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Background. Schistosomiasis increases the risk of human immunodeficiency virus (HIV) acquisition in women by mechanisms 
that are incompletely defined. Our objective was to determine how the cervical environment is impacted by Schistosoma haemato-
bium or Schistosoma mansoni infection by quantifying gene expression in the cervical mucosa and cytokine levels in cervicovaginal 
lavage fluid.

Methods. We recruited women with and those without S. haematobium infection and women with and those without S. mansoni 
infection from separate villages in rural Tanzania with high prevalences of S. haematobium and S. mansoni, respectively. Infection 
status was determined by urine and stool microscopy and testing for serum circulating anodic antigen. RNA was extracted from cer-
vical cytobrush samples for transcriptome analysis. Cytokine levels were measured by magnetic bead immunoassay.

Results. In the village where S. haematobium was prevalent, 110 genes were differentially expressed in the cervical mucosa of 
18 women with versus 39 without S. haematobium infection. Among the 27 cytokines analyzed in cervicovaginal lavage fluid from 
women in this village, the level of interleukin 15 was lower in the S. haematobium–infected group (62.8 vs 102.9 pg/mL; adjusted 
P = .0013). Differences were not observed in the S. mansoni–prevalent villages between 11 women with and 29 without S. mansoni 
infection.

Conclusions. We demonstrate altered cervical mucosal gene expression and lower interleukin 15 levels in women with S. hae-
matobium infection as compared to those with S. mansoni infection, which may influence HIV acquisition and cancer risks. Studies 
to determine the effects of antischistosome treatment on these mucosal alterations are needed.

Keywords. Schistosoma haematobium; Schistosoma mansoni; schistosomiasis; RNA-Seq; interleukin 15; cervicovaginal lavage.

Studies from Tanzania, Zimbabwe, and Mozambique support 
an increased risk of human immunodeficiency virus (HIV) ac-
quisition in women with schistosome infection [1–5]. These 
studies report increased prevalence and incidence of HIV in-
fection in women with schistosomiasis, including a longitudinal 
study that documented schistosome infection and a subse-
quent 2.8-fold increased odds of becoming HIV infected [5]. 
The World Health Organization and the Joint United Nations 
Programme on HIV/AIDS have declared schistosome infection 

to be a potentially modifiable risk factor for HIV acquisition 
[6, 7].

The mechanisms by which schistosomes modify a woman’s 
risk of HIV acquisition are unknown. The increase in HIV risk 
in schistosome-infected women but not men [5, 8] suggests that 
there are differential genital mucosal responses to schistosome 
infections. Although systemic effects may also play a role [9], 
most studies looking for causality have focused on the mucosa. 
Macroscopically, genital S. haematobium infection causes fria-
bility, neovascularization, and sandy patches on the cervix [10]. 
One study in Malawian women reported an increased den-
sity of CD4+ T lymphocytes and macrophages in cervical bi-
opsy specimens with Schistosoma haematobium ova visualized 
[11]. Women with S. haematobium infection also have a greater 
proportion of monocytes in cervical cytobrush samples that 
express the HIV receptor CCR5 [12]. Although Schistosoma 
mansoni primarily influences the gastrointestinal tract, its eggs 
are widely distributed throughout genital tissues but at lower 
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densities than in S. haematobium infection [13, 14]. A case se-
ries of women with S. mansoni eggs detected in genital tissue 
had visible cervical abnormalities that were similar to those 
described in women with S.  haematobium infection [15]. To 
our knowledge, no studies have reported on the genital mucosal 
gene expression or cytokine levels in S. mansoni infection.

Our objective was to determine how the cervical environ-
ment is impacted by S.  haematobium or S.  mansoni infection 
by quantifying gene expression in the cervical mucosa and 
cytokine levels in cervicovaginal lavage fluid. To investigate the 
differential effects of schistosome species, we compared women 
with and those without S. haematobium infection and women 
with and those without S. mansoni infection. The goal of these 
efforts was to identify gene expression and cytokine differences 
in the genital mucosa of women with schistosome infections, 
to improve schistosomiasis treatment programs and guide HIV 
prevention strategies in schistosome-endemic areas.

MATERIALS AND METHODS

Study Sites and Population Screening

We invited a community-based sample of women of reproduc-
tive age living in rural villages in Tanzania with high prevalence 
of either S. haematobium or S. mansoni infection [2, 16] to par-
ticipate in a study with free screening for schistosomiasis and 
HIV. The villages with S. mansoni infection were located closer 
to Lake Victoria, while the villages with S. haematobium were 
further inland, as previously described [2].

