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The IL-33-ILC2 pathway protects from amebic colitis
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Entamoeba histolytica is a pathogenic protozoan parasite that causes intestinal colitis, diarrhea, and in some cases, liver abscess.
Through transcriptomics analysis, we observed that E. histolytica infection was associated with increased expression of IL-33 mRNA
in both the human and murine colon. IL-33, the IL-1 family cytokine, is released after cell injury to alert the immune system of tissue
damage. Treatment with recombinant IL-33 protected mice from amebic infection and intestinal tissue damage; moreover, blocking
IL-33 signaling made mice more susceptible to amebiasis. IL-33 limited the recruitment of inflammatory immune cells and
decreased the pro-inflammatory cytokine IL-6 in the cecum. Type 2 immune responses were upregulated by IL-33 treatment during
amebic infection. Interestingly, administration of IL-33 protected RAG2–/– mice but not RAG2−/−γc−/− mice, demonstrating that IL-
33-mediated protection required the presence of innate lymphoid cells (ILCs). IL-33 induced recruitment of ILC2 but not ILC1 and
ILC3 in RAG2−/− mice. At baseline and after amebic infection, there was a significantly higher IL13+ILC2s in C57BL/J mice, which
are naturally resistant to amebiasis, than CBA/J mice. Adoptive transfer of ILC2s to RAG2−/−γc−/− mice restored IL-33-mediated
protection. These data reveal that the IL-33-ILC2 pathway is an important host defense mechanism against amebic colitis.

Mucosal Immunology (2022) 15:165–175; https://doi.org/10.1038/s41385-021-00442-2

INTRODUCTION
Diarrhea-related illnesses are one of the major causes of death
worldwide in children under 5 years of age, resulting in
approximately 500,000 mortalities annually1. Entamoeba histolytica
is a pathogenic protozoan that is the primary causative agent of
amebic dysentery. Diarrhea-associated amebic infections are
correlated with growth faltering in pre-school aged children2. In
addition to diarrhea, infections by E. histolytica can also cause
intestinal colitis and liver abscess, and this parasite accounts for
55,000 deaths worldwide annually3. Currently, the primary
treatment for amebiasis is metronidazole, a drug which, in
addition to toxic side effects, has been insufficient to fully
eliminate parasites from the gut4. In an effort to find an effective
therapeutic intervention, we sought to characterize the host
immune response to amebic infection.
Host factors, along with parasite genetics and environmental

factors, are likely responsible for heterogeneous outcomes of E.
histolytica infection5. Once inside the colon, amebic trophozoites
can attach to intestinal epithelial cells to cause cell death and
tissue damage6. Intestinal tissue damage by E. histolytica is
associated with the production of pro-inflammatory cytokines,
including IL-1β, IL-6, IL-8, IFN-γ, and TNFα7. These pro-
inflammatory cytokines may in part affect susceptibility by
regulating the recruitment of neutrophils and macrophages, cells
that have been shown to be critical in protection from amebiasis
in a mouse model8. For example, IFN-γ- or TNFα-treated
macrophages have been shown to have potent amebicidal
activity in vitro9. In children, increased production of IFN-γ by
peripheral blood mononuclear cells was associated with

decreased susceptibility to amebiasis10. In contrast, excessive
pro-inflammatory responses could be deleterious and cause host
tissue damage. For example, increased TNFα in children was
associated with amebic diarrhea, and blocking TNFα with
neutralizing antibody was protective in a mouse model of
amebiasis11,12. A type 2 cytokine, IL-25, mainly released from
intestinal tuft cells, was shown to protect from amebic colitis and
downregulated pro-inflammatory cytokines including TNFα, IL-
17a, and IL-2312,13. IL-25 treatment increased the expression of
type 2 cytokines IL-4 and IL-5 and promoted the recruitment of
eosinophils12. Thus, complex interdependent collaborations
between intestinal epithelial cells and immune cells dictate the
outcome of E. histolytica infection. Understanding these interac-
tions is critical to finding an effective intervention for amebiasis.
To identify host immune pathways modulated in human colonic

tissue upon amebic infection, we performed an unbiased
transcriptomics analysis. We observed that an IL-1 family cytokine
IL-33 was upregulated in human and mouse colon. This was of
interest because a number of recent studies have revealed the
role of IL-33-mediated protection from experimental and
infection-induced colitis in mouse models14–16. Similar to IL-25,
IL-33 activates type 2 innate lymphoid cells (ILC2s) and induces
the expression of type 2 cytokines, and may even be a more
potent inducer of type 2 immune responses13,14,17. However, the
role of IL-33 and ILC2s in amebic colitis has not previously been
studied. Using a mouse model of amebiasis, we demonstrate here
that IL-33 protected from amebic infection and colonic tissue
damage. IL-33 treatment dampened overall inflammation, with
decreased IL-6, CD45+ immune cells, and Ly6Chi inflammatory

Received: 22 March 2021 Revised: 16 July 2021 Accepted: 25 July 2021
Published online: 16 August 2021

