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lymph nodes by intraperitoneal administration

Bin Wang?*, Chong Sun?#", Sijia Wang®®, Na Shang?, Junjie Shangguan?, Matteo Figini?, Liang Pan2¢, Kang
Zhou?, Quanhong Ma?, Daniele Procissi?, Yury Velichko?’, Vahid Yaghmai??, Guoxin Li, Zhuoli Zhang?’

1Department of General Surgery, Nanfang Hospital, Southern Medical University, Guangdong Provincial
Engineering Technology Research Center of Minimally Invasive Surgery, Guangzhou, China; Departments of
2Radiology, *Dermatology, Feinberg School of Medicine, Northwestern University, Chicago, IL, USA; “Department of
Orthopedics, Qilu Hospital, Shandong University, Jinan, Shandong, China; °Department of Dermatology, Nanfang
Hospital, Southern Medical University, Guangzhou, Guangdong, China; °Department of Radiology, The Third
Affiliated Hospital of Soochow University, Changzhou, Jiangsu, China; "Robert H. Lurie Comprehensive Cancer
Center, Chicago, IL, USA. "Equal contributors.

Received November 2, 2017; Accepted December 29, 2017; Epub September 15, 2018; Published September 30,
2018

Abstract: Dendritic cell (DC) based immunotherapy is a promising approach for cancer treatment and has been
approved in clinical settings for decades. Clinical trials have demonstrated relatively poor therapeutic efficacy. The
efficacy of DC immunotherapy is strongly influenced by their ability to migrate to the draining lymph nodes (LNs).
Therefore, it is critical to deliver DCs and monitor the in vivo biodistributions of DCs after administration. The pur-
pose of this study is to determine whether a novel injection route of DCs improves DC migration to LNs, tissues,
organs and lymphatics. In the present study, a modified method was investigated to acquire DCs from mouse bone
marrow. Cultured antibody labeled DCs were analyzed by flow cytometry. India ink was used to visualize mouse
abdominal LNs and PKH26 was utilized to label DCs for intraperitoneal (IP) injection, results were evaluated by
histology. Our results showed that large amounts of DCs with a relatively high purity were acquired. IP injection of
india ink marked the abdominal LNs and PKH26 labeled DCs showed IP was an effective administration route to
increase the absorption of viable DCs, and different time points after IP inject showed no significant difference of
the migrated DCs. The findings indicated that large amounts of high purity DCs can be acquired through our method
and IP injection accelerates DCs migration to abdominal LNs, which can be directly translated to clinical settings,
especially for abdominal cancers. This study makes a foundation for future researches of DC-based immunotherapy
as a treatment modality against cancer.
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Introduction

Dendritic cells (DCs) can present antigens on
their surface to other cells of the immune sys-
tem [1, 2] and have been used in this capacity
as potent therapeutic vaccines against human
cancers [3]. However, immature DCs in a tumor
environment may be functionally defective
[4-6]. This limitation can be overcome by gener-
ating immature DCs from bone marrow cells
and activating them with tumor antigens to
allow maturation of these DCs with proinflam-
matory stimuli in vitro [7, 8]. Many experimental
immune therapies are now based upon the DC
immunotherapies of cancer patients with autol-
ogous DCs [6, 9-11]. DC-based immunotherapy

has clinically relevant mechanisms of action
with great potential for the systemic treatment
of many cancers in clinical settings [12-14].
However, clinical trials have not yet demonstrat-
ed positive therapeutic efficacy and clinical
response has been limited to a minority of
patients [9-11, 15]. The effectiveness of immu-
nization with DC-based immunotherapies is
strongly influenced by their successful migra-
tion to secondary lymphoid organs and tissues
where they orchestrate immune response [6,
9-11, 16].

The administration route and frequency of DC-
based vaccine injections along with the number
of injected cells are strongly relevant with the
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viable DCs migration efficacy and subsequently
determine the result of the treatment. Currently
the standardized methodology of DC-based
cancer vaccine application is not established
yet [17]. Though ex vivo generated DCs loaded
with specific tumor antigens have been proved
to be feasible and superior, the administration
route remains controversial [10]. Given that
substantial population of LNs reside in the
abdomen and together with spleen, consisting
the most important secondary lymphoid organs
[18], it's theoretically effective that we inject
the DCs intraperitoneally (IP), particularly for
the abdominal tumors. However, few studies
have demonstrated the efficiency of DC-based
cancer vaccine employed through this route.

In this study, to determine whether a novel
injection route of DCs improves DC migration
to LNs, tissues, organs and lymphatics, which
may give new insights into the DC-based anti-
cancer regimen and provide approaches that
can be directly translated to clinic and improve
the outcome.