All women received individual HIV counseling and under-
went rapid testing with same-day results. In accordance with 
Tanzanian national guidelines, whole blood collected by fin-
ger stick was tested with the Determine HIV-1/2 test (Alere, 
Waltham, MA), with confirmation of positive results with the 
Uni-Gold HIV 1/2 test (Trinity Biotech, Wicklow, Ireland). 
Women with a first-time diagnosis of HIV infection were 
referred to the nearest HIV care and treatment center for fol-
low-up. Blood specimens were collected by phlebotomy for 
quantitation of serum circulating anodic antigen (CAA) at the 
Tanzanian National Institute for Medical Research laboratory 
in Mwanza. A 10-mL urine sample was filtered and examined 
microscopically for schistosome ova. The Kato-Katz technique 
was used to screen 5 slides per  stool specimen collected for 
S. mansoni ova [17]. Our team returned to the study village 2 
weeks later to provide results to all women and to offer eligible 
women the opportunity to participate in an additional portion 
of the study. All women found to have schistosome infections 
received free praziquantel treatment.

Study Design

Women eligible for enrollment were those with confirmed 
S. haematobium infection, with S. haematobium eggs visible on 
urine microscopy and a CAA-positive serum specimen, and 
women who were confirmed to be negative for schistosome 

infection but living in S.  haematobium–endemic villages. We 
also enrolled women with confirmed S. mansoni infection, with 
S. mansoni eggs visible on stool microscopy and CAA-positive 
serum, and women who were confirmed to be negative for 
schistosome infection and living in S.  mansoni–endemic vil-
lages. Infected and uninfected women were therefore recruited 
from the same schistosome-endemic villages. For each enrolled 
woman with schistosome infection, we invited the subsequent 2 
uninfected women (from S. haematobium–endemic villages) or 
the subsequent 3 uninfected women (from S. mansoni–endemic 
villages) who had returned to obtain their screening results to 
enroll, as well. Among women in the schistosome-negative 
groups, schistosome eggs were not detected in urine or stool 
specimens by microscopy, and CAA was not detected in serum 
specimens.

Women who were pregnant were included in screening and 
treated for schistosomiasis if indicated, but they were excluded 
from further study owing to the need to perform endocervi-
cal brushing. Women provided written informed consent and 
underwent a structured interview in a private setting with a 
nurse fluent in the local language. At this visit, a peripheral 
blood specimen was collected into Tempus RNA isolation 
tubes. Women underwent a gynecologic examination by the 
study physician (J. A. D.). Cervical swab specimens were col-
lected for sexually transmitted infection testing. Two endocer-
vical cytobrush specimens were collected into RNAlater (Life 
Technologies, Carlsbad, CA). Cervicovaginal lavage was per-
formed using a Pasteur pipette to wash 3 mL of 0.9% normal 
saline over the face of the cervix 3 times and then collect the 
fluid into a cryotube on ice, as previously described [18]. Acetic 
acid was used to perform cervical cancer screening in accor-
dance with Tanzanian national guidelines [19].

Sample Processing and Testing

Rapid point-of-care Trichomonas testing was performed on 
site at the time of gynecologic examination (Osom Rapid Test, 
Sekisui Diagnostics, San Diego, CA). DNA was extracted from 
cervicovaginal swab specimens for chlamydia and gonorrhea 
quantitative polymerase chain reaction (qPCR) analysis, using 
the QIAamp DNA mini kit, and was quantified using the Artus 
CT/NG QS-RGQ kit (Qiagen, Hilden, Germany). Serum spec-
imens for CAA testing were separated and stored at −20ºC 
within 10 hours of collection. Schistosome CAA testing was 
performed using up-converting phosphor technology as previ-
ously described, with CAA values >30 pg/mL considered posi-
tive [3, 20, 21].

RNA Isolation From Cervical Cytobrush Specimens

Cytobrush samples were disrupted using a Bead Mill 4 bead 
beater (Thermo-Fisher Scientific, Waltham, MA) in nucle-
ase-free tubes with metal beads (Thermo-Fisher Scientific) for 1 
minute at medium speed (3 m/second or 90 ×g). The RNAlater 
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was removed from the bead tube and centrifuged for 6 minutes 
at 15 000 rpm. The supernatant was removed from the centri-
fuge tube (leaving the cell pellet intact) and placed back into 
the bead tube with the cervical cytobrush and was disrupted a 
second time at a speed of 4 m/second (120 ×g) for 1 minute. The 
supernatant was removed and RNA extracted with the RNeasy 
Mini Kit with on-column DNase digestion, according to prod-
uct instructions (Qiagen).

