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A glycolipid adjuvant, 7DW8-5, provides a protective
effect against colonic inflammation in mice by the
recruitment of CD1d-restricted natural killer T cells
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'Samsung Biomedical Research Institute, Samsung Medical Center, Seoul:*Department of Medicine, Samsung Medical Center, Sungkyunkwan
University School of Medicine, Seoul, Korea

Background/Aims: The modulation of CD1d-restricted natural killer T (NKT) cells by glycolipids has been considered as a
potential therapy against immunologic diseases, including inflammatory bowel disease. A recently identified a glycolipid ana-
log, 7TDW8-5, which is derived from a-galactosylceramide (a-GalCer), is as much as 100-fold more active at stimulating both
human and mice NKT cells when compared to a-GalCer. We explored the effects of 7DW8-5 in mouse models of acute and
chronic colitis. Methods: We investigated the effects of 7DW8-5 on intestinal inflammation by assessing the effects of 7dW8-5
on a murine dextran sulfate sodium (DSS)-induced acute colitis model and a chronic colitis-associated tumor model. Results:
The acute DSS-induced colitis model showed a dose-dependent response to 7DW8-5, as mice administered 7DW8-5 showed a
significant improvement in DSS-induced colitis based on their disease activity index, histologic analysis, and serum C-reactive
protein levels, when compared to mice administered vehicle alone. However, DSS-induced colitis in CD1d-KO mice showed
no response to 7DW8-5. A fluorescence-activating cell sorting analysis revealed an increase in NKT cells in colonic tissues of
7DW8-5-treated mice. RNA-seq and real-time quantitative polymerase chain reaction showed a significant increase in the ex-
pression of interleukin (IL)-4, IL-13, and interferon-gamma in 7DW8-5-treated mice. In addition, 7DW8-5 treatment reduced
colitis-associated tumor development in an azoxymethane/DSS mouse model. Conclusions: 7DW8-5 activates NKT cells
through CD1d and provides a protective effect against intestinal inflammation in mice. Therefore, 7DW8-5 may be a promising
therapeutic agent for treatment of inflammatory bowel disease. (Intest Res 2020;18:402-411)
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INTRODUCTION mune effector properties.' The most extensively studied glyco-

lipid reactive T cells are the CD1d-restricted natural killer T

Certain types of glycolipids have remarkable immunomodu-
latory properties that arise from their ability to activate specif-
ic T lymphocyte populations that have a wide range of im-
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(NKT) cells, which are characterized by the expression of
semi-invariant T cell receptor (TCR) and surface antigens that
are typically associated with NK cells (NK1.1).** The TCR on
NKT cells is unique in that it recognizes glycolipid antigens
presented by the major histocompatibility complex I-like mol-
ecule, CD1d." Once activated, NKT cells can secrete a very
diverse array of pro- and anti-inflammatory cytokines to mod-
ulate innate and adaptive immune responses.' NKT cells ac-
count for only a small percentage of lymphocytes; however,
they are extremely potent and play central roles in immunity
to infection, in some cancers, and in autoimmunity.*® Thus,
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Fig. 1. Structure of a-galactosylceramide (a-GalCer) and 7DW8-5.
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glycolipid-mediated activation of NKT cells has been explored
for immunotherapy in a variety of infectious disease and can-
cers.'

Alpha-galactosylceramide (KRN7000, a-GalCer) was origi-
nally recognized for its antimetastatic properties in a marine
sponge, and it became the first known CD1d-presented lipid
antigen for NKT cells.” The synthetic form of o-GalCer is wide-
ly studied and is the best-known glycolipid antigen for activat-

1 However, a-GalCer

ing NKT cells, both in vivo and in vitro.
displays only marginal biological activity.” A novel analog of
a-GalCer (Fig. 1), 7DW8-5, has recently been identified. Step-
wise screening assays confirm 7DW8-5 as a glycolipid that is
as much as 100-fold more active at stimulating both human
and mouse NKT cells when compared to a-GalCer." 7DW8-5
has shown superior effects to a-GalCer as a malaria vaccine
adjuvant in mouse models.””" 7DW8-5 is also viewed as a
promising immunotherapeutic agent; however, its effects are
not yet well defined with respect to autoimmunity and inflam-
mation. One commonly used experimental inflammation
model is the mouse dextran sulfate sodium (DSS)-induced
colitis model of inflammatory bowel disease (IBD). This mod-
el affords a high degree of uniformity and reproducibility for
most lesions in the colon. The DSS model has confirmed an
involvement of CD1d-mediated activation of NKT cells in im-
provement of the colitis symptoms induced by DSS adminis-
tration."" In the present study, we used this model to investi-
gate the effects of 7DW8-5 on colitis progression in DSS-in-
duced mice and to define the changes in immune responses
induced by activated NKT cells and mediated by 7DW8-5
treatment.

