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Abstract

Schistosomiasis affects nearly 240 million people in predominately low and middle-income 

countries and ranks second in the number of cases and socioeconomic burden among all 

parasitic diseases. Despite the enormous burden posed by schistosomes, our understanding of 

how schistosomiasis impacts infected human tissues remains limited. Intestinal schistosomiasis in 

animal models leads to goblet cell hyperplasia, likely increasing mucus production and reflecting 

an intestinal type 2 immune response. However, it is unknown whether these same changes occur 

in schistosome-infected humans. Using immunofluorescence and light microscopy, we compared 

the abundance and morphology of goblet cells in patients diagnosed with schistosomiasis to 

uninfected controls. The mucin-containing vesicles in goblet cells from schistosome-infected 

patients were significantly larger (hypertrophic) than uninfected individuals, although goblet cell 

hyperplasia was absent in chronic human schistosomiasis. Additionally, we examined tuft cells 

in the large intestinal epithelium of control and schistosome-infected patients. Tuft cell numbers 

expand during helminth infection in mice, but these cells have not been characterized in human 

parasite infections. We found no evidence of tuft cell hyperplasia during human schistosome 

infection. Thus, our study provides novel insight into schistosome-associated changes to the 

intestinal epithelium in humans, suggesting an increase in mucus production by large intestinal 

goblet cells but relatively minor effects on tuft cell numbers.
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INTRODUCTION

Schistosomiasis is a debilitating infectious disease caused by parasitic flatworms of the 

genus Schistosoma. An estimated 240 million people required preventative treatment 

for schistosomiasis in 2019, making it one of the most common parasitic infections 

worldwide (1). Typical symptoms include abdominal pain, diarrhea, gastrointestinal 

bleeding, hematuria, and portal hypertension (1,2). Schistosomiasis predominantly affects 

impoverished rural communities without safe drinking water and adequate sanitation 

infrastructure. Cercariae, the infectious larval form of schistosomes, infect human hosts 

by penetrating skin exposed to contaminated fresh water. Once inside the host, schistosome 

larvae migrate through the circulatory system to the hepatic portal where they mature into 

adult worms and form mating pairs. These paired adult worms then travel to their permanent 

residence in the mesenteric (S. mansoni, S. japonicum, S. mekongi, S. intercalatum, and 
S. guineesis) or pelvic (S. haematobium) veins. Adult worms persist inside their human 

host for years, but do not induce local inflammation or directly cause symptoms. Rather, 

the immunopathology associated with chronic schistosome infection is caused by localized 

inflammatory responses against schistosome eggs (2–4).

Female schistosomes release approximately 300 to 3500 eggs per day (5,6), with 

approximately half of the eggs traversing the endothelium and across the intestinal or 

urinary epithelium before excretion in stool or urine. The remaining eggs are caught 

in the bloodstream and are ultimately trapped in distal tissues, principally the liver. 

When embedded in host tissues, the immunogenic schistosome eggs induce localized 

granulomatous inflammation, causing fibrosis and tissue-specific lesions that damage host 

organs (7–10). Studies in mice and humans indicate that schistosome eggs induce a type 2 

immune inflammatory response (11–15).

Type 2 immunity is commonly associated with intestinal parasite infections and includes 

physiological changes such as increased gut motility and mucus secretion by the epithelium. 

Schistosome eggs elicit many cardinal features of type 2 immunity in mice, including 

an expansion of CD4+ T helper 2 (Th2) cells, eosinophils, basophils, and M2 polarized 

macrophages, as well as increased production of IgE and the cytokines IL-4, IL-5, and 

IL-13 (4,8,13–15). In addition, the number of mucin-secreting epithelial cells called goblet 

cells significantly increased in both the small and large intestines of mice and non-human 

primates infected with S. mansoni (16–18). Because adult schistosomes reside in the 

mesenteric venules, they are unlikely to be directly affected by goblet cell hyperplasia. 

However, increased mucus production fortifies the intestinal barrier, which may alter the 

susceptibility of individuals with schistosomiasis to co-infections with pathogenic enteric 

bacteria and other parasites.