1Department of Medicine: Infectious Diseases and International Health, University of Virginia School of Medicine, Charlottesville, VA, USA. 2Department of Pathology, University of
Virginia School of Medicine, Charlottesville, VA, USA. 3Department of Microbiology, Immunology and Cancer Biology, University of Virginia School of Medicine, Charlottesville, VA,
USA. 4Department of Biochemistry and Molecular Genetics, University of Virginia School of Medicine, Charlottesville, VA, USA. ✉email: wap3g@virginia.edu

www.nature.com/mi

http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00442-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00442-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00442-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00442-2&domain=pdf
http://orcid.org/0000-0002-7268-1218
http://orcid.org/0000-0002-7268-1218
http://orcid.org/0000-0002-7268-1218
http://orcid.org/0000-0002-7268-1218
http://orcid.org/0000-0002-7268-1218
https://doi.org/10.1038/s41385-021-00442-2
mailto:wap3g@virginia.edu
www.nature.com/mi


monocytes in lamina propria. We observed that IL-33 did not
require the presence of T and B cells to confer protection from
amebic colitis, however did require ILC2s.

RESULTS
Amebic infection induces IL-33 expression in humans and in
the mouse model
To understand the host immune response to amebic infection, we
investigated differential gene expression in human colonic
biopsies via Affymetrix microarray18. Samples were collected from
eight individuals at the time of infection and during convales-
cence (60 days after recovery). One of the significantly upregu-
lated genes was Il33 (Fig. 1a), encoding for the cytokine IL-33,
which is known as a nuclear alarmin and an inducer of type 2
immune responses. IL-25, an IL-17 family cytokine and also an
inducer of type 2 immune response, was previously shown to be
protective to amebic colitis12. Hence, we sought to test whether
IL-33 had any role in disease protection via type 2 immunity. We
first tested if IL-33 was similarly increased in the intestinal tissue
upon E. histolytica infection in the mouse model of amebiasis. IL-
33 mRNA and protein were measured in C57BL/6J and CBA/J
mouse strains. Wildtype (WT) C57BL/6J mice are resistant to
amebic colitis and start clearing the infection as early as 12 h post
challenge19. At 12 h post challenge, mice that remained infected
had significantly higher expression of Il33 mRNA compared to
sham-challenged mice and mice that cleared the infection (Fig. 1c).

Unlike C57BL/6J mice, CBA/J mice are susceptible to amebic colitis
and remain infected for several weeks and acquire colitis
pathologically. On day 3 post challenge, IL-33 protein was
significantly higher in cecal tissue of CBA/J mice but not C57BL/
6J mice compared to sham-challenged mice (Fig. 1d and
Supplementary Fig. 1a). We also measured IL-25 protein in cecal
tissue of C57BL/6J mice and CBA/J mice. As previously reported12,
amebic infection decreased IL-25 in cecal tissue (Supplementary
Fig. 1b). There was no significant difference of IL-33 and IL-25 in
the small intestine (Supplementary Fig. 1a, b). The total number of
goblet cells and tuft cells was also not altered with amebic
infection (Supplementary Fig. 1d). Together, this indicated that our
mouse model of infection similarly resulted in IL-33 induction as in
humans.
The upregulated genes (logFC > 0.4) from the human colon

transcriptome were analyzed with the Consensus PathDB pathway
enrichment tool. Innate/adaptive immunity and G-protein coupled
receptor signaling were among the upregulated pathways
(Fig. 1b). Interestingly, pathways involved in tissue repair
(hemostasis, extracellular matrix organization) were also signifi-
cantly upregulated. These results suggested that increased IL-33
might be involved in the induction of barrier repair mechanisms to
protect gut tissue from amebic colitis.

IL-33 protects from amebic colitis
As infection increased IL-33 in both humans and in mice, we
utilized the mouse model of amebic colitis to investigate if IL-33
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Fig. 1 Amebic infection induces IL-33 expression in the colon of humans and mice and upregulates host immune-related pathways in
colonic tissue. a, b Transcriptomic analyses were performed on colon biopsies collected at acute amebic infection (at day 1) and
convalescence (at day 60) of eight patients. a Volcano plot shows IL-33 (red dot) among upregulated genes. b Pathway enrichment analysis of
upregulated transcripts (logFC ≥ 0.4) using Consensus PathDB tool. c, d IL-33 mRNA and protein were measured in mouse cecal tissue. c Il-33
mRNA expression by microarray from C57BL/6J mice, n= 3–4 per group (data from Mackey-Lawrence et al.)53. d IL-33 protein by ELISA in cecal
tissue lysate from CBA/J mice, data representative of two independent experiments, n= 4–5 per group. Statistical significance was determined
by one-way ANOVA and unpaired t test. Error bars indicate SEM.

M.J. Uddin et al.