METHODS

1. Design of the Animal Experiment
C57BL/6 (wild type, WT) and C57BL/6-Cd1d1/J (CD1d knock-
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out, CD1d” ') mice, 6 to 8 weeks old, were purchased from the
Jackson laboratory (Sacramento, CA, USA). All mice were main-
tained in a temperature- and light-controlled facility and al-
lowed ad libitum access to water and pellet chow. All animal
experiments were approved by the Institutional Animal Care
and Use Committee of the Samsung Medical Center (IACUC
No.20150105005).

2. Acute Colitis Model

Acute colitis in mice was induced in mice by supplying DSS
(MP Biomedicals, Santa Ana, CA, USA) in the drinking water
at a 4% concentration. 7DW8-5 was purchased from the Funa-
koshi Company (Tokyo, Japan) and dissolved in dimethyl sulf-
oxide following the manufacturer’s recommendation. The op-
timal dosage of 7DW8-5 was determined by administering 10,
50, 100, and 200 pg of 7DW8-5 per 1 kg of mouse body weight
intraperitoneally to a minimum of 3 acute colitis model mice.
The body weight change and colitis activity of the mice admin-
istered different dosages of 7DW8-5 were compared to those
of 5 WT mice administered o-GalCer.

The effects of 7DW8-5 in the acute colitis model were evalu-
ated by administering 7DW8-5 (DSS/7DW8-5 group, n=10)
or vehicle (DSS/vehicle group, n=10) intraperitoneally at day
0 and repeating this administration every 48 hours. Day 0 was
determined as the day of first administration of DSS and
7DWS8-5 or vehicle. All groups of mice were sacrificed on day
7. The CD1d" mice were given a dose of only 100 pg/kg body
weight of 7DW8-5 (CD1d” DSS/7DW8-5 group, n=6) or ve-
hicle (CD1d" DSS/vehicle group, n=6) intraperitoneally. In
addition, 200 mg of anti-NK1.1 was injected to WT mice intra-
peritoneally on day -1 to abolish NKT cell pharmacologically.
Subsequently, DSS-induced colitis was induced with admin-
istration of 7DW8-5 (anti-NK1.1/DSS/7DW8-5 group, n=3)
or vehicle (anti-NK1.1/DSS/vehicle group, n=3) intraperito-
neally.

Colitis activity was monitored by scoring the disease activity
index (DAI) on day 2, 4, and 6, as follows:" Weight loss: 0 (no
loss), 1 (1%-5%), 2 (5%-10%), 3 (10%-20%), and 4 (>20%);
Stool consistency: 0 (normal), 2 (loose stool), and 4 (diarrhea);
Bleeding: 0 (no blood), 1 (hemoccult positive), 2 (hemoccult
positive and visual pellet bleeding), and 4 (gross bleeding, blood
around anus). A blood sample was obtained from each mouse
at day 7. After sacrificing the mice, the colonic tissues were
harvested and used for the measurement of colon length, RNA
precipitation, single cell suspension for flow cytometry, and
histologic analyses.
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3. Chronic Colitis-Induced Tumor Model (AOM/DSS
Model)

The effects of 7DW8-5 on colitis-induced tumors were inves-
tigated by injecting mice intraperitoneally with azoxymeth-
ane (AOM; Sigma-Aldrich, St. Louis, MO, USA) at a dose of 7.4
mg/kg body weight at day 0. At the same time, 3% DSS was
supplied in the drinking water and maintained until day 4. The
drinking water was then changed to regular water and main-
tained until day 14. This induction cycle was repeated twice.
7DWS8-5 or vehicle were then administered to the mice every
48 hours during the DSS supply period and every 72 hours in
the water supply period. All mice in all groups were sacrificed
at day 45. After sacrificing the mice, colon tissues were harvest-
ed and the numbers of tumor >1 mm in diameter were count-
ed after 4% indigo carmine staining.