Like schistosomes, parasitic worms such as Nippostrongylus brasiliensis and 

Heligmosomoides polygyrus induce type 2 immunity (19,20) and goblet cell hyperplasia 
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in the small intestine of mice (23–25). These roundworms also increase the abundance of 

chemosensory epithelial cells called tuft cells. These cells detect luminal dwelling parasites 

and initiate type 2 immunity (25–30), but despite the central role of tuft cells in type 2 

immunity and epithelial remodeling, their abundance and distribution during schistosome 

infection remains unknown.

Animal models are frequently used to study the pathogenesis of schistosomiasis in host 

tissue, including schistosome-associated type 2 immunity and epithelial remodeling. These 

models allow synchronization of infections and access to tissues that can be difficult 

to acquire in patients. Schistosoma endemic regions are often medically underserved, 

and patients are less likely to provide biopsies or undergo surgical procedures that 

would yield schistome-infected tissue. Consequently, the intestinal tissue response in 

human schistosomiasis or whether observations in animal models translate to human 

disease is poorly understood. This study utilizes human tissue biopsies from patients with 

schistosomiasis to evaluate goblet and tuft cell remodeling during chronic infection. Here, 

we report hypertrophy of mucin-containing vesicles in the goblet cells of patients with 

schistosomiasis. However, unlike previous studies performed in animal models, we find 

no difference in goblet cell abundance between control and infected groups. Furthermore, 

we enumerated tuft cells in the human large intestine and found the frequency of these 

cells unchanged regardless of infection status. In summary, this work characterizes how 

schistosomiasis shapes the landscape of tuft and goblet cells in human large intestines and 

identifies clear differences and similarities in schistosome-induced epithelial remodeling 

between humans and other mammalian species.

MATERIALS & METHODS

Ethics Statement

All tubular gastrointestinal tract biopsies with a diagnosis including the word 

“schistosomiasis” were received through the Department of Pathology at Stanford Hospital 

and evaluated following the approved Institutional Review Board (IRB) protocol. The slides 

were reviewed by board-certified fellowship-trained gastrointestinal pathologists (GWC and 

EF). This study utilized archived excess human tissues that were removed for routine 

clinical purposes, therefore specific written consent was not required under the approved 

IRB. Detailed information regarding patient age, sex, presentation of symptoms, and other 

relevant clinical information are included in Table 1. Animal studies and experiments were 

approved and performed in accordance with Stanford’s Institutional Animal Care and Use 

Committee (IACUC #32914), and the National Institutes of Health guidelines for animal use 

and care.

Immunofluorescence microscopy

Human tissue biopsies were fixed in formalin, embedded in paraffin (FFPE), and cut into 

5μm thick sections. FFPE tissue sections were deparaffinized and hydrated in decreasing 

concentrations of ethanol. Heat-mediated antigen retrieval was performed in 10mM sodium 

citrate buffer + 0.05% Tween-20, pH 6.0 for 20 minutes at 98°C. Afterward, slides were 

washed and blocked in PBS containing 3% BSA, 2.5% donkey serum, 0.1% saponin for 1 
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hour at room temperature. Primary antibodies were incubated overnight at 4°C. Secondary 

antibodies and DAPI were applied for 1 hour at room temperature. Primary antibodies 

included: Rabbit anti-pEGFR (1:200 dilution, ab182618, Abcam), Mouse anti-E-Cadherin 

(1:200 dilution, 610181, BD Biosciences), Goat anti-ChAT (1:200 dilution, AB144P, 

MilliporeSigma), Mouse anti-COX1 (1:200 dilution, sc-19998, Santa Cruz Biotechnology, 

Inc.). DNA was labeled with DAPI (0.5 μg/ml, Roche). Mouse colonic tissue was fixed 

in 4% paraformaldehyde overnight at 4°C and embedded in paraffin. 5μm thick sections 

were processed as described above, but murine tuft cells were stained with Rabbit anti-

DCAMLK1 (1:200, ab31704 Abcam). Images were captured with a Zeiss LSM 700 

confocal microscope and processed/analyzed with FIJI.