166

Mucosal Immunology (2022) 15:165 – 175

1
2
3
4
5
6
7
8
9
0
()
;,:



protected from amebiasis. CBA/J mice were treated with 0.75 µg of
recombinant IL-33 intraperitoneally for 8 days (from day–3 to day
+4 of the amebic challenge). On day+5 of the challenge, mice
were sacrificed to collect cecal content and cecal tissue to
determine the infection rate and epithelial damage. Treatment

with IL-33 significantly protected mice from infection and weight
loss (Fig. 2a–c). We investigated epithelial tissue damage by
hematoxylin and eosin (H&E) staining during amebic infection.
Where amebic infections induced tissue damage both in the
cecum and colon, the small-intestinal tissue was intact
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(Supplementary Fig. 2a). H&E staining showed that the IL-33-
treated group had a more intact epithelium compared to the PBS-
treated group (Fig. 2d and Supplementary Fig. 2b). As our lab
previously showed that Reg1−/− epithelial cells were more
susceptible to amebic induced apoptosis18, we investigated if IL-
33 treatment might alter intestinal Reg1b. We found increased
Reg1b protein in the cecal content of IL-33-treated mice
compared to PBS-treated mice (Supplementary Fig. 2c). These
data supported a role of IL-33 to clear ameba and protect and/or
repair the colonic epithelial layer from damage.
We endeavored to know whether endogenous IL-33 signaling

had a role in this protection. IL-33 signals through binding the IL-1
receptor-like protein ST220. The IL-33 receptor ST2 can be found in
both a cell surface-bound form and a soluble form. The soluble
form of ST2 can bind with IL-33 and act as a negative regulator of
the IL-33 signaling pathway21. Downregulation of IL-33 signaling
by adding soluble ST2 made mice more susceptible to infection
(Fig. 2e, f). Soluble ST2-treated mice lost significantly more weight
than vehicle-treated mice upon challenge with amebic tropho-
zoites (Fig. 2g). Notably, the concentration of ST2 in colonic tissue
was positively correlated with the colonic burden of E. histolytica
(Fig. 2h). Together, these data demonstrated that endogenous IL-
33 protected from colonic amebiasis.

IL-33 regulates the type 2 immune response and dampens
colonic inflammation upon amebic infection
IL-33 has been shown to induce a type 2 immune response in
intestinal tissue during helminth and bacterial infections15,22. We
hypothesized that IL-33 may be protecting in our model by
promoting a type 2 immune response. To examine this, we used
RT qPCR to examine if the transcription of cytokines that are
associated with a type 2 response, Il-4, Il-5, and Il-13, were altered.
While IL-33 treatment increased the transcription of IL-5 and IL-13,
we did not observe any significant change of IL-4 transcript levels
(Fig. 3a). Others have found that IL-33 can induce IL-13 secretion
from ILCs leading to differentiation of goblet cells23. Intestinal
goblet cells secret a mucus-gel that is known to contribute to the
clearance of amebic trophozoites24,25. Thus, we sought to
determine if IL-33 was altering goblet cells in our model.
Examining periodic acid-Schiff (PAS)-stained fixed tissues, we
found that goblet cells were increased in the IL-33 administered
group (Fig. 3b). The primary structural component of the mucus-
gel is the MUC2 mucin. In concordance with our histological
analysis, we also found that IL-33-treated mice had higher
expression of Muc2 mRNA compared to PBS-treated mice (Fig. 3c).
IL-5 is crucial in the maturation and release of eosinophils26.

Coordinately, flow-cytometric analysis of cecal tissue revealed that
administration of IL-33 resulted in eosinophilia during amebic
infections (Fig. 3g, top panel and Supplementary Fig. 4). Since IL-
33 treatment upregulated colonic eosinophils, we asked if IL-33-
mediated protection was dependent on eosinophilia. To test that,
we depleted eosinophils in IL-33-treated mice with anti-SiglecF
monoclonal antibody (Supplementary Fig. 3a). Treatment with
anti-SiglecF successfully depleted eosinophils but not alternatively
activated macrophages or monocytes in colonic tissue (Supple-
mentary Fig. 3e–g). There was not an increase in infection rate

with anti-SiglecF administration, and amebic load and weight loss
were not different between the treatment and control groups
(Supplementary Fig. 3b–d). These data suggested that IL-33-
mediated protection from amebic colitis was not conferred by
eosinophils.
In addition to regulating the type 2 response, IL-33 has been

shown to dampen the inflammatory response during intestinal
infection15. In our model, there were a significantly decreased
number of CD45+ cells in cecal tissue in IL-33-treated mice
(Fig. 3d). In addition to total CD45+ cells, the IL-33-treated group
had a significantly decreased number of Ly6Chi inflammatory
monocytes (Fig. 3g, lower panel and Supplementary Fig. 4) as well
as the pro-inflammatory cytokine IL-6 (Fig. 3e). There was a trend
of lowered Ly6G+ neutrophils, although that was not statistically
significant (P= 0.067) (Fig. 3g, lower panel and Supplementary
Fig. 4). Interestingly, IL-33 treatment expanded the number of
alternatively activated macrophages, which are thought to be
anti-inflammatory (Fig. 3g, middle panel and Supplementary
Fig. 4). Markers of anti-inflammatory macrophages such as Chil3
and Arg1 were also found to be significantly higher in IL-33-
treated mice (Fig. 3f). Since IL-33 upregulated Chil3 expression,
which has previously been shown to be involved in tissue repair
during acute nematode infection27, we sought to investigate the
role of Chil3 in amebiasis. We measured Chil3 in C57BL/6J and
CBA/J mice by ELISA. Interestingly, C57BL/6J mice had higher Chil3
expression in cecal tissue at baseline compared to CBA/J mice
(Supplementary Fig. 5a). Amebic infection upregulated Chil3 in
both strains of mice (Supplementary Fig. 5a). Treatment with
recombinant Chil3 cleared amebic load from the cecum but did
not protect from weight loss (Supplementary Fig. 5b–d). Together
these data demonstrated that IL-33 induced a type 2 immune
response and diminished inflammations during amebic colitis.