RNA integrity was determined with a Bioanalyzer 2100 
(Agilent Technologies, Santa Clara, CA), and the RNA concen-
tration was measured using the NanoDrop 8000 (ThermoFisher 
Scientific). Samples with RNA integrity numbers >6.4 and 28S 
to 18S ribosomal RNA ratios >1.2 were submitted for RNA 
sequencing. RNA sample preparation and next-generation 
sequencing (RNA-Seq) were performed in 2 batches for S. hae-
matobium groups and in a single batch for S. mansoni groups.

RNA Library Preparation and RNA-Seq

RNA library preparation and RNA-Seq were performed at 
the Weill Cornell Genomics Core laboratory. Messenger RNA 
(mRNA) was prepared using the TruSeq RNA Sample Prep Kit 
v2 (Illumina, San Diego, CA) according to the manufacturer’s 
instructions. Prior to the sequencing run, samples were hybrid-
ized onto a patterned flow cell and amplified using a cBot fluid-
ics device (Illumina). Patterned flow cells were sequenced on a 
HiSeq 4000 (Illumina) as single-end 50-bp reads. Illumina bcl-
2fastq2 Conversion Software was used to demultiplex samples 
and to convert per-cycle BCL base call files into FASTQ files for 
downstream data analysis. FastQC (Babraham Bioinformatics, 
Babraham, UK) was used to determine sequence quality. Reads 
were aligned to the human hg19 reference genome by using 
Tophat2 [22] and were counted with the HTSeq package [23].

Cytokine Measurement

Specimens obtained by cervicovaginal lavage were thawed 
and then centrifuged for 10 minutes at 10 000 ×g at 4oC. The 
supernatant was diluted 4-fold in Bio-Plex sample diluent 
(Bio-Rad Laboratories, Hercules, CA). Twenty-seven cyto-
kines were labeled using the Bio-Plex Pro Human Cytokine 
Standard 27-Plex Group I  magnetic bead immunoassay (Bio-
Rad Laboratories). The following cytokines were measured: 
interleukin 1β, interleukin 1ra, interleukin 2, interleukin 4, 
interleukin 5, interleukin 6, interleukin 7, interleukin 8, inter-
leukin 9, interleukin 10, interleukin 12p70, interleukin 13, 
interleukin 15 (IL-15), interleukin 17A, eotaxin, basic fibro-
blast growth factor, granulocyte colony-stimulating factor, 
granulocyte-macrophage colony-stimulating factor, interferon 
γ (IFN-γ), IFN-γ–induced protein 10, monocyte chemoat-
tractant protein 1, macrophage inflammatory protein1α and 
1β, plant-derived growth factor BB, RANTES, tumor necrosis 
factor α, and vascular endothelial growth factor. Quantitation 
was performed using a Luminex 100/200 System with Luminex 

xPONENT software (build 31.871.0; Luminex, Austin, TX). To 
control for interplate variability, 5 interplate specimen controls 
were included in duplicate on each of the plates.

Statistical Analysis

Demographic and clinical characteristics were expressed as 
numbers and percentages or as median values and interquartile 
ranges and were compared using the Fisher exact test, for dis-
crete variables, and the Wilcoxon rank sum test, for continuous 
variables. We used principal component analysis to visualize 
sources of variation in the data.

For RNA-Seq data from cervical cytobrush specimens, we 
compared genes for differential expression in people with and 
those without schistosome infection, using DESeq2 in R (ver-
sion 3.4.1) [24]. To adjust for batch effect, we included “tran-
scriptome preparation batch” as an additional covariate for the 
differential expression analysis. In both RNA-Seq and cytokine 
analyses, P values were adjusted for multiple comparisons, 
using the procedure of Benjamini and Hochberg [25]. Genes 
that were differentially expressed with a false-detection rate 
(ie, adjusted P value [Padj]) of ≤.05 were included in subsequent 
analyses. All genes identified as being differentially expressed 
with Padj ≤ .05 in those with versus without schistosome infec-
tions were input into Ingenuity Pathway Analysis (Qiagen) and 
Webgestalt Kyto Encyclopedia of Genes and Genomes (KEGG) 
pathways analysis using overrepresentation enrichment analy-
sis [26] to generate representative pathways.

Cytokine comparisons were done with the Wilcoxon rank 
sum test. Because our case definition required positive results 
of both CAA testing and microscopy, a large number of 
CAA-positive, egg-negative women with HIV infection were 
excluded. Therefore, we examined the effects of HIV infection 
in a subanalysis for both gene expression and cytokines. We 
assessed the influence of both S.  haematobium infection and 
HIV infection, using 2-way analysis of variance to confirm that 
the effect of S. haematobium was significant while controlling 
for HIV.