Materials and methods

The study was approved by institutional animal
care and use committee (IACUC) and were
strictly performed in compliance with NIH
guidelines.

Animals and reagents

The mouse bone marrow derived DCs were pre-
pared as previously described with some modi-
fications [19]. Briefly, C57BL/6 mice (4-6 weeks
age; Charles River, Wilmington, MA) were sacri-
ficed with CO,. After immersed in 70% ethanol
for 5 mins, tibias and femurs were carefully dis-
sected. All the muscles and tissues attached to
the bones were cleaned with sterilized gauze,
and the bones were disinfected by immersion
in 70% ethanol for 5 mins. Then the bones were
flushed in half with fetal bovine serum (FBS)
free RMPI 1640 (Gibco, Waltham, MA) in the
hood. When the middle of the bones became
visually white, the end of the bone was cut and
flushed again. The bone marrow cells were col-
lected and red blood cells were lysed. A total of
1x10° cells in 10 mL DC culture medium that
containing 10% FBS (Gibco, Waltham, MA), 100
units/mL penicillin, 100 yg/mL streptomycin,
0.25 pg/mL amphotericin b (antibiotic-antimy-
cotic 100x, Gibco, Waltham, MA), 10 ng/mL rm-
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GM-CSF and 1 ng/mL rm-IL-4 (both from
Shenandoah Biotechnology, Warwick, PA) were
plated in a petri dish. If a mature state was pre-
ferred, a cocktail of IFNy, TNFa and LPS (all
from Shenandoah Biotechnology, Warwick, PA)
was added at 7*" day. After 8 days’ culture, float-
ing and loosely attached cells were ready to be
harvested and tested by flow cytometry.

FACS

The cultured mouse bone marrow derived cells
were collected and washed by cold PBS, incu-
bated for 40 mins at 4°C with 2 ug/3x10°
cells anti-mouse PerCP-Cy™5.5 CD11c, PerCP-
Cy'™5.5 CD11b, APC CD40, APC CD86, PE
CD80, PE H-2Db, FITC H-2Kb (all from BD
Bioscience, San Jose, CA), PE MHC Il (Southern
Biotech, Birmingham, AL) and appropriate iso-
type controls. Cells were identified by flow
cytometry (BD LSRFortessa™ cell analyzer, San
Jose, CA) and the data were analyzed by FlowJo
(FlowJo LLC, Ashland, OR).

Dendritic cell labelling

The labeling of DCs was performed according
to production manual. Briefly, at the 8" day of
culture when the DCs were mature, 2x10°
washed cells in 100 pL Diluent C were mixed
with 100 pL Diluent C containing 0.4 uL PKH 26
dye for 5 mins (Sigma-Aldrich, St. Louis, MO).
After adding 200 pL FBS and 3 times wash-
ing, the DCs were labeled with PKH26 (red) and
the labeling efficiency was evaluated by fluores-
cent microscope (Axiovert 40 CFL, Carl Zeiss,
Ontario, CA).

Abdominal LNs visualization

Six mice were IP injected with 100 uL 10% india
ink (BD, Sparks, MD) and 2x10°% PKH26 (red)
labeled DCs respectively. After 30 mins, the
india ink injected mice were sacrificed and
abdomen were opened. India ink stained LNs
and lymphatics can be visually seen. Spleen,
pancreas, intestine and surrounding tissues
were then collected and fixed in formalin for
histological verification of india ink staining. As
to PKH26 (red) labeled DCs injected mice, the
interval before euthanasia is 1 hour. The col-
lected tissues were embedded in OCT com-
pound (Fisher HealthCare, Houston, TX) infused
modes that were placed on dry ice, and freezed
at -80°C after 2 mins.

Am J Transl Res 2018;10(9):2859-2867
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Figure 1. Schematic diagram of BMDC generation. Herein we illustrate the process with objective photograph of
mouse BMDC. After sacrificed with CO, (A), the tibias and femurs are carefully and intactly dissected with surround-
ing muscles and tissues detached (B). Bones are flushed with medium in half with tips preserved followed by second
flush without tips (C), until the bones were flushed white (D). After centrifuge (E) and red blood cells lysed (F), these
mouse bone marrow cells are plated into petri dishes at a concentration of 1x10%/mL (G), and cultured for 7 days
in the presence of GM-CSF and IL-4.