IL-33-mediated protection from amebic colitis requires ILCs
but not T and B cells
IL-33 has been shown to promote the function of regulatory T cells as
well as ILC2s in intestinal tissue to protect from barrier disruption16,28.
Moreover, IL-33 has been shown to act on B cells to promote the
production of IgA, which, in turn, protects mice from colitis and
colitis-associated cancer29. Hence, it was important to determine
which cell types are responsible for IL-33-mediated protection from
amebiasis. We treated RAG2−/− mice (deficient of T and B cells) with
recombinant IL-33 and observed that even in the absence of T and B
cells, IL-33 still protected from amebic infection and weight loss
(Fig. 4a–c). These data indicated that the presence of T and B cells
was not necessary for this IL-33-mediated defense.
As anticipated, RAG2−/− mice that received IL-33 had sig-

nificantly more Gata3+ ILC2s in their colon compared to vehicle-
treated mice (Fig. 4d, e and Supplementary Fig. 6c), while the
number of ILC1s and ILC3s was not significantly different (Fig. 4f,
g). Most of the Gata3+ ILC2 also expressed the IL-33 receptor (ST2)
(Fig. 4e and Supplementary Fig. 6c), suggesting that ILC2s acted
downstream of IL-33 signaling. These data suggested a potential
role of ILC2s in IL-33 promoted defense from amebic colitis. We
were interested in measuring ILC2s in WT C57BL/6J and CBA/J
mice. Since amebic infection did not induce epithelial damage in

Fig. 2 IL-33 protects from amebic infection and epithelial tissue damage in mice. a–d CBA/J mice were injected intraperitoneally with 0.75
µg of IL-33 or PBS each day for 8 days. On day 4 mice were challenged with E. histolytica trophozoites. Cecal content and cecal tissue were
harvested on day 9 (day 5 post E. histolytica challenge). a Infection rate measured by amebic culture from cecal content. b E. histolytica DNA,
measured by qPCR. c Weight loss. d Epithelial damage scored by H&E staining of cecal tissue. e–h Impact of soluble ST2: C57BL/6J mice were
intraperitoneally injected 5 ug/mouse soluble ST2 (IL-33 receptor). e infection rate by amebic culture from cecal content. f E. histolytica DNA by
qPCR. g Weight loss. h Correlation of amebic DNA load and ST2 concentration in cecal tissue (blue dots represent mice in soluble ST2 group
and black dots represent control group). a Data pooled from two independent experiments (n= 9–10). b–d Data representative of two
independent experiments (n= 9–10). e–h Data pooled from two independent experiments (n= 5–10). Statistical significance was determined
by Fisher’s exact test and unpaired t test. Error bars indicate SEM.
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SI, we focused the ILC2 characterization only in cecal and colonic
tissue. Interestingly, C57BL/6J mice had a significantly higher
IL13+ILC2s at baseline and during amebic infection than CBA/J
mice (Supplementary Fig. 6a, b). Further studies will inform if this

higher number of ILC2s contributes to providing resistance
against amebic colitis in C57BL/6J mice.
To further delineate the importance of ILCs, we utilized a

RAG2−/−γc−/− strain of mouse that does not have ILCs in addition
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Fig. 3 IL-33 upregulates type 2 immune response and dampens inflammation during amebic colitis. CBA/J mice were injected
intraperitoneally with 0.75 µg of IL-33 or PBS each day for 8 days. On day 4, mice were challenged with E. histolytica trophozoites. Cecal tissue
was collected on day 9 (day 5 of amebic challenge) from IL-33- or PBS-treated mice. a mRNA expression of type 2 cytokines. b PAS-stained
goblet cells by microscopy. c Muc2 mRNA expression. d Total CD45+ cells in cecal tissue by flow cytometry. e IL-6 protein by ELISA from cecal
lysate. f Chil3 and Arg1 (M2 macrophages marker) mRNA expression. g Flow cytometry gating and immune profiling of myeloid cells. a–f Data
representative of two independent experiments (n= 5–10). g Data pooled from two independent experiments (n= 5–10). Statistical
significance was determined by unpaired t test. Error bars indicate SEM.
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to lacking T and B cells. While IL-33 was able to protect RAG2−/−

mice, protection was lost in RAG2−/−γc−/− mice (Fig. 5a–c). In
addition, upregulation of type 2 immune responses was
abrogated in RAG2−/−γc−/− mice (Fig. 5d, e). This included
MUC2 mucin that was upregulated in RAG2−/− mice but not in
RAG2−/−γc−/− mice upon IL-33 treatment (Fig. 5f).

