting of PBS-pulsed, LPS-pulsed, tumor
lysate-pulsed, or modified tumor lysate-pulsed DCs at a
ratio of 10:1 in RPMI 1640 culture medium containing
IL-2 (50 U/mL). On day 5, the culture media were
collected for the measurement of IFN-y secretion using
an ELISA kit (Proteintech, Rosemont, IL, USA). The
capacity of the DC-induced proliferative T cell response
was determined using Cell Trace™ CFSE (Invitrogen,
Waltham, MA, USA) according to the manufacturer’s
instructions.

Determination of CTL cytotoxicity

After DC-T cell co-culture, the cells were collected
as effector cells on day 5. The glioma cell lines U87 and
U251 were labeled with CFSE (Invitrogen, Waltham,
MA, USA), cultured in 6-well plates, and used as target
cells for cytotoxicity assays. After 24 h, the medium was
removed, and effector cells were added to CFSE-labeled
target cells at an E:T ratio [“E” means effector cells
(CTLs), “I” means target cells (U87 and U251)] of 50:1 in
RPMI 1640 supplemented with 10% FBS, 100 units/mL
penicillin, 100 pg/mL streptomycin, and 100 U/ml IL-2
(R&D system, MN, USA).

Measurement of ROS

Intracellular ROS was measured using
2’,7’-dichlorofluorescein diacetate (DCFDA) staining
(Abcam, Cambridge, UK) according to the manufacturer’s
instructions.

Statistical analysis

All statistical analyses were performed using
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GraphPad Prism 5.0 (GraphPad Software Inc., CA, USA).
Differences between the means of experimental groups
were statistically compared using unpaired Student’s
t-test, and significance was set at P< 0.05.

Results

DC morphology and expression of
surface markers

Human blood mononuclear cells were induced and
cultured in vitro. Small adherent round mononuclear
cells and precursor cells were visible on day 2 under an
inverted phase contrast microscope (Fig. 1a) and had a
low expression of surface molecules such as CD1a (2.78 +
0.88%), CD83 (3.74 + 0.93%), and CD86 (50.70 + 0.98%)
(Fig. 1cand le). Asthe stimulation time increased, the cells
became irregular, bulged, and larger. Around the 5th day,
DC colonies began to form. The cell volume continued
to grow and the bulges became more prominent. At this
time, the cells remained immature. After stimulation
with LPS and TNF-« for 24-48 h, the DCs were gradually
separated from the colonies, presenting an irregular
morphology of increased volume and elongated bulge.
The PBMCs were finally induced into mature irregular
DCs with clear protrusions in vitro on day 7 (Fig. 1b),
which had a higher expression of CDla (7.43 + 0.44%),
CD83 (18.16 + 5.91%), and CD86 (92.35 = 2.56%) (Fig.
1d and 1e).

Upregulation of maturation markers on
modified tumor lysate-primed DCs

Through differential centrifugation, the tumor lysate
was modified to contain microvesicles and soluble
proteins (Fig. 2a). DCs were loaded with tumor lysate,
modified tumor lysate, PBS (negative control group), and
LPS (positive control group) on day 5. The expression of
surface markers on DCs stimulated by different antigens
was analyzed by flow cytometry on day 7. The result
showed that the modified tumor lysate-pulsed DCs had a
significantly higher expression of CD1a (7.38 + 0.53% vs.
4.47 + 0.75%) and CD83 (19.81 = 4.09% vs. 9.64 + 1.50%),
compared with that of the tumor lysate group. CD86
(92.07 £ 0.355% vs. 91.72 + 1.748%) and HLA-DR (98.04
+2.02% vs. 95.19 + 2.06%) remained at a high level, and
there was no statistical significance between the two
groups (Fig. 2b).

Modified tumor lysate-pulsed DCs
stimulated lymphocyte proliferation and
secretion of IFN-y

Lymphocytes were successfully isolated from PBMCs
and identified using flow cytometry (Fig. 3a-3c). To
measure proliferative T cell responses, we co-cultured T
cells with DCs for 1, 3, and 5 d. We found that T cells
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Fig.1 Dendritic cell (DC) morphology and surface markers. (a) and (b) show DC morphology on Day 2 and Day 7, respectively. (c) and (d) represent
the expression of DC surface markers (CD1a, CD83, CD86, and HLA-DR) on Day 2 and Day 7, respectively. (e) represents the statistic histogram of the
expression of DC surface markers. Scale bar = 100 ym. * P< 0.1; ** P < 0.01; ** P < 0.001
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Fig. 2 Upregulation of maturation markers in modified tumor lysate-primed DCs. (a) illustrates the preparation of the modified tumor lysate through
differential centrifugation. (b) shows that modified tumor-lysate-primed DCs have a higher expression of maturation markers. ** P < 0.01

