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Treatment with Extracellular Vesicles from Giardia lamblia
Alleviates Dextran Sulfate Sodium-Induced Colitis in
C57BL/6 Mice
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Abstract: Inflammatory bowel disease (IBD) is a chronic and recurrent illness of the gastrointestinal tract. Treatment of IBD
traditionally involves the use of aminosalicylic acid and steroids, while these drugs has been associated with untoward ef-
fects and refractoriness. The absence of effective treatment regimen against IBD has led to the exploration of new targets.
Parasites are promising as an alternative therapy for IBD. Recent studies have highlighted the use of parasite-derived sub-
stances, such as excretory secretory products, extracellular vesicles (EVs), and exosomes, for the treatment of IBD. In this
report, we examined whether EVs secreted by Giardia lamblia could prevent colitis in a mouse model. G. lamblia EVs
(GIEVs) were prepared from in vitro cultures of Giardia trophozoites. Clinical signs, microscopic colon tissue inflammation,
and cytokine expression levels were detected to assess the effect of GIEV treatment on dextran sulfate sodium (DSS)-in-
duced experimental murine colitis. The administration of GIEVs prior to DSS challenge reduced the expression levels of
pro-inflammatory cytokines, including tumor necrosis factor alpha, interleukin 1 beta, and interferon gamma. Our results in-
dicate that GIEV can exert preventive effects and possess therapeutic properties against DSS-induced colitis.
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INTRODUCTION

Inflammatory bowel disease (IBD), which is characterized
by the development of idiopathic chronic inflammation in the
gastrointestinal tract, is typically represented by its 2 common
forms, Crohn’s disease and ulcerative colitis. The symptoms of
IBD usually include diarrhea, weight loss, and rectal bleeding
between the ages of 15 and 35 years [1]. Approximately 6-8
million cases of IBD have occurred globally in 2017. There are
many cases in developed countries such as the USA and Eu-
rope; however, IBD incidence has recently been increased in
other countries, including several Asian countries [2]. Al-
though the pathogenesis and etiology of IBD remain elusive,
several studies have indicated that IBD is not only caused by
defects in the immune function, genetic, and environmental
factors, but also by dysbiosis of the intestinal flora |3]. Several
pharmacological drugs, such as aminosalicylate, steroids, im-
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mune modifiers, and antibiotics, are available for IBD treat-
ment. However, the use of such pharmacological drugs is lim-
ited by side effects and refractoriness. More seriously, there is
no curative treatment for IBD [4,5]. Several efforts have recent-
ly been undertaken to develop chemotherapeutics with fewer
side effects [6,7].

Immune responses elicited by parasites have been suggested
for the prevention and treatment of autoimmune disorders
[8,9]. Some studies highlight a correlation between infections
with various parasites and the development of immune disor-
ders in humans and experimental models. In a clinical trial,
Trichuris suis ova reduced the symptoms and pathology of
Crohn’s disease and ulcerative colitis in humans [10]. Schisto-
soma mansoni and Heligmosomoides polygyrus ameliorate inflam-
mation in a chemical-induced colitis mouse model [11,12].
Certain parasite-derived substances, such as excretory secretory
products (ESPs), extracellular vesicles (EVs), and exosomes,
also exhibit immunoregulatory properties that drive intercel-
lular interactions and parasite-host communication in inflam-
matory diseases. Fasciola hepatica EVs exert a preventive effect
on acute colitis in an experimental model [13]. The schisto-
some enzymatic protein P28 glutathione-S-transferase
(P28GST) reduces intestinal inflammation in a mouse colitis
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through increased Th2 responses [14,15]. These findings high-
light the utility of parasite-derived molecules as drugs and
more need for the identification of parasite-derived products.

Giardia lamblia is a gastrointestinal protozoa which releases
ESPs and EVs that can modulate the host immune system
[16,17]. Although previous reports indicated that Giardia-de-
rived molecules induce cytokine production and function as
chemoattractants for neutrophils in vitro and in vivo [18,19],
the potential use of G. lamblia-derived EVs (GIEVs) as an im-
mune modulator against IBD has remained unexplored. In
this study, we evaluated GIEVs as a novel preventive agent
against IBD by examining its effect on colitis using a dextran
sulfate sodium (DSS)-induced colitis mouse model. The effect
of GIEVs against DSS-induced colitis was investigated by deter-
mining disease activity index (DAI) and histological observa-
tion of tissue samples.