Adoptive transfer of ILC2s restored IL-33-mediated protection
in RAG2−/−γc−/− mice
To determine if ILC2s acted downstream of IL-33 signaling during
protection from amebic colitis, we adoptively transferred ILC2s into
RAG2−/−γc−/− mice. ILC2s were isolated from mouse spleen,
mesenteric lymph node, and colonic tissue and enriched using
magnetic cell separation. Isolated cells were then expanded in vitro
and activated in the presence of IL-3313,15. ST2+ILC2s were flow-
sorted and adoptively transferred into RAG2−/−γc−/− mice (5 × 105

cells/mouse) through intraperitoneal injection. Both mice receiving
ILC2s and control mice were treated with IL-33 (Fig. 6a). While 100%
of the control RAG2−/−γc−/− mice remained positive for ameba on
day 3 post amebic challenge, 55% of RAG2−/−γc−/− mice that
received ILC2s were culture-negative (Fig. 6b). E. histolytica DNA load

was also significantly lower in ILC2s administered mice (Fig. 6c). ILC2
treatment also protected RAG2−/−γc−/− mice from weight loss
(Fig. 6d). The successful transfer of ILC2s in RAG2−/−γc−/− mice was
confirmed by flow cytometry analysis (Fig. 6e). These data
demonstrate that ILC2s acted downstream of IL-33 during protection
from amebic colitis in the mouse model.

DISCUSSION
The most important discovery of this work is that the nuclear
alarmin IL-33 protects from intestinal colitis caused by the
protozoan parasite E. histolytica. IL-33 was found to mediate
innate immunity via an ILC2-driven type 2 immune response. The
upregulation of IL-33 transcripts in the human colon during
amebic infection was the first indication of a potential role of IL-33
signaling in amebiasis. In the mouse model, treating with
recombinant IL-33 cleared trophozoites from the mouse cecum
and helped in early recovery from colitis, as evidence by
decreased weight loss and epithelial damage. Conversely, inhibi-
tion of IL-33 signaling by administration of its soluble receptor ST2
increased susceptibility. Finally, ILC2s were shown to be required
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by restoration of IL-33-mediated protection by adoptive transfer
into RAG2−/−γc−/− mice.
IL-33 expression was previously found to be induced in

inflamed colonic tissues from ulcerative colitis patients30. In
mouse models, colonic infections by helminths and bacteria
increased IL-33 expression15,31. Similarly, we observed induced IL-
33 expression both in the colon of humans and mice during
amebic infection. The mechanisms through which E. histolytica
infection increases IL-33 expression are not known. Studies show
that activation of TLR2/TLR6 signaling with agonist upregulates IL-
33 transcripts in an NLRP3-dependent manner32. Amebic lipo-
peptidophosphoglycan is recognized by TLR2 and TLR4 on innate
and adaptive immune cells resulting in production of effector
cytokines33. Thus, amebic PAMPs could signal through TLR2/TLR4
to activate NLRP3-inflammasome and induce IL-33 expression. In
addition, cell death is a known mechanism of IL-33 induction, and
it is possible that IL-33 is upregulated by the novel means by
which E. histolytica kills human cells called “trogocytosis” (where
amebic trophozoites nibble a part of target cells resulting in cell

killing and tissue invasion)6. Previous studies showed trophozoites
that lacked amoebapore A and the cysteine proteases were
unable to induce cellular cytotoxicity7,34. Future studies should
focus on delineating the contribution of different amebic proteins,
including Gal/GalNAc lectin, amoebapore, and cysteine proteases,
in the upregulation of IL-33. During cellular death or tissue injury,
IL-33 is released from different cells, including endothelial cells,
epithelial cells, and peri-cryptal fibroblasts35,36. Future studies
should also aim to identify cellular sources of IL-33 upon amebic
infection.
The upregulation of IL-33 with an amebic infection that is part

of the host-protective response may act in part by inducing tissue
repair mechanisms that enhance blood coagulation and angio-
genesis in colonic tissue16,37. Pathway analysis of transcript data
derived from colonic biopsies of E. histolytica-infected patients
revealed that extracellular matrix organization and hemostasis
were two of the top ten upregulated pathways. These pathways
are involved in the initiation of tissue repair and recovery from
epithelial damage. A recent study showed that IL-33
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administration protected mice from colonic tissue damage and
increased barrier integrity during C. difficile infection15. In this
study, we found that treatment with IL-33 reduced epithelial
damage during amebiasis. IL-33 also reduced parasitic loads from
the colon, likely due in part to upregulation of genes involved in
innate immune signaling that were overrepresented during acute
amebic infection.
IL-33 may act to protect from amebiasis in part by dampening