were not activated and began to proliferate after 1and3d  pulsed DCs were better capable of stimulating T cells
of co-culture, and no differences between these four co- and triggered stronger proliferative responses than that
culture groups in terms of proliferation index, compared  of the other three groups (Fig. 3f and 3g). Furthermore,
to T cells alone were found (Fig. 3d and 3e). After 5d we confirmed that T cells had a higher ratio of CD8* /
of co-culture, we showed that modified tumor lysate- CD4* cells after co-culture with DCs; however, there
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Fig.3 T cell proliferation and IFN-y secretion. (a), (b), and (c) show the flow cytometry scatter plot of CD3, CD4, and CD8, respectively on lymphocytes
isolated from PBMCs. (d) and (e) represent the statistical histogram of the proliferative T cell responses on Day 1 and Day 3, respectively, after co-
culture with tumor lysate, modified tumor lysate, PBS, and LPS pulsed DCs. (f) and (g) exhibit the flow cytometry overlay histogram plot and statistical
histogram, respectively, which represents the proliferative T cell response on Day 5 after co-culture with the four groups of DCs. Lym+ stands for the
group of T cells without co-culture. (h) indicates the ratio of CD8*/CD4* T cells after co-culture with the four groups of DCs. Lym- stands for the group

of T cells before co-culture. (i) represent the statistical histogram of the IFN-y

mm PBS =3 LPS = Tumorlysate == Modified tumor lysate

0.8

*k

0.6

0.4

Cytotoxicity

0.2

0.0

us7

U251

Fig.4 Cytotoxicity of CTLs pulsed with DC vaccines. CTLs pulsed with
modified tumor lysate-primed DCs showed the strongest cytotoxicity
against tumor cells (U87 and U251). * P < 0.1; ** P < 0.01

were no differences between tumor lysate-pulsed DCs
and modified tumor lysate-pulsed DCs in terms of the
ratio of CD87/CD4" T cells (Fig. 3h). After co-culture of T
cells with DCs for 5 d, we collected the culture media and
measured the secretion level of IFN-y using an ELISA kit.
We demonstrated that the level of IFN-y was significantly
higher in the modified tumor lysate-pulsed DCs than that

secretion level in the four groups. * P < 0.1; ** P < 0.01; *** P < 0.001

in the tumor lysate, PBS, or LPS-pulsed DCs (Fig. 3i).

Modified tumor lysate-pulsed DCs induced CTL
cytotoxicity against glioblastoma cells

To determine the cytotoxicity of T cells stimulated by
modified tumor lysate-pulsed DCs, we used the CFSE-
labeled glioma cell lines U87 and U251 as target cells.
The cytotoxicity of T cells activated by modified tumor
lysate-pulsed DCs was significantly greater than that of
PBS, LPS, and tumor lysate-pulsed DCs (Fig. 4).

ROS in modified tumor lysate-pulsed DCs
Toexplore the mechanisminvolvedintheimprovement
of the in vitro antitumor immunocompetence of the
modified DC vaccine, we measured ROS in the tumor
lysate and modified tumor lysate-pulsed DCs. We found
that the level of ROS in modified tumor lysate-pulsed DCs
was lower than that in tumor lysate-pulsed DCs (Fig. 5).

Discussion

Immunotherapy is one of the most promising
adjuvant treatments for glioblastoma following surgery,
radiotherapy, and chemotherapy. DC vaccines play vital
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roles in immunotherapy 2. The high heterogeneity

of glioblastomas limits the antitumor effect of a single
antigen-sensitized DC vaccine. Although the whole
tumor lysate contains multiple epitopes of tumor
antigens, many components released during cell lysis may
affect the normal function of DCs. This study highlights
that by using differential centrifugation to sequentially
remove the sources of ROS, including mitochondria,
lysosomes, and peroxisomes, from the whole tumor
lysate, we increased the maturity of DCs and their ability
to stimulate lymphocyte proliferation and secrete IFN-y.
Meanwhile, the number of CD8* lymphocytes increased,
contributing to a more effective antitumor immune
response.