MATERIALS AND METHODS

Giardia lamblia culture and EV isolation

GIEVs were prepared as previously described [16]. G. lamblia
trophozoites (ATCC 30957) were cultured for 72 h in 10 ml
tubes filled with TYI-33 medium at 37°C under microaerophilic
conditions. Confluent Giardia cultures were used to isolate EVs.
First, TYI-33 medium was decanted from each tube following
washing in phosphate buffered saline (PBS) (GenDEPOT,
Barker, Texas, USA). Culture tubes were refilled with Dulbecco’s
Modified Eagle medium (Gibco, Grand Island, New York,
USA) for 6 h. At the end of incubation, culture tubes were place
on ice for 10 min and centrifuged at 1,000x g for 10 min to re-
move debris. Supernatants were filtered and concentrated using
a 100K Ultrafiltration membrane (Merck Milipore, Burlington,
Massachusetts, USA) and centrifuged. The ExoQuick TC Kit
(SBI System Bioscience, Menlo Park, California, USA) was
mixed with concentrated medium (1:5) and incubated over-
night at 4°C. GIEVs were resuspended in PBS buffer. The parti-
cle size and number were measured using Nanoparticle track-
ing analysis (NTA). NTA was performed on the NanoSight
IM10 (Malvern Panalytical, Malvern, UK) and NTA software,
Version 2.3 Build 2.3.5.0033.-Beta 7. GIEV were diluted at
1:10,000 in PBS. Sample were measured in triplicate at 25°C.

Animal experimentation
Five-week-old male C57BL/6 mice were purchased from
OrientBio (Seongnam, Korea) and housed in a specific patho-

gen-free facility. All animal experiments were performed ac-
cording to the guidelines for ethical conduct in the care and
use of animals and were approved by the Centers for Disease
Control and Prevention Institutional Animal Care and Use
Committee (KCDC-IACUC; approval number: KCDC-018-14-
2A). The mice were randomly divided into 3 groups, 5 in each
group: Control group, DSS group, and DSS with GIEV group.

Induction of acute DSS-induced colitis and treatment
with GIEVs

Acute colitis was induced via the administration of DSS (MP
biomedicals, California, USA) in drinking water (3%, wt/vol)
for 7 days, followed by normal drinking water. The control
group received regular drinking water. Treatments with GIEVs
were conducted via intraperitoneal (i.p.) injection with 10 jig
per mouse 3 times (day -30, -23, and -16), as modified previ-
ously [13].

Colitis disease assessment

The clinical signs of colitis were evaluated based on the DAI
using previously described methods [20]. Briefly, mice were
weighed daily, and clinical signs were recorded. Each score was
determined as follows: (a) weight loss (0=no loss, 1=1-5%
weight loss, 2=5-10% loss, 3=10-20% loss, 4=more than
20% loss); (b) stool consistency (0=normal, 2=loose stools,
4 =diarrhea); (c) bleeding (0=no bleeding, 2=microscopic
bleeding, 4 = gross bleeding).

Histology and immunohistochemistry

The colon tissue was fixed in 4% formaldehyde, embedded
in paraffin, and cut into 4 um thick pieces with a microtome.
The sections were stained with haematoxylin and eosin (H&E).
Histological analysis was performed on transverse sections of
H&E-stained tissues. The following parameters were used for
calculations: (a) inflammatory cell infiltrate (0 =none,1=
minimal severity at < 10%, 2 =severity at 10-25%, 3 =severe at
26-50%); (b) degree of epithelial changes (0=none, 1=goblet
cell loss at <25%, 2=goblet cell loss at 25-35%, 3 =goblet cell
loss at 36-50%); (c) change of mucosal (0=no changes, 1=vil-
lous blunting, 2 =irregular crypts, 3= crypt loss). To quantitate
the inflammatory cell infiltration, sections were stained with
Lymphocyte antigen 6 complex locus G6D (Ly6G) monoclo-
nal antibodies (ab25377, 1:400) (Abcam, Cambridge, UK),
and evaluated the immunoreactivity with scores ranged from
0 to 3 (0=negative stain, 1=positive stain at < 10%, 2 =posi-



tive stain at 10-25%, 3 = positive stain at >25%).

Reverse transcription quantitative polymerase chain
reaction (QRT-PCR)

Total RNA was extracted from colon tissue samples using
the RNeasy Mini kit (Qiagen, Valencia, California, USA) ac-
cording to the manufacturer’s instructions. cDNA was synthe-
sized from 1 pg RNA using AccuPower RT PreMix (Bioneer,
Daejeon, Korea). qRT-PCR analysis of cDNA was performed
using the ABI QuantaStudio 5 System (Applied Biosystems Ja-
pan, Tokyo, Japan) and the TagMan Gene Expression Assays
which included tumor necrosis factor (TNF)-a: Mm004
43258 _m1, interleukin (IL)-13: Mm00434228_m1, interferon
(IEN)-y: Mm00801778_m1, glyceraldehyde-3-phosphate de-
hydrogenase: Mm99999915_g1 (Applied Biosystems Japan).
PCR conditions was 50°C for 2 min, 95°C for 10 min, followed
by 40 cycles of 95°C for 15 sec and 60°C for 1 min.