4th day

Figure 2. BMDC morphology development. Dynamic morphology changes of the mouse bone marrow cells are re-
corded everyday under an optical microscope. Representative pictures are shown. Cells were loosely connected and
no DC characteristics can be seen in the first two days (A, B). From the second day of culture, cell clusters can be
observed (C) and typical DC dendrites grow out in the third day (D). Cells proliferate rapidly (E-G), and at the last day
of culture, a large amount with longer dendrites can be acquired (H). Scale bar represents 20 ym.

Histology microtome portion of the cryostat and picked
up on slides. One group of the slides were
mounted by cover glasses with ProLong Glod
Antifade Reagent with DAPI (Cell Signaling
Technology, Danvers, MA). Another group were
stained with H&E, and all the slices were
observed under optical microscope as well as

florescent microscope (Axioimager Z1, Carl

For india ink injected mice, the organs and tis-
sues collected after euthanization were imme-
diately fixed in formalin solution for 72 hours,
and then embedded in paraffin. Slices were cut
in 4 pym thick and stained with H&E. All the
slices were analyzed with optical microscope

(EVOSFLCelllmaging System, Life Technologies,
Carlsbad, CA) from low magnification (10x) to
high magpnification (40x) by the same person.
For PKH26 (red) labeled DCs injected mice, the
samples that were placed in OCT compound
and freezed at -80°C were cut in 5 ym with the
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Zeiss, Ontario, CA).

Statistics

Total cells amount and PKH26 positive cells
amount of the representative figures of spleen

Am J Transl Res 2018;10(9):2859-2867
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Figure 3. Flow cytometry analysis of BMDC. DCs were harvest after 8 days’ culture. CD11c and CD11b were chosen
as DC specialty markers, CD40, CD80, CD86, MHC Il, H-2Db and H-2Kb were utilized as DC maturity markers (A, B).
(C) Average percentage of the chosen markers expression. Error bars represented mean + SD. Three independent

experiments were performed.

slides were count by Imagel software (NIH,
Bethesda, MD). Student’s t test was used to
compare the differences between different
time points after IP injection of PKH26 labeled
DCs. Data were presented as mean + SD. P<
0.05 was considered as statistically signifi-
cant.

Results
BMDC amount and morphology development

A total amount of 1.0-1.2x107 cells could be
acquired from one mouse bone marrow through
our method, as diagrammatized in Figure 1, in
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contrast to flushing in half only with 0.5-0.8x10”
cells. Representative photographs of the cul-
tured cells with typical DC characteristics in a
dynamic development were shown in Figure 2.
After 8 days’ culture, the bone marrow derived
cells with initial concentration of 1x10° cells/
mL would proliferate to occupy all the 10 cm
petri dishes, and we were able to obtain 1-2x108
cells at this point.

BMDC purity and maturity

The cultured bone marrow derived cells were
collected and tested by flow cytometry. Results
suggested a relatively high purity and maturity

Am J Transl Res 2018;10(9):2859-2867
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Figure 4. Abdominal LNs visualization by india ink. Mice are injected 100 L
of 10% india ink intraperitoneally and sacrificed after 30 mins. The abdomen
is opened and pancreas as well as intestine with visual India ink staining are
collected for histology analysis (A, B). Representative pictures of pancreas and
intestine slices with H&E staining are shown (C, D). Black arrows indicate LNs
and lymphatics stained by india ink. Scale bar represents 40 um.

Figure 5. Macroscopical and histological pictures of spleen after india ink injec-
tion. Spleens are collected 30 mins after IP injection of 100 pL india ink at 10%
concentration or 100 uL saline solution (A, B). Corresponding slices of H&E
staining are presented with black arrows indicating LNs and lymphatics staining
with india ink (C, D). Scale bar represents 40 ym.

of DCs with substantial
expression of CD11c, CD-
11b and other DC maturity
markers compared to iso-
type controls (Figure 3A,
3B). Independent repeat-
ing experiments of analo-
gous DC markers expres-
sion confirmed this method
as a stable and repeatable
approach to achieve exten-
sive quantity mouse bone
marrow derived DCs (Figure
30C).

Abdominal LNs
Visualization by India ink

After 30 mins india ink IP
injection, the mouse abdo-
minal LNs and lymphatics
could be visually distin-
guished (Figures 4A, 4B,
5B). The india ink stained
organs and tissues were
collected for histologic de-
monstration of the staining
efficiency. H&E staining of
the slices indicated signifi-
cant uptake of india ink by
abdominal lymph organs
(Figures 4C, 4D, 5D). As
spleen is the largest lymph
organ of the body where
large amounts of lympho-
cytes exist, we compared
the macroscopical and his-
tological features of spleen
after india ink and equal
PBS IP injection, respec-
tively. Results showed con-
siderable stained cells in
the spleen (Figure 5).