inflammation. Inflammation and immune cell recruitment are
host-protective responses toward injury and infection; however,
chronic and uncontrolled inflammation could cause collateral
damage to the host. With IL-33 treatment, we observed a reduced
number of CD45+ cells and Ly6Chi inflammatory monocytes and
lower IL-6. IL-6 can induce chronic inflammatory and autoimmune
responses38. In addition, IL-33 skewed the immune response
toward type 2 immunity, which was previously shown to be
protective during helminth and bacterial infection15,39. Our lab has
previously shown that IL-25, an IL-17 family cytokine that can also
lead to a type 2 immune response, is protective to intestinal
amebiasis12. Like IL-33, IL-25 defends from amebic colonization
and intestinal tissue damage. IL-25 protected through induction of
eosinophilia as observed depletion of eosinophils by neutralizing
antibody abrogated protection. With IL-33 treatment, we also
observed an increase in colonic eosinophils. Surprisingly, deple-
tion of eosinophils did not abrogate the IL-33-mediated protection
(Supplementary Fig. 3). These data suggest that IL-25 and IL-33
use different downstream pathways to protect from amebic colitis.
Both basophils and mast cells have the ST2 receptor31. Treatment
with amebic antigens has been shown to activate mast cells and
basophils40,41. Future work should focus on determining the role
of mast cells and basophils in IL-33-mediated protection from
amebic colitis.
IL-33 can activate different ST2+ lymphoid and myeloid cells,

including mast cells, basophils, Th2 cells, Treg cells, and ILC2s31.

We sought to determine if IL-33 was acting on Th2 cells or/and
ILC2 cells to protect from amebic colitis by inducing a type 2
immune response. We observed that IL-33 treatment protected
RAG2−/− mice on a C57BL/6 background in a manner similar
to WT CBA/J mice. However, this protection was lost in
RAG2−/−γC−/− (C57BL/6 background) mice. IL-33-mediated upre-
gulation of IL-5, IL-13, Muc-2, Chil3, and Arg1 transcripts was
abrogated in RAG2−/−γC−/− mice, but protection was restored by
adoptive transfer of ILC2. These data indicated that the presence
of ILC2s but not Th2 cells was essential for the upregulation of
type 2 immune responses and protection from amebic colitis.
Perhaps, ILC2s could be involved in regulating resistance to
amebiasis in C57BL/6J mice. Interestingly, we observed that
C57BL/6J mice have a significantly higher number of IL13+ILC2s
in the gut compared to CBA/J mice. In the future, we plan to
stimulate the ILC2s isolated from C57BL/6J mice and CBA/J mice
with different amebic antigens to determine if amebic proteins
can directly activate ILC2s.
ILCs are the innate counterpart of CD4+ T helper cells, as

evidenced by their effector cytokine production and master
transcription factors. Unlike T cells, they do not have antigen
receptors; however, they possess receptors for cytokines and are
regulated by IL-33, IL-25, and TSLP upon injury or infection42. ILCs
have been found to shape intestinal health in diseased or
homeostatic conditions. However, the role of ILCs in amebic colitis
had not been studied. We observed that IL-33 treatment increased
the number of Gata3+ and ST2+ ILC2s in mouse cecal tissue upon
amebic infection. Adoptive transfer of ILC2s was sufficient to
restore the IL-33-mediated protection from amebic colitis in
RAG2−/−γC−/− mice. IL-33-ILC2-induced goblet cell hyperplasia
has been implicated in helminth expulsion from the intestine43. In
addition, IL-33-activated CD206+ type 2 macrophages were
associated with tissue repair in experimental colitis14. There was
a significantly higher number of goblet cells and expression of
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Muc2 mucin in cecal tissue upon IL-33 treatment. We also
observed an increased number of CD206+ alternatively activated
macrophages. Future studies should focus on delineating the
contribution of IL-13-mediated goblet cells hyperplasia, IL-5, and
alternatively activated macrophages in clearance of amebic
infection and recovery from colonic tissue damage.
A recent study showed that ILC2s exacerbated amebic liver

abscess in a mouse model through IL-5-facilitated accumulation of
eosinophils in the abscesses44. While type 2 immune-mediated
wound healing is key to recovery from colonic tissue damage by
infections, this could be deleterious in some organs, including
lung and liver14,15,44–47. Tissue-specific heterogeneity in ILC2s has
been demonstrated, and could contribute to the apparently
different roles of ILC2 in response to colitis and liver abscess due
to E. histolytica48. Single-cell RNA sequencing of ILC2s collected
from amebic infected colonic tissue could further advance the
understanding of downstream effector pathways involved in ILC2-
mediated protection from amebic colitis and how these differ
from liver abscess.
Altogether, we showed for the first time that E. histolytica

infection upregulates IL-33 transcripts in human and mouse
colonic tissue (Supplementary Fig. 7). Endogenous IL-33 signaling
and exogenous treatment with recombinant IL-33 protected from
amebic colitis. This IL-33-mediated defense from amebiasis was
associated with the induction of type 2 immune responses and
while IL-33 did not require T and B cells, the presence of ILC2s was
sufficient to confer protection (Supplementary Fig. 7). This work
showed that the IL-33-ILC2 pathway is important to clear parasitic
loads and recover from tissue damage during colitis and could be
targeted to design effective interventions.