Histology

FFPE tissue sections were deparaffinized and hydrated as described above. Alcian blue/

nuclear red staining or hematoxylin and eosin (H&E) staining were performed using 

standard procedures. Images were captured with a Nikon Eclipse Ni light microscope and 

processed/analyzed with FIJI.

Tuft cell enumeration

Human tuft cells were identified by immunofluorescence microscopy as described above. 

Image analysis was conducted in FIJI. Cells were manually enumerated using the Cell 

Counter plugin. First, individual epithelial cells were counted using the DAPI and E-

Cadherin channels as reference. Only epithelial cells with a visible lumen-facing border 

were counted. Next, the pEGFR and ChAT channels were used as reference to enumerate 

tuft cells among the previously established population of epithelial cells. Tuft cell 

enumeration was represented as a percent of total epithelial cells. Between 650 and 2500 

epithelial cells were analyzed per patient. Tuft cell frequencies in control and schistosome-

infected groups were compared using Mann-Whitney U tests. All statistical analyses and 

graphs were generated using GraphPad Prism 8.

Mouse tuft cells were identified and enumerated by immunofluorescence microscopy as 

previously described (27–29).

Goblet cell enumeration and area analysis

Goblet cells were identified by alcian blue/nuclear red staining as described above. 

Consecutive serial sections were used for goblet cell microscopy and analysis. This 

was done to maximize the similarity in tissue structure between sections, allowing for 

direct comparison of cell counts. The same regions of tissue used to enumerate tuft 

cells were also used for goblet cell analysis. Cell counter files marking the epithelium, 

which were generated during tuft cell enumeration, were superimposed onto the images 

of corresponding alcian blue staining and used as a guide for goblet cell enumeration. 

Goblet cells were manually enumerated using the Cell Counter plugin. Image analysis 

was conducted in FIJI. Goblet cell abundance was represented as a percent of total 

epithelial cells. For goblet cell mucin aggregate area analysis, images were de-identified 

and independently analyzed by two different individuals. Goblet cell area was measured 

manually using the polygon selection tool. Only goblet cells with a visible lumen-facing 
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border and associated nucleus were quantified. 100 goblet cells per patient were randomly 

selected for goblet cell area analysis. Goblet cell frequency and mucin aggregate area in 

control and schistosome-infected groups were compared using Mann-Whitney U tests. All 

statistical analyses and graphs were generated using GraphPad Prism.

Mice

Specific-pathogen-free C57BL/6 mice were bred and housed in microisolator cages at 

Stanford University. Five female mice between 6 and 10 weeks of age were used in 

experiments. No animals were excluded for analysis. Large intestine were excised from 

specific-pathogen-free (SPF) mice without parasite infections. The luminal contents were 

flushed and the large intestines were swiss-rolled for immunofluorescence microscopy. 

Animal studies and experiments were approved and carried out following Stanford’s 

Institutional Animal Care and Use Committee, and the National Institutes of Health 

guidelines for animal use and care.

RESULTS

To determine the influence of schistosomiasis on large intestinal goblet and tuft cell 

remodeling, we obtained schistosome-infected large intestinal tissue from patients at 

Stanford University Medical Center. These infected patients ranged in age from 35 to 

86 years old and presented with various symptoms related to gastrointestinal diseases 

(Table 1). Schistosome infections were diagnosed histologically by the presence of visible 

schistosome eggs surrounded by granulomatous inflammation (Fig. 1). Uninfected control 

biopsies were age and sex-matched with the schistosome-infected groups. These uninfected 

patients also presented with various gastrointestinal symptoms but displayed no evidence of 

schistosomiasis or other gastrointestinal infections (Table 1).

Analysis of goblet cell size and abundance in schistosome-infected patients

Hyperplasia of mucus-producing goblet cells is a well-characterized feature of anti-parasite 

immunity in various mammalian models, including in the large intestines of schistosome-

infected mice and baboons (16–18). However, whether human goblet cells undergo 

similar changes following parasite infection remains unclear. To determine the effects of 

schistosome infection on the abundance and morphology of goblet cells, we compared 

biopsies of schistosome-infected human large intestines to uninfected controls using 

quantitative microscopy (Fig. 2A). Contrary to experiments using animal models, we found 

no difference in goblet cell abundance between schistosome-infected and control groups (p 
= 0.8665) (Fig. 2B). However, we observed that mucin-containing vesicles in goblet cells 

appeared larger (hypertrophy) in schistosome-infected samples than control samples.