4. Histological Analysis and Histological Scoring
Formalin-fixed, paraffin-embedded tissue was sectioned and
stained with H&E via standard methods. Histologic scores were
determined using a combined score of severity of inflamma-
tion, crypt damage, and ulceration. The histological scoring
was defined as follows:"” Severity of inflammation: 0, rare in-
flammatory cells in the lamina propria; 1, increased numbers
of granulocytes in the lamina propria; 2, confluence of inflam-
matory cells extending into the submucosa; and 3, transmural
extension of the inflammatory infiltrate. Crypt damage: 0, in-
tact crypts; 1, loss of the basal one-third; 2, loss of the basal two-
thirds; 3, entire crypt loss; 4, change of epithelial surface with
erosion; and 5, confluent erosion. Ulceration: 0, absence of ul-
cer; 1, one or two foci of ulcerations; 2, three or four foci of ul-
cerations; and 3, confluent or extensive ulceration.

5. RNA Extraction and Real-Time Quantitative PCR

Total RNA was extracted from appropriate cells using an
RNeasy Mini Kit (QIAGEN, Hilden, Germany) and the con-
centration measured with an ND-1000 Spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). The real-
time quantitative polymerase chain reaction (qQPCR) assays
were run using 1-5 pg RNA per sample using a qScript™
One-STEP qRT-PCR Kit (Quanta Biosciences, Beverly, MA,
USA). Relative mRNA expression levels were measured by
quantitative PCR using a TagMan probe (BD Bioscience, San
Jose, CA, USA). The plate documentation/experimental pa-
rameters for qPCR followed the manufacturer’s instructions
and analysis was done using a 7300 real-time PCR detection
system (BD Bioscience). Three independent qPCR reactions
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were performed and target mRNA levels were normalized rel-
ative to B-actin expression levels.

6. Measurement of Serum CRP Level

The serum level of C-reactive protein (CRP) was measured in
mouse blood obtained at day 7 using a mouse CRP ELISA kit
(R&D Systems, Minneapolis, MN, USA). ELISA assays were
performed in accordance with the manufacturer’s instruc-
tions. The optical densities of the samples were determined
using a microplate reader set at 450 nm. The experiments
were run in triplicate.

7. Fluorescence-Activating Cell Sorting

Single cell suspensions were prepared from the colon tissues
and incubated in DMEM (Dulbeccos modified Eagle’s medium)
with collagenase 1 (Sigma-Aldrich) and dispase (Sigma-Al-
drich) for 1 hour. After incubation, the cells were collected by
filtering the cell solution through a 40 pm strainer. The flow
cytometry analysis was conducted on 5x 10" cells to detect
each marker. Cells were incubated for 20 minutes in the pres-
ence of an appropriate dose of antibodies in fluorescence-ac-
tivating cell sorting (FACS) buffer. In this study, we used anti-
mouse CD3e (BD bioscience), NK1.1 (BD bioscience), and
Cd1d tetramer (Proimmune Ltd., Oxford, UK) to measure the
population of NKT cells. Colonic NKT cells were sorted by first
enriching the stained cells for CD3+ leukocytes and the CD3-
enriched samples were then sorted with anti-NK1.1 and CD1d
tetramer. Cell sorting was conducted using a FACS Aria 1 in-
strument (BD Bioscience). The percentages of cell populations
were calculated by acquiring a total of 10,000 events.

8. RNA Sequencing

Total RNA was extracted from colonic tissues obtained from
DSS/vehicle mice (n=3), DSS/7DW8-5 mice (n=3), and DSS/
a-GalCer mice (n=2). An mRNA library was constructed and
sequencing was carried out using the 100 bp paired-end mode
of the TruSeq Rapid PE Cluster kit and TruSeq Rapid SBS kit.
The RNA sequencing data were subjected to quality control, and
then the trimmed reads were mapped to a reference genome
with the TopHat splice-aware aligner, and the transcript was
assembled by Cufflinks with aligned reads that contained paired-
end information. The fragments per kilobase of transcript per
million mapped reads of assembled transcripts were calculat-
ed for each sample using Cufflinks. All RNA-seq experiments
and analyses were performed by Macrogen (Seoul, Korea).
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Fig. 2. The effect of 7DW8-5 on dextran sulfate sodium (DSS)-induced acute colitis. (A) The changes in body weight. (B) Disease activity
index. (C) Histological score. Magnified image of the top black square is the bottom picture (H&E). (D) Serum C-reactive protein level. (E)
Colon length. °P<0.05, °P<0.01, °P<0.001. a-GalCer, a-galactosylceramide.
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9. Statistical Analysis