Statistical analysis
Data were statistically compared using GraphPad Prism 5

A
Control I l
-30 0 13
pss | 3%0ss I
-30 0 7 13
GIEV GIEV GIEV
DSS+GIEV | 3% DSS -
30 -23 -16 0 7 13
C 12
== (Control
101" —e=pss D
g | =m= DSS+GIEV
Z 6

Days

Kim et al.: G. lamblia EV alleviates DSS-induced colitis 311

(Graph Pad software, La Jolla, California, USA) through the
Student’s t-tests. Differences with P-values <0.05 were consid-
ered significant. The results are expressed as the mean+
standard error of mean.

RESULTS

Shape of EVs isolated from G. lamblia

EEVs, range from 30 to 1,000 nm, were known to modulate
host-pathogen communication. EVs purified from Giardia
were observed using transmission electron microscopy (Sup-
plementary Fig. S1A). Representative TEM images showed that
EV morphology was homogeneous with spherical shaped ves-
icles. Size of GIEVs was found to be between 100 and 200 nm
in diameter (Supplementary Fig. S1B).

G. lamblia EV's ameliorate clinical signs of DSS-induced
acute colitis

To determine whether GIEVs could prevent colitis, 10 pg of
GIEVs was intraperitoneally injected into a mouse on days -30,
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Fig. 1. Treatment with mice with Giardia lamblia extracellular vesicles (GIEVs) ameliorates clinical signs and colon shortening in dextran
sulfate sodium (DSS)-induced acute colitis. (A) Schematic time schedule of immunization with GIEVs and DSS induction of colitis in
C57BL/6 mice. (B) The body weights were determined daily for each mouse and expressed as the percentage of initial weights. (C) The
disease activity index (DAI) was evaluated daily using the parameters of weight loss, stool consistency, and fecal blood. (D, E) Colon
lengths. Each group consisted of 5 mice (n=_3). Asterisks indicate that statistical difference between 2 groups. *P <0.05; *P<0.01.
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-23, and -16 prior to induction of colitis by DSS (Fig. 1A).
While untreated mice maintained body weights during the ex-
periment without significant changes, mice receiving 3% DSS
markedly lost weights after 5 days. GIEV-treated mice also ex-
hibited weight loss between days 5 and 10. However, they re-
gained their weights between days 10 and 13 post-DSS induc-
tion (Fig. 1B). Moreover, the DAI of GIEV-treated mice was
lower than that in mice with DSS-induced colitis on day 5 af-
ter DSS treatment. Photographs of colon length from the dif-
ferent groups indicated that GIEV treatment prevented the co-
lon shortening that is a typical symptom of colitis (Fig. 1C, D).
These results showed that DSS administration might induce
inflammatory responses in mice, but these responses appeared
to be preventable by the GIEV treatment.

GIEVs attenuate histopathological scores and neutrophil
infiltration in colon tissues

During intestinal inflammatory response, neutrophils mi-
grate rapidly towards the inflammation site and gastric muco-
sal architecture with crypt abscesses and ulceration [24]. In
this study, the typical histological changes such as epithelial
ulceration, severe inflammation, and loss of crypts were ob-
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served in mice administered with DSS (Fig. 2A). However,
treatment with GIEV in DSS-induced colitis mice showed re-
duced inflammation and crypt distortion. The histopathologi-
cal score of GIEV-treated group (13.7 points) was 1.3-fold less
than the DSS group (18.3 points). Additionally, to quantitate
the inflammatory cell infiltration, the anti-Ly6g level were de-
termined in colon tissue. Anti-Ly6g level was markedly in-
creased in the DSS group (2.3 point) compared with that in
the control (0.3 point) and DSS plus GIEV groups (1.6 point)
was 1.4-fold less than the DSS group. These results indicated
that GIEVs effectively suppressed infiltration of neutrophil (Fig.
2B). These collective results suggested that GIEVs could attenu-
ate the development of DSS-induced colitis.

GIEVs decrease levels of pro-inflammatory cytokines in
colon tissues

To assess whether GIEVs were involved in regulation of pro-
inflammatory cytokine expression in the colons of mice with
DSS-induced colitis, the levels of pro-inflammatory cytokines,
including TNF-a, IL-1B, and IFN-y, were determined using
gRT-PCR. Pro-inflammatory cytokines were highly expressed
in the DSS group compared with levels in the control group.
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Fig. 2. Histological and immunohistochemical staining of DSS-induced colitis. (A) Colon tissue samples were examined using hematoxy-
lin—eosin staining and immunohistochemical staining with an anti-Ly6g antibody. (B) Representative histopathological and immunostain-
ing score of colon tissue. Each group consisted of 5 mice (n=3). *P<0.05.
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Fig. 3. Giardia lamblia extracellular vesicles (GIEVs) suppress the expression of pro-inflammatory cytokines in colons of mice with DSS-
induced colitis. (A-C) The expression levels of pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-a, interleukin (IL)-1(3, and
interferon (IFN)-y, analyzed using reverse transcription quantitative polymerase chain reaction were lower in the GIEV-treated group (DSS
+GIEV) than in the DSS-induced group (DSS). Each group consisted of 5 mice (n=3). *P<0.05.