To test whether schistosome infection induces goblet cell hypertrophy, we measured the area 

of apical mucin-containing vesicles in 100 goblet cells per patient sample. Quantification 

of goblet cell size was analyzed independently by two individuals blinded to the identity 

of the samples to account for variation in individual researcher analysis. The results from 

both individual’s analyses are highly consistent (Fig. 2 and Fig. S1). Schistosome-infected 

patients have significantly enlarged goblet cell mucin-aggregates compared to controls on a 
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per-cell basis (p <0.0001) (Fig. 2D). Although individual goblet cell mucin-aggregates were 

highly variable in size within each patient sample, goblet cells from schistosome-infected 

patients were 16.2% larger than controls on average (Fig. 2E). When analyzed on a per 

patient basis, these differences were not significant (p = 0.7789), which may reflect the high 

degree of intra-patient goblet cell variability (Fig. 2C). When analyzed by sex, goblet cells 

of male controls were significantly larger (29.0%) compared to female controls (p-value 

< 0.0001), but not infected males (p = 0.4382). Goblet cells of infected females were 

significantly larger (22%) compared to female controls (p < 0.0001), but not infected males 

(p = 0.8210) (Fig. 2F–G). These data suggest that chronic intestinal schistosome infection 

stimulates human large intestinal goblet cell hypertrophy. Female patients in this study drove 

this response; however, larger patient cohorts are required to robustly determine whether 

there are sex-specific differences in goblet cell hypertrophy during human schistosomiasis.

Analysis of tuft cell abundance in schistosome-infected patients

Tuft cells recently emerged as key players in anti-parasite immunity in the gastrointestinal 

tract. Studies conducted in mice revealed that tuft cells sense intestinal parasites and release 

IL-25 and other type 2 immune effector molecules in response. These effector molecules 

stimulate group 2 innate lymphoid cells (ILC2) to produce IL-13 and initiate type 2 

immunity in the gut (25–29). Under homeostatic conditions, tuft cells sparsely populate the 

intestinal epithelium. However, during enteric parasite infection of mice, tuft cell abundance 

increases in the small intestine in response to IL-13 produced by ILC2s but not in the 

large intestine (25–27,31). Whether human tuft cells display a similar pattern during parasite 

infection is unknown.

Doublecortin-like Kinase 1 (DCLK1) is commonly used to identify tuft cells in mice but 

does not mark tuft cells in humans (32–34). Instead, choline acetyltransferase (ChAT), 

phosphorylated epidermal growth factor receptor (pEGFR; Y1068), and cyclooxygenase 1 

(COX1) have been used to identify human tuft cells (29,32,35,36). Therefore, we stained 

large intestinal samples with anti-pEGFR, anti-ChAT, and anti-COX1 and observed co-

localization of all three markers in slender epithelial cells that morphologically resemble tuft 

cells (Fig. 3A). Because of the variable quality of COX1 staining in tuft cells, we evaluated 

tuft cell abundance using only anti-pEGFR and anti-ChAT.

To assess the effects of schistosome infection on large intestinal tuft cell abundance, we 

compared the number of large intestinal tuft cells in schistosome-infected and control 

patients using anti-pEGFR and anti-ChAT (Fig. 3D). Double-positive tuft cells comprised 

1.21% of the large intestinal epithelium in controls and 1.01% of the epithelium of 

schistosome-infected samples (p = 0.3282) (Fig. 3B). These results suggest that large 

intestinal tuft cell hyperplasia is absent during intestinal schistosomiasis in humans and 

that large intestinal tuft cell abundance is comparable to tuft cells in mouse large intestines 

at homeostasis (Fig. 3C) and with previous publications (31,37). Although the tuft cell 

markers anti-pEGFR and anti-ChAT largely co-localized, both control and infected patients 

contained distinct populations of epithelial cells that expressed only one of these markers. 