METHODS
Mice
Experiments were performed using sex-matched 7- to 10-week-old C57BL/
6J, CBA/J, Rag2−/−, or Rag2−/−γC−/− mice. C57BL/6J and CBA/J mice were
purchased from Jackson Labs and housed in specific pathogen-
free conditions in the vivarium of the University of Virginia. Rag2−/− and
Rag2−/−γC−/− mice with an excluded flora were purchased from Taconic
Biosciences. Rag2−/− and Rag2−/−γC−/− mice had bedding swapped twice
a week for 3 weeks for the purpose of equilibrating microbiota before
experiments were performed. All the experiments were approved by the
University of Virginia Institutional Animal Care and Use Committee.

Recombinant IL-33, Chil3, and sST2 treatment
Mice were administered 0.75 µg of recombinant IL-33 (BioLegend, San
Diego, CA) or PBS via intraperitoneal injection daily beginning at 3 days
before amebic challenge up until 1 day before harvest. For sST2
experiments, mice were treated with 5 ug/mouse of ST2-Fc fusion (R&D
Systems, Catalog #1004-MR-050) or Fc control for four days (day–1, day 0,
day+1, and day+2 of amebic challenge) intraperitoneally. For the Chil3
treatment, mice were administered 6 doses (on day–2, –1, 0, +1, +2, +3)
of recombinant Chil3 (5ug/dose) (R&D Systems) via intraperitoneal
injection.

E. histolytica infection
Mice were challenged with 2 × 106 E. histolytica trophozoites (laboratory
strain HM1:IMSS) through intra-cecal laparotomy19. Trophozoites were
resuspended in 150 µl of culture media. During surgery, a small incision
was made in the abdomen of mice using sterile scissors followed by
injection of trophozoites into the cecum directly using a 27g needle. The
incision was closed using sterile chromic gut sutures19. At harvest, cecal
contents were collected and cultured in complete TYI-S-33 medium49.
After 24 h of culture, the presence of E. histolytica trophozoites in culture
tubes was determined by microscopic examination to determine
infectivity.

Quantification of trophozoites from cecal content
During harvests, cecal content was resuspended into 1ml of PBS. Then,
200 µl of cecal content was used to extract DNA using QIAamp Fast DNA

Stool Mini Kit (Qiagen, Hilden, Germany). E. histolytica DNA was quantified
using real-time PCR (qPCR) from extracted DNA. For the quantification
purpose, DNA was extracted from 105 trophozoites to generate six
standards by ten times serial dilution. A standard curve was generated
from these six standards to quantify trophozoites in samples. The primers
and probe used for qPCR are as follows: Eh-probe: Fam/TCATTGAAT-
GAATTGGCCATTT/BHQ; Eh-forward: ATTGTCGTGGCATCCTAACTCA; Eh-
reverse: GCGGACGGCTCATTATAACA.

H&E staining, PAS staining, and tuft cell staining
At harvest, mouse cecal tissue sections were collected and fixed into
Bouin’s solution for 24 h and then transferred into 70% ethanol. Tissue
sections were then embedded into paraffin, sectioned and stained by H&E
stain or PAS. Two independent blinded scorers scored the epithelium
disruption (ranged from 0 to 3) and counted goblet cells50. Goblet cell
numbers were normalized to the number of crypts. To determine the
number of tuft cells, tissue sections were stained by anti-DCAMKL1
antibody (Cat# ab 31704, dilution 1:4000)

Preparation of tissue lysate and tissue protein measurement
Dissected cecal tissue was mixed with 300 µl of lysis buffer 1 (1× HALT
protease inhibitor, 5 mM HEPES) followed by bead beating for 1 min. After
bead beating, 300 µl of lysis buffer 2 (1× HALT protease inhibitor, 5 mM
HEPES, 2% Triton X-100) was added with the solution and incubated on ice
for 30min. Solutions were centrifuged for 10min at 10,000 × g, and
supernatants were collected. The ST2 protein concentration was measured
using R&D ELISA kits (Minneapolis, MN). IL-33 and IL-25 concentration were
measured by ELISA and Luminex assay (R&D systems). Protein concentra-
tions were normalized to total tissue protein.

RNA extraction and qPCR
RNA was extracted from cecal tissue using a RNeasy isolation kit (Qiagen,
Hilden, Germany). Genomic DNA was removed using a Turbo DNA-free kit
(Invitrogen, Carlsbad, CA). RNA was then transcribed to cDNA using a High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster city,
CA). Expression of Il-5, Il-13, Il-4, Muc2, Chil3, and Arg1 genes was quantified
by qPCR using Sensifast SYBR & Fluorescein kit (Bioline, London, UK). Gene
expression was normalized to Gapdh expression. All procedures were
performed following protocols provided in the kits. Primers used for qPCR
are as follows: Il-13: F-5′-CAGCATGGTATGGAGTGTGGACCT-3’, R-5′-ACAGCT
GAGATGCCCAGGGAT-3’; AT-60.0 °C. II-5: F-5’-AGCAATGAGACGATGAGGCT
T-3’, R-5’-CCCCCACGGACAGTTTGATT-3’; AT-62.4 °C. IL-4: F-5’-CCATATCCA
CGGATGCGACA-3’, R-5’-CTGTGGTGTTCTTCGTTGCTG-3’; AT-60.0 °C. Chil3: F-
5′-GAAGGAGCCACTGAGGTCTG-3′, R-5′-GAGCCACTGAGCCTTCAAC-3′; AT-
60.0 °C. Arg1: F-5′-CAGAAGAATGGAAGAGTCAG-3′, R-5′-CAGATATGCAG
GGAGTCACC-3′; AT-60.0 °C. Muc2: F-5’-GCTGACGAGTGGTTGGTGAATG-3’,
R-5’-GATGAGGTGGCAGACAGGAGAC-3’; AT: 60.0 °C Gapdh: F-5’-AACTTTGG
CATTGTGGAAGG-3’, R-5’-ACACATTGGGGGTAGGAACA-3’; AT: 62.4 °C.