The statistical significance of differences observed between
experimental groups was analyzed using the Mann-Whitney
U-test, Kruskal-Wallis test, one-way analysis of variance (AN-
OVA) and a two-way ANOVA with Bonferroni multiple com-
parisons with the statistical software GraphPad Prism (Graph-
Pad Software, La Jolla, CA, USA). Statistical significance was
set at the level of P<0.05.

RESULTS

The concentration of 7DW8-5 was variable, in agreement with
previous work,*'*'** so we administered 200 pg/kg of o-GalCer

or 10, 50, and 100 pg/kg of 7DW8-5 to the acute colitis model

()
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mice. The changes in DSS-induced acute colitis due to a-GalCer
or 7DW8-5 administration were evaluated by comparing the
values for body weight change, DAI, colon length, serum CRP,
and histologic score for a-GalCer or 7DW8-5 administered
mice to those for the mice administered vehicle only (Fig. 2).
Increasing the injected dose of 7DW8-5 to 10, 50, and 100 pg/
kg resulted in improvements in body weight, DAI score, and
histologic scores.

A two-way ANOVA with Bonferroni multiple comparisons
revealed that weight loss was significantly increased in DSS/
vehicle group compared with the a-GalCer 200 pg/kg (day 6,
P<0.01 and day 7, P<0.01) and the 7DW8-5 100 pg/kg group
(day 5, day 6, and day 7; P<0.001). The DAI scores were lower
in the DSS/vehicle group than the a-GalCer 200 pg/kg (day 4,
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Fig. 3. The effect of 7DW8-5 on dextran sulfate sodium (DSS)-induced acute colitis in CD1d” mice and anti-NK1.1 administrated
C57BL/6 mice. (A) The changes in body weight. (B) Colon length. (C) Disease activity index. (D) Histological score.
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P<0.05) and the 7DW8-5 100 pg/kg group (day 4 and day 6,
P<0.001). The histologic scores were significantly lower in the
a-GalCer 200 pg/kg (P=0.01), the 7DW8-5 50 pg/kg (P=0.001),
and the 7DW8-5 100 pg/kg (P=0.001) than in the 10 pg/kg
group. However, injection of a 200 pg/kg dose of 7DW8-5 into
mice did not provide any additional improvement in colitis
progression when compared to the 100 pg/kg dose (data not
shown). The weight change, DAI score, and histologic analysis
in mice administered a-GalCer at 200 pg/kg were similar to
those in mice administered 7DW8-5 at 50 pg/kg and were
ameliorated compared with those in mice administered 100
pg/kg of 7DW8-5. Therefore, administration of 7DW8-5 affect-
ed colitis in a dose-dependent manner up to a concentration
of 100 pg/kg. The total colon length was significantly shorter in
the DSS/vehicle group than in the 7DW8-5 group 100 pg/kg
group (P<0.001). The level of CRP was significantly lower at

https://doi.org/10.5217/ir.2019.00132 « Intest Res 2020;18(4):402-411

day 7 in the serum of 7DW8-5 group 100 pg/kg group than in
the DSS/vehicle group (P=0.013).

The CD1d dependency of the reduction of the effects of
7DW8-5 was confirmed by administering 7DW8-5 or vehicle
intraperitoneally to CD1d" mice and WT mice with anti-NK1.1
administration (Fig. 3). Subsequently, DSS-induced colitis was
induced. No significant differences in weight loss (P=0.993),
DAI (day 2, P=0.610; day 4, P=0.897; day 6, P=0.909), colon
length (P=0.372), or histologic score (P=0.997) were observed.
These findings indicated that 7DW8-5 could not protect against
colitis in the CD1d” mice or in mice injected with anti-NK1.1
when compared with WT mice. Thus, 7DW8-5 showed its ef-
fects on intestinal inflammation in a CD1d-restricted manner.