Among control patients, 78.3% of tuft cells were double positive for anti-pEGFR and anti-

ChAT compared to 68.7% of tuft cells in schistosome-infected patients (p = 0.2946). In the 
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control group, 12.2% of tuft cells were single positive for pEGFR compared to 27.1% in the 

infected group, a difference which trended toward significance (p = 0.0682). Tuft cells that 

were single positive for ChAT comprised 9.5% of tuft cells among control patients compared 

to 4.2% among infected patients (p = 0.9413) (Fig. 3E–F). The non-uniform expression of 

the conventional tuft cell markers ChAT and pEGFR may reflect heterogeneity in human tuft 

cells.

DISCUSSION

The response to schistosomiasis in humans has often focused on factors circulating in 

peripheral blood, such as antibodies, cytokines, and immune cells, while far less is 

understood about human tissue responses to these infections. Blood samples are much easier 

to collect than tissue samples from schistosome-infected patients, who are located primarily 

in regions with underdeveloped medical and research infrastructure. Furthermore, it can be 

difficult to accurately determine the duration of infection among individuals who live in 

highly endemic areas and are subject to frequent reinfection. Accordingly, animal models 

are often used to study host tissue responses to schistosome infection, but how well these 

findings reflect human biology is unclear. Our study begins to address this shortcoming 

by analyzing the large intestinal epithelial tissue response to schistosome infection using 

biopsies from patients diagnosed with intestinal schistosomiasis. We observed that mucus-

producing goblet cells undergo hypertrophy, while the numbers of parasite-sensing tuft cells 

appear largely unaltered during chronic schistosome infection in humans. These findings 

are an important comparator to animal studies and offer insights into how schistosomiasis 

influences intestinal epithelial composition and morphology in humans.

In this study, we observed that large intestinal goblet cells in patients with intestinal 

schistosomiasis have, on average, larger mucin-containing vesicles compared to uninfected 

controls. This phenomenon, referred to as goblet cell hypertrophy, likely reflects an increase 

in mucus production, which is a canonical feature of anti-parasite immunity in the gut. 

The mucus barrier protects the epithelium from injury and may dislodge luminal parasites 

from the gut. (38). Whether schistosome-induced goblet cell hypertrophy is coupled to 

increased mucus secretion was not possible to examine in our study, as the patient biopsies 

did not contain an intact mucus layer. Furthermore, it remains unclear whether the various 

intestinal schistosome species (S. mansoni, S. japonicum, S. mekongi, S. guineesis, S. 
intercalatum) elicit different tissue responses in the host. Future studies would benefit from 

determining whether specific schistosome species influence goblet cells and other intestinal 

tissue responses.

We found no correlation between age and magnitude of hypertrophic goblet cell response 

(data not shown). However, segregating data by sex revealed that female patients in this 

study drove the hypertrophic response seen in the schistosome-infected group. Whether this 

is due to undersampling males or reflects biological differences between the sexes remains 

unclear. Interestingly, previous findings indicate that human and non-human females 

typically have elevated immune responses to parasite infection compared to conspecific 

males (39–41). Additionally, the prevalence and intensity of schistosome infections in 

endemic areas are lower among females than males (42,43). While differences in exposure 
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to contaminated waters may account for discrepancies in parasite burden and disease 

intensity between the sexes, females produce more schistosome-specific serum IgA and 

exhibit enhanced regulatory T-cell responses during schistosome infection, which are 

processes known to mitigate tissue-damaging inflammation and protect against reinfection 

(44). Further investigation with a larger patient cohort will be necessary to elucidate sex-

specific differences in mucus production and other tissue responses to schistosomiasis in 

humans.