However, pro-inflammatory cytokine expression levels were
reduced in the DSS+GIEV group (Fig. 3). These results indicat-
ed that GIEV potently regulated inflammatory cytokine pro-
duction in DSS-induced colitis.

DISCUSSION

Giardiasis induces diarrhea in infected hosts including hu-
mans. Most studies conducted on the analysis of the role of
Giardia pathogenesis focus on the crosstalk between the host
and Giardia-derived molecules that can lead to the develop-
ment of diseases [17]. For example, Giardia arginine deiminase
and ornithine carbamoyl transferase were reported to be viru-
lence factors, which play a role in the inhibition of cell prolif-
eration [21,22]. In contrast, some studies revealed the ability
of Giardia to act as an immune modulator in inflammatory
disease. The lysates of Giardia trophozoites can attenuated li-
popolysaccharide-induced inflammatory cytokine expression
in human dendritic cells by upregulating expression levels of
IL-10 [19]. Giardia trophozoites also suppress the IL-1f-
induced expression of chemokine (C-X-C motif) ligand 8
(CXCL8) in vitro and ex vivo in human tissues obtained from
patient with Crohn’s disease [18]. Giardia cathepsin B can de-
grade CXCL8 expressed by Caco-2 cells in response to pro-in-
flammatory stimuli [23]. Previous research has identified 154
proteins of GIEVs, which included a-tubulin, heat shock pro-
teins, and variant surface protein, giardin, and arginine deimi-
nase. They have been reported to play a role in biogenesis of
EVs and Giardia pathogenesis [31]. In this study, we found that
GIEVs exerted a potent effect on the immune response in mice
with DSS-induced colitis.

The DSS-induced colitis mouse model is widely used for
IBD research because the clinical and histological signs of dis-
ease are similar to those of human IBD, including diarrhea,
weight loss, and colon shortening. Although the pathogenesis
of colitis caused by DSS is not clear, it is due to 1) reduction
and death of mucosal epithelial cells via an increase in the os-
motic rate of the colonic mucosa, 2) intestinal tract inflamma-
tion triggered by intestinal specific T cell induction of the im-
mune inflammatory response, 3) increased expression of cyto-
kines such as TNF-a and INF-y, and 4) changes in microflora
environment. Mice with DSS-induced colitis have been report-
ed to exhibit higher disease activity and weight loss than nor-
mal mice [24,25]. The administration of DSS via drinking wa-
ter to C57BL/6 mice for 7 days induced colitis, which invoked
diarrhea, bloody feces, weight loss, and inflammatory histo-
logical changes in colon tissue. However, the GIEV-treated
group regained weights and showed reduced clinical signs, as
well as reduced inflammatory cell infiltration. Our results sug-
gest that GIEV treatment for the simplicity and controllability
of the DSS-induced colitis model.

The balance of inflammatory cells is essential for the main-
tenance of normal gut homeostasis [26]. The role of pro-in-
flammatory cytokines, such as TNF-q, IL-1B, and IEN-y in IBD,
is correlated with the initiation and progression of IBD patho-
genesis [27,28]. TNF-a promotes inflammatory processes
through increased expression of IL-1f and IFN-y, as well as re-
lated cytotoxic effects and apoptosis in inflammatory lesions.
TNF-a levels in the serum correlate with the disease activity of
IBD. Similarly, IL-1f is a key player in the development of in-
testinal inflammation and can lead to T cell responses such as
Th17 cell differentiation and IFN-y expression [29,30]. It ex-
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erts major inflammatory effects on intestinal epithelial cells,
disrupting goblet cell maturation and functions. We also in-
vestigated the effect of GIEV treatment on cytokine expression
in the colons of mice with DSS-induced colitis. When mice
were treated with GIEV, decreased expression of pro-inflam-
matory cytokines, such as TNF-o, IL-1{, and IFN-y, compared
with that in the DSS group were observed.

In conclusion, our study demonstrates that GIEVs amelio-
rate clinical and histological features of colitis and attenuates
DSS-induced colitis by decreasing the expression levels of pro-
inflammatory cytokines. This study shows that EVs from G.
lamblia can exert preventive effects on DSS-induced colitis, rais-
ing a possibility as a therapeutic agent against IBD.
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