Therefore, we determined whether 7DW8-5 in the presence
of CD1d molecules activates NKT cells by measuring the per-
centage of NKT cells in colon tissues by FACS analysis. The
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Fig. 4. Fluorescence-activating cell sorting for invariant natural killer T (iNKT) cell. (A) Gating strategy for flow cytometry analysis. (B) Per-
centage of NKT cell population in the colon tissue of the DSS/7DW8-5 group. FSC, forward scatter; DSS, dextran sulfate sodium.
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Fig. 5. The effect of 7DW8-5 in the chronic colitis-induced tumor model. (A) Colon length. (B) The number of tumors =1 mm. AOM,

azoxymethane; DSS, dextran sulfate sodium.
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Fig. 6. Expression pattern of T helper type 1 (Th1) and Th2 cytokines in 7DW8-5 or vehicle only administrated dextran sulfate sodium
(DSS)-induced acute colitis model. (A) Heatmap of differentially expressed cytokine genes. (B) Real-time quantitative polymerase chain
reaction analysis for interleukin (IL)-4, IL-13, and interferon y (IFN-vy).

population of NKT cells, which is characterized by CD3, NK1.1,
and CD1d tetramer positive cells, was significantly higher (P=
0.017) in the colon tissue of the DSS/7DW8-5 group than in
colon tissues of the DSS/vehicle group (Fig. 4).

We evaluated the expression pattern of the DSS-induced
acute colitis model after administration of 7DW8-5 by perform-
ing RNA-seq using total RNA obtained from colon tissues of
the DSS/7DW8-5 and DSS/vehicle groups. The differential gene
expression analysis revealed 325 differentially expressed genes
filtered by absolute values of a fold change >2 or <0.5 between
the 2 groups. A heatmap and hierarchical tree to compare the
differences in gene expression between the group are illustrat-
ed in Supplementary Fig. 1A, and the functional category in
gene ontology was selected for functional annotation (Supple-
mentary Fig. 1B). We then focused on the cytokines of the DSS/
7DW8-5 group and compared them to those of DSS/vehicle
group. Among the T helper type 1 (Th1) cytokines, interferon
v (IFN-y), interleukin (IL)-12A, IL-17A, IL-21, and IL-22
showed increases and IL-1a, IL-1p, IL-12f, and 1L.-18 showed
decreases (Fig. 5A). Conversely, the expression of Th2 cyto-
kines, such as IL-4, IL-5, IL-6, and IL-13, showed an increasing
pattern, whereas the levels of anti-inflammatory cytokine IL-
10 decreased (Fig. 6A). The qPCR for IL-4, IL-13, and IFN-y
confirmed the expression of these cytokines (Fig. 6B).

We also tested 7DW8-5 for its effects on the chronic colitis-

408

induced tumorigenesis in the AOM/DSS mouse model. Ad-
ministration of 7DW8-5 to the AOM/DSS model resulted in a
greater colon length (P=0.022) (Fig. 5A) and a lower number
of tumors >1 mm (P=0.019) (Fig. 5B) when compared to the
AOM/DSS model administered vehicle only.

DISCUSSION

NKT cells are rare, but they play a pivotal role in the immune
system. Exposure of these cells to glycolipid antigens causes
them to secrete a multitude of specific cytokines that modulate
both innate and adaptive immunity. Recent evidence has clear-
ly established the importance of NKT cells in human health
and disease.' Several clinical trials using a-GalCer, the first syn-
thetic and now a well-known glycolipid, demonstrated the safe-
ty of parenteral administration; however, its efficacy was only

marginal.”*"*'

7DW8-5 is a biologically more potent analog of
o-GalCer' and is viewed as a promising immunotherapeutic
agent, especially as a potential vaccine adjuvant for malaria, HIV,

and tuberculosis.”*""®

Previous reports have indicated that
a-GalCer ameliorates the intestinal inflammation induced by
DSS;" however, 7DW8-5 has not yet been evaluated for its ef-
fects on intestinal inflammation. In the present study, we
demonstrated that 7DW8-5 activates CD1d-restricted NKT

cells through CD1d and provides a protective effect against

www.irjournal.org
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intestinal inflammation in mice. Not surprisingly, this effect of
7DW8-5 on intestinal inflammation was totally abolished in
mice lacking CD1d expression, confirming that the immuno-
modulatory effect of 7DW8-5 is driven by a CD1d-based mech-
anism.