In animal models of helminth infection, goblet cell hypertrophy and hyperplasia are 

consistent features of anti-parasite immunity that presumably serve to increase mucus 

production in the intestine (29,45). We observed goblet cell hypertrophy in schistosome-

infected patients; however, in contrast to animal models of schistosomiasis, there was 

no goblet cell hyperplasia. This discrepancy could be influenced by the duration of 

infection, as the host immune response is known to change throughout the various stages 

of schistosomiasis. The first five weeks following schistosome infection are characterized 

by a potent Th1 response, during which goblet cell hyperplasia is absent in animal models 

(18). Approximately six weeks post-infection, mature parasites begin to release antigenic 

eggs, which begins the acute stage characterized by a dominant Th2 response. Goblet cell 

hyperplasia occurs in animal models during the acute stage of infection (16–18). During the 

chronic stage, which begins 12 weeks post-infection, the magnitude of the Th2 response 

decreases significantly over time as immune hyporesponsiveness to egg antigens progresses 

(8). Like many schistosome-infected patients, the exact timing and duration of infection 

among our cohort are not clear. However, they were likely chronically infected for years 

prior to this study, as no recent travel history to schistosome-endemic areas was reported 

at the time of the biopsy collection. Because the cytokine environments differ substantially 

between the acute and chronic stages of infection, the duration of infection may account 

for the difference in goblet cell abundance observed in prior animal studies and our 

study on humans. It remains unclear whether humans undergo a hyperplastic goblet cell 

response during acute schistosomiasis that diminishes over time. Surprisingly, schistosome-

induced large intestinal goblet cell hyperplasia has been reported as independent of type 

2 immunity in mice and instead relies on IL-22 (19) . Acute schistosomiasis increases 

IL-22 expression in mouse large intestines, and human peripheral blood mononuclear cells 

obtained from chronically infected individuals produce IL-22 in response to schistosome egg 

stimulation (46). IL-22 also has been implicated in small intestinal goblet cell hyperplasia 

(24), reflecting a common response between small and large intestinal goblet cells to this 

cytokine. Accordingly, the large intestinal goblet cell hypertrophy observed in schistosome-

infected patients may indicate a similar response in the small intestine. However, small 

intestinal tuft cell hyperplasia requires type 2 cytokines and would not likely respond to 

IL-22 associated with Schistosomiasis. Future investigation is needed to further characterize 

the cytokine environments within human tissues across various stages of schistosome 

infection and determine if type 2 cytokines or IL-22 drives goblet cell hyperplasia during 

acute human schistosomiasis.

Until now, human tuft cells have not been examined in the context of parasite infection, 

including in response to schistosome eggs. Nor have tuft cells been analyzed in animal 

models of schistosomiasis. The results of this study suggest that tuft cells have a similar 
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abundance in the large intestinal epithelium of mice and humans (31), and that chronic 

schistosomiasis does not induce tuft cell hyperplasia in the human large intestine. Mouse 

models of type 2 immunity also do not induce tuft cell hyperplasia in the large intestine 

as they do in the ileum, suggesting that the tissue-specific response of tuft cells to parasite 

infection is consistent between mice and humans (25–27). We could not acquire small 

intestinal biopsies from parasite-infected patients to include in this study and whether large 

intestinal tuft cells respond to schistosome infection in ways that do not induce hyperplasia 

remains unclear.

Tuft and goblet cells are specialized epithelial cells that play critical roles in maintaining 

a healthy relationship with the gut microbiome and defending the host against pathogens. 

These cells work in concert to monitor the microbial environment, initiate anti-parasite 

immunity, and fortify the mucus barrier. Understanding how schistosomiasis shapes the 

epithelial and immune landscapes may yield valuable insights into how schistosome 

infection alters intestinal function, vulnerability to co-infection, and the severity of 

concurrent illness. By examining the behavior of tuft and goblet cells in patients with 

schistosomiasis, our study lays the groundwork for understanding the important relationship 

between schistosome infection and host epithelial responses in humans.
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Fig. 1. Schistosome egg surrounded by granulomatous inflammation.
Hematoxylin and eosin stained colonic sections from three patients with intestinal 

schistosomiasis. Black arrow indicates a schistosome egg surrounded by a granuloma in 

the colonic lamina propria. Scale bar, 100 μm.
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Fig. 2. Chronic intestinal schistosomiasis induces goblet cell hypertrophy in the human colon.
(A) Representative images of goblet cells in colonic sections stained with Alcian blue and 

nuclear red in uninfected and schistosome-infected patients (scale bar, 100 μm). (B) Colonic 

goblet cell abundance. Points represent individual patients. (C) Average goblet cell mucin 

aggregate area in μm2 plotted on a log scale. Points represent individual patients. (D) Mucin 

aggregate area per goblet cell. Violin plots show the median (solid black line) and quartiles 