Preparation of single-cell suspension and flow cytometry
Cecal tissues were cut longitudinally and washed into buffer 1 (HBSS with
25mM HEPES and 5% FBS). Epithelial cells were separated from the lamina
propria by incubating tissue in buffer 2 (HBSS with 15mM HEPES, 5 mM
EDTA, 10% FBS, and 1mM DTT) for 40min at 37 °C with gentle shaking.
Then, the lamina propria was dissected into small pieces with scissors and
incubated in digestion buffer (RPMI 1640 containing 0.17 mg/ml Liberase
TL (Roche, Basel, Switzerland) and 30 µg/ml DNase (Sigma-Aldrich, St.
Louis, MO)) for 30min at 37 °C with gentle shaking. Single-cell suspensions
were made by passing the digested tissue through a 100 µm cell-strainer
followed by a 40 µm cell-strainer. Cells were pelleted by centrifuging at
500 × g for 5 min and reconstituted in FACS buffer (2% FBS in PBS). For
flow cytometry, 1 × 106 cells/sample were incubated with TruStain fcX
(BioLegend, San Diego, CA) for 5 min at room temperature, followed by
incubation with LIVE/DEAD Fixable Aqua (Life Technologies, Carlsbad, CA)
for 30min at 4 °C. Cells were washed with FACS buffer twice before
staining with monoclonal antibodies targeted to cell surface markers,
followed by incubation for 45min at 4 °C. Immune cells were detected by
flow cytometry using an LSR Fortessa cytometer (BD Biosciences, San Jose,
CA). For transcription factor staining, cells were fixed and permeabilized
using Foxp3/transcription factor staining buffer (eBioscience, San Diego,
CA) before staining with antibodies. Data were analyzed via FlowJo
software. The following monoclonal antibodies were used for staining:
CD206 (141716), F4/80 (123133), CD19 (115533), CD5 (100623), CD3
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(100327), FcεRIα (134317), CD11c (117327), CD90 (105305), CD11b
(101215) Ly6C (128005), CD45 (103115), Ly6G (127617), Tbet (505839),
from Biolegend (San Diego, CA); ST2 (12-9333-82), RoryT (17-6981-82) from
eBiosciences (San Diego, CA); GATA3 (L50-823), SiglecF (552126), CD127
(566377) from BD Bioscience (San Jose, CA).

ILC2 isolation, expansion, and adoptive transfer
WT C57BL/6J mice were administered 0.75 µg IL-33 for 4 days. Mouse
colons, spleens, and mesenteric lymph nodes were collected, and single-cell
suspensions were made. ILCs were enriched using mouse Lineage Cell
Depletion Kit (Milteny Biotec, Bergisch Gladbach, Germany). Enriched cells
were in vitro expanded toward ILC2s for 4 days by treating with IL-2 (10 ng/
ml), IL-7 (10 ng/ml), and IL-33 (50 ng/ml)15. Lin-CD45+CD127+CD90+
CD25+ST2+ILC2s were then collected by flow sorting followed by
intraperitoneal injection of 5 × 105 cells or vehicle per mouse.

Transcriptome microarray
Colon biopsies were collected from eight adult patients who came to the
International Centre for Diarrhoeal Diseases Research, Bangladesh with E.
histolytica infection. Control samples were collected from the same
individuals after 60 days of primary infections during recovery. Microarray
data were stored in NCBI’s Gene Expression Omnibus (GEO) (http://www.
ncbi.nlm.nih.gov/geo/)18. The volcano plot was generated using the
DESeq2 package on R51. Consensus PathDB database was used to perform
pathway enrichment analysis52. Microarray data on mouse colonic tissue
are accessible through GEO accession number GSE4337253.

Eosinophil depletion
For eosinophil depletion, IL-33-treated mice received 40 µg anti-SiglecF
(clone 238047) or IgG2a isotype control (clone 54447). Successful depletion
of eosinophils was confirmed by flow cytometry.

Statistical analysis
Fisher’s exact test was used to compare the infection rate between groups.
Student’s t test or the Mann–Whitney U nonparametric test was used to
make comparisons between two groups. ANOVA was used to compare
multiple groups. All the tests were done using GraphPad Prism software.
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