RNA-seq was performed to identify the underlying immune
response and the differential gene expression between the
DSS/7DW8-5 group and the control, focusing on the cytokines,
were evaluated. We selected and analyzed all detectable ex-
pression data for the Th1 and Th2 cytokines from the entire
data set of RNA-seq. The RNA-seq data included the expression
level of 27 genes associated with Th1 pathway, 23 genes associ-
ated with the Th2 pathway, and 45 genes associated with the
Th17 pathway (Supplementary Table 1). However, our data in-
dicated an insufficient expression change for most of the Th1
and Th2 cytokines and the results did not meet statistical signif-
icance. As a well-known Th1-biasing synthetic glycolipid,’
7DWS8-5 elicited a strong IFN-y response, a Th1 response. In ad-
dition, we found that Th2 cytokine like IL-4 and IL-13, most of
which may serve in protecting the intestine from inflammation,
was increased in DSS/7DW-8 group.’ Our opinion regarding
this finding is that even though an accumulation of CD1d-re-
stricted NKT cells occurred in the DSS/7DW8-5 group, these
cells still represented a small population in the whole colon tis-
sue. Thus, the absolute level of cytokines derived from NKT cells
represents only a limited amount of the total RNA samples and
could be below the cutoff threshold value. Furthermore, DSS
administration causes colitis in NKT cell-deficient mice, sug-
gesting that NKT cells may not be critical in the induction of
colitis."* This could be one of the reasons that the present study
could not show any significant change of Th1 and Th2 cytokines

NKT cells have been proposed to have either protective or
pathogenic roles, depending on the nature of the inflammatory
stimuli and the possible lipid antigens that are recognized.””
In animal models, the protective role of NKT cells against in-
testinal inflammation has been reported in murine colitis mod-
els.”* 7DW8-5 elicited mixed effects on the Th1, Th2, and Th17
pathways, even though there were no significantly different
expression patterns of the Th1, Th2, and Th17 pathway associ-
ated genes between the DSS/vehicle group, DSS/a-GalCer
group, and DSS/7DW8-5 group. Nevertheless, when compared
to the DSS/vehicle group, the expression was increased for 7
genes in the Th1 pathway, 5 genes in the Th2 pathway, and 11
genes in Th17 pathway in the DSS/a-GalCer group, whereas
the expression was increased for 13 genes in Th1 pathway, 10
genes in Th2 pathway, and 23 genes in Th17 pathway in DSS/

www.irjournal.org
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a-7DW8-5 group. A comparison with the DSS/a-GalCer group
revealed increased expression of 22 genes in the Th1 pathway,
15 genes in the Th2 pathway, and 36 genes in the Th17 pathway
in DSS/7DW8-5 group. Our data indicated that 7DW8-5 treat-
ment could induce the expression of Th1/Th17 associated genes,
as well as the expression of Th2 associated genes. These results
suggested that an alteration in the balance between the Th1/
Th17 and Th2 was induced by 7DW8-5 administration as part
of the response against DSS-induced colitis, as if the well-known
glycolipid, o-GalCer, induced an alteration of the Th1/Th2 bal-
ance and improved colitis in the DSS colitis model.**” NKT
cells have been proposed to have either protective or patho-
genic roles, depending on the nature of the inflammatory stim-
uli and the possible lipid antigens that are recognized.*”

In conclusion, the activation of NKT cells by 7DW8-5 in the
presence of CD1d provides protection against colitis in mice.
7DWS8-5 has been studied as a vaccine adjuvant and potential
cancer treatment to date, but investigations into its use as a
potential immune regulatory agent in immunologic disease,
and especially IBD, have been limited. In the present study, we
demonstrated that the 7DW8-5 glycolipid adjuvant provides a
protective effect against colonic inflammation in mice, cata-
lyzed by the recruitment of CD1d-restricted NKT cells, and
that 7DW8-5 is more potent than the well-established glyco-
lipid, a-GalCer. This concept can translate to human trials, be-
cause 7DW8-5 offers a promising potential mechanism for
the regulation of the immune response at a relatively low dos-
age and cost.
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