Migration of fluorescence
labeled BMDCs to abdomi-
nal LNs via IP injection

The PKH26 (red) labeling
efficiency of mouse bone
marrow derived mature
DCs was verified under fluo-
rescent microscope (Fig-
ure 6A, 6B). 2x10° labeled

2863 Am J Transl Res 2018;10(9):2859-2867
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Figure 6. Fluorescent labeled BMDC in abdominal LNs. The cultured DCs labeled with PKH26 (red) were observed by optical and fluorescent microscope (A, B).
Scale bar represents 20 ym. Spleen, pancreas and intestines along with surrounding tissues were collected for frozen sections after 1-hour IP injection of labeled
DCs. H&E staining characterized the tissue structure and the labeled DCs were detected in the LNs, tissues, organs and lymphatics under fluorescent microscope
(C-H). (C-E) Scale bar represents 40 um. (F-H) Scale bar represents 20 um. PKH26 positive DCs in spleen were quantified by ImageJ in different time points after IP
injection (). (#), no statistical difference.
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cells were injected intraperitoneally and the
mice were euthanized 1 hour later. The same
organs and tissues to Figures 4 and 5 were col-
lected for frozen sections. After the organ struc-
ture were confirmed by H&E staining (Figure
6C-E), fluorescent microscope analysis of the
same slides detected the labeled DCs in the
LNs, tissues, organs and lymphatics, which was
in consistent with india ink injected mice results
(Figure 6F-H). The results of spleen were quan-
tified by ImageJ and no significant difference
was observed between different time points
after IP injection (1 hvs. 6 h, 7.26% vs. 7.73%,
P=0.4842; 1 h vs. 12 h, 7.26% vs. 7.59%, P=
0.7462; 6 h vs. 12 h, 7.73% vs. 7.59%, P=
0.8908) (Figure 6l).

Discussion

Ex vivo isolation of DC precursors from murine
bone marrow and following differentiation into
DCs has been extensively studied, and it is
reported to be feasible and effective [20, 21].
However, unified standard is still not reached
among diverse exploration of the mouse bone
marrow isolation process and cell culture reci-
pe [22-24]. In the present study, a modified
method was used to acquire large amounts of
DCs from mouse bone marrow. The tips of
bones were preserved at first to avoid possible
contamination and cut it after first flush to fully
wash out the bone marrow. Furthermore, the
ratio of rm-GM-CSF and rm-IL-4 combination
was investigated for the DC culture medium
and found out 10 ng/mL rm-GM-CSF with 1 ng/
mL rm-IL-4 to be the preference in our assays.
A relatively high DC purity and maturity were
founded after 8 days’ culture rather than 6
days, similar as Lutz’'s conclusions [25]. These
slight modifications enabled us to gain large
quantities of highly pure DCs from mouse bone
marrow for further research compared to other
reports [20, 21].

The administration route of DC-based cancer
vaccine is directly correlated with consequent
antitumor immune response and immune me-
mory [26, 27]. Currently, administration routes
include subcutaneous injection and intra-LN
injection [28, 29]. Low dose of DCs can migrate
to LNs and organs by subcutaneous injection
[28, 29]. A cluster of DCs directly delivers to
LNs, which affects DC therapeutic function by
intra-LN injection [28, 29]. Regarding in the
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anatomic basis of abdomen. It turned out the
uptake of IP injected labeled DCs by abdominal
LNs, tissues, organs and lymphatics was com-
parable to india ink IP injection, indicating
this administration method may increase the
amount of viable DC-based vaccines that are
actively absorbed by abdominal lymphoid
organs and thus improve outcomes. Our results
suggested a more suitable and potential admin-
istration route for abdominal cancers.

Previous reports showed that DC-based vac-
cine might be more valuable and efficient when
applied in the early stage of the disease. Cur-
rent attempts to combine DC-based cancer
vaccine with immunostimulatory cytokines,
immunomodulating agents, chemotherapy, tar-
geted therapy and immune checkpoint inhibi-
tors have shown clinical benefits [30-33], while
the optimal combination regimen remains to be
established. However, large amount of highly
pure DCs from mouse bone marrow will be
needed and IP delivery of DCs will improve DC
therapeutic efficacy due to more DCs to abdom-
inal LNs.

In conclusion, we present a modified method to
acquire considerable amount of mouse bone
marrow derived DCs and testify the efficiency
of IP injection of labeled DCs, making a founda-
tion for future researches of DC-based vaccine
immunotherapy as a part of comprehensive
treatment against cancer, especially forabdom-
inal tumors.
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