(dashed lines) mucin area for individual goblet cells on a log scale. 100 goblet cells were 

analyzed for each individual patient. (E) Fold difference of mucin aggregate area per goblet 

cell. (F) Mucin aggregate area per goblet cell separated by sex. (G) Fold difference of mucin 

aggregate area per goblet cell separated by sex. Data are plotted as means with SEM. **** p 
< 0.0001; NS, not significant; using Mann-Whitney tests.
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Fig. 3. Colonic tuft cell hyperplasia is absent in patients with chronic intestinal schistosomiasis
(A) Representative image of a colonic tuft cell in an uninfected patient. pEGFR is shown 

in green, ChAT in red, DAPI in blue, and COX1 in white (scale bar, 5 μm). (B) Abundance 

of pEGFR/ChAT double-positive colonic tuft cells in uninfected and schistosome-infected 

patients. Points represent individual patients. (C) Representative image of tuft cells in 

the colon of specific-pathogen free (SPF) mice without parasites. Tuft cells are stained 

with DCLK1 in green, E-Cadherin in red, and DAPI in blue (scale bar, 50 μm). Tuft cell 

abundance in colonic epithelium of SPF mice determined by quantitative microscopy. Points 

represent individual mice. (D) Representative images of colonic tuft cells in uninfected and 

schistosome-infected patients. pEGFR is shown in green, ChAT in red, DAPI in blue, and 

E-Cadherin in white. White arrows depict pEGFR/ChAT double-positive tuft cells. White 

stars depict pEGFR or ChAT single-positive tuft cells (scale bar, 50 μm). (E-F) Proportion 
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of pEGFR/ChAT double-positive, pEGFR single-positive, and ChAT single-positive colonic 

tuft cells in uninfected and schistosome-infected patients. Data are plotted as means with 

SEM in (E) or as venn-diagrams in (F). Points represent individual patients. NS, not 

significant; using Mann-Whitney tests.
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Table 1.

Clinical information about the patient cohort used in this study.

Control Patients

Age Sex Travel History Region Biopsied Symptoms Additional Relevant Serology

34 Male N/A Unidentified colonic 
region Chronic diarrhea None Not tested

40 Male 2017: Australia and 
New Zealand Transverse colon None, Crohn’s surveillance Ileocolonic Crohn’s disease Not tested

48 Female N/A Unidentified colonic 
region Chronic diarrhea and pain None Not tested

55 Female N/A Descending colon Worsening ulcerative colitis 
symptoms over past 6 months Left-sided ulcerative colitis Not tested

56 Female N/A Descending colon Intermittent diarrhea None Not tested

57 Male N/A Sigmoid colon Sigmoid colitis None Not tested

61 Female N/A Rectum Nausea, vomiting, diarrhea
Aplastic anemia, status post 

hematopoietic stem cell 
transplant

Not tested

80 Female N/A Unidentified colonic 
region Diarrhea None Not tested

Schistosomiasis Patients

Age Sex Travel History Region Biopsied Symptoms Additional Relevant Serology

35 Female 2009: Yemen Rectum
Chronic left flank pain, 

nausea and passage of tissue 
per rectum

Present: Chronic active 
gastritis

2016: H. pylori infection
Positive

51 Female Recent travel to 
Philippines

Rectosigmoid 
colonic junction Chronic non-bloody diarrhea

Tubular colonic adenoma and 
hyperplastic polyp present in 

same biopsy
Negative

61 Female N/A Ascending colon None, presents for high-risk 
colon cancer surveillance None Not tested

66 Male N/A Cecum None, colonoscopy screening Tubulovillous adenoma 
present in same biopsy Negative

70 Male Immigrant from 
China Rectum Rectal bleeding and pain

Prior schistosomiasis infection 
during childhood, treated 

twice
Not tested

71 Female Recent immigrant 
from China Rectum None, follow-up for prior 

rectal adenocarcinoma 2018: Rectal adenocarcinoma Negative

86 Female N/A Rectum None
2005 and 2010: Prior 

schistosomiasis infection in 
hepatic flexure

Not tested
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