The maturity of DCs determines their ability to
stimulate lymphocytes and their antitumor effects. Mature
DCs can elicit an effective adaptive immune response,
whereas immature DCs induce immune tolerance 2. In
this study, differential centrifugation was used to remove
the source of ROS, which may affect the maturation of
DCs from the whole tumor lysate. We showed that the
modified tumor lysate-pulsed DCs had a higher expression
of surface markers such as CD83 and CDla, and a better
ability to stimulate lymphocyte proliferation and IFN-y
secretion, which indicates a more efficacious adaptive

http://otm.tjh.com.cn

immune response. The cross-presentation of foreign
antigens by DCs to CD8* T lymphocytes underpins anti-
tumor immunity ® 7). Chen et al proposed that DCs
present foreign antigens to naive CD8* T cells through
cross-activation in the form of MHC-I-antigen complexes
and stimulate them into CTLs, which exert a strong and
specific anti-tumor immune response 8. Studies have
shown that infiltrating T lymphocytes in the tumor
microenvironment, especially CD8* T cells, are closely
related to the anti-tumor immune effect, and a higher
infiltration of T cells suggests a relatively better prognosis
for patients with malignant tumors %, The modified
DC vaccine prepared in this study triggered an evident
lymphocyte ratio conversion after co-culture with
lymphocytes in vitro. There was no significant difference
in the ratio of CD8'/CD4' lymphocytes between the
tumor lysate and modified tumor lysate-pulsed DCs;
nonetheless, the latter was better capable of stimulating
the proliferation of lymphocytes. Therefore, the number
of CD8" T cells stimulated by the modified tumor lysate-
pulsed DCs was considerably increased, indicating that
the modified DC vaccine can trigger a more powerful
anti-tumor immune response. We further confirmed that
the modified DC vaccine was more effective in triggering
CTL cytotoxicity against glioma cells.

Many studies have shown that the effect of ROS on
DC function is complex. The maturation and antigen-
presenting ability of DCs are bidirectionally regulated
through different mechanisms 33, Rutault et al found
that the maturity of DCs increased after H,O, intervention
B34, However, studies have shown that reactive oxygen
species inhibit the maturation of DCs by inducing
endoplasmic reticulum stress . Herber et al found
that the abnormal deposition of oxidized liposomes in
DCs reduced their ability to process and present tumor-
related antigens, compromising their ability to trigger
anti-tumor immune responses, which was restored
after the reduction of oxidized liposomes through drug
intervention in lipid synthesis . Moreover, Herrera
et al showed that abnormal oxidative stress in breast
cancer patients indicates an increased risk of tumor
recurrence 7)., In 2015, Juan et al confirmed that ROS in
the tumor microenvironment inhibits the ability of DCs
to stimulate T cells by inducing abnormally activated
endoplasmic reticulum stress in ovarian tumor-associated
DCs. Intervention in the endoplasmic reticulum stress
signaling pathway restores the ability of tumor-associated
DCs to activate T cells and elicit efficacious anti-tumor
immune responses?’.. As one of the main sources of ROS,
mitochondria play a key role in maintaining cellular
redox balance 8. Studies have shown that mitochondria
continue to release ROS for 48 h, even after dysfunction of
the electron transport chain . Chougnet et al confirmed
that mitochondrial-derived ROS inhibit the ability of
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bone marrow-derived DCs to cross-present antigens
in mice B2, In this study, the main sources of ROS,
including mitochondria, lysosomes, and peroxisomes,
from the whole tumor lysate without a drug intervention,
eliminated possible components that may inhibit the
function of DCs through differential centrifugation. We
found that the modified tumor lysate-pulsed DCs had
a significant decrease in the level of intracellular ROS,
which may explain, to a certain extent, the mechanism
by which the modified tumor lysate stimulates DCs to
further mature and trigger a more effective anti-tumor
immune response.

Nevertheless, this study has some limitations
and provides direction for further exploration and
improvement. First, all experiments were in vitro
cell experiments, which cannot reflect the role of the
immune system as a whole and the impact of the tumor
microenvironment. Second, although this study detected
a decrease in the level of ROS in DCs sensitized by
modified tumor lysate, we could not clarify whether
ROS are involved in the mechanism of the modified
DC vaccine to elicit more effective antitumor immune
responses. Therefore, further studies are required. Third,
considering that the components of the whole tumor
lysate are complex, it is still necessary to further clarify
which specific components affect the anti-tumor immune
activity of the whole tumor lysate-sensitized DC vaccine.

Conclusion

In summary, this study improved the in vitroantitumor
immunocompetence of the whole tumor lysate-pulsed
DC vaccine against glioblastoma through differential
centrifugation without a drug intervention. Meanwhile,
we proposed that reactive oxygen species may be the key
to affecting DC function in whole tumor lysates, providing
a theoretical basis for the clinical application of a modified
tumor lysate-pulsed DC vaccine in glioblastoma.
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