Ethics

This study was approved by Bugando Medical Centre and the 
National Institute for Medical Research (both in Tanzania) and 
by the Weill Cornell Medical College. Study participants pro-
vided written informed consent. Those found to have sexually 
transmitted infections received free treatment for themselves 
and their sex partners in accordance with Tanzanian national 
guidelines. Those with HIV infection were referred for ongoing 
free care at the nearest HIV care and treatment center. Women 
with abnormalities during the acetic acid–based cervical cancer 
screening examination were given a referral appointment for 
repeat screening and possible cryotherapy at Bugando Medical 
Centre and money for transport to the appointment. All women 
who had schistosome infection as evidenced by urine, stool, or 
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serum screening received free praziquantel treatment when 
they returned for their results. Women who consented to the 
next phase of the study received praziquantel the same day after 
completing all study procedures.

RESULTS

Characteristics of the Study Population

We screened 67 women in S.  haematobium–endemic villages 
from April to November 2015 and 53 women from July to 
December 2016 (Supplementary Figure 1). Twenty-one women 
(16.7%) had confirmed S.  haematobium infection, with both 
positive results of serum CAA testing and S. haematobium eggs 
visualized on urine microscopy. One of these women was preg-
nant and excluded from further study. Fourteen women had 
positive results of CAA testing but no schistosome eggs visual-
ized in urine and stool specimens, of whom 3 (21%) were HIV 
infected; all were excluded from the study because of discordant 
test results. The remaining 20 women consented to additional 
testing. We also invited 44 women with serum and urine spec-
imens confirmed to be negative for schistosome infection to 
participate in further testing. Following RNA extraction, 7 did 
not meet the threshold to continue to RNA-Seq, owing to either 
insufficient RNA quality or quantity. Ultimately, we analyzed 
data on 57 women from S. haematobium–endemic villages, 18 
of whom were infected with S. haematobium.

We screened 80 women in S.  mansoni–endemic villages 
during May 2015 for inclusion into the study. Of these, 1 
woman had S.  mansoni and S.  haematobium coinfection and 
was treated and not studied further. There were also 18 women 
who had positive results of CAA testing but no schistosome 
eggs visualized in urine or stool specimens, of whom 1 (6%) 
was HIV infected. Fourteen women who were positive for CAA 
and had S. mansoni detected in stool specimens consented to 

participate; samples from 11 passed the RNA quality threshold 
to continue to RNA-Seq. We also enrolled 43 schistosome-un-
infected women, and samples from 29 passed the threshold for 
RNA quality and quantity. Ultimately, we analyzed data from 
40 women from S. mansoni–endemic villages, of whom 11 were 
and 29 were not infected with S. mansoni.

Between the groups of women from the same villages, those 
with S. haematobium infection were significantly younger than 
those without S. haematobium infection (Table 1). There were 
no other statistically significant demographic or clinical differ-
ences between S. haematobium– or S. mansoni–infected women 
and corresponding uninfected controls. Among a subset of cer-
vical swab specimens available for testing, there were no sig-
nificant differences in the prevalence of chlamydia, gonorrhea, 
or trichomoniasis between those with and those without schis-
tosome infection. Two women (11.1%) with and 13 (33.3%) 
without S. haematobium infection were HIV infected (P = .11). 
The frequency of HIV infection among women with and those 
without S.  mansoni infection was similar (18.2% and 17.2%, 
respectively).

The factors listed in Table 1 were compared between the 
2 groups. A  comparison using principal component anal-
ysis revealed that the year of specimen collection was an 
important source of variation that needed to be included in 
the model for S. haematobium infection, while the other fac-
tors had no significant effect and were therefore not included 
as covariates. When the year of collection was included as 
a covariate, we identified 110 genes that were differentially 
expressed in the cervical brushing samples from women with 
and those without S.  haematobium infection. Additional 
analysis of these 110 genes confirmed that their expression 
was not driven by other factors listed in Table 1, such as HIV 
infection status.

Table 1. Demographic and Clinical Characteristics of Study Participants, by Schistosoma haematobium and Schistosoma mansoni Infection Status

Characteristic S. haematobium Status S. mansoni Status

 
Infected
(n = 18)

Uninfected
(n = 39) Pdifference

Infected
(n = 11)

Uninfected
(n = 29) Pdifference

Age, y 21.5 (20–31) 30 (26–35) .0043 29 (27–35) 32 (29–38) .387

Currently breastfeeding 4 (23.5) 13 (37.1) .37 2 (18.2) 7 (24.1) 1.00

Marital status       

Married 14 (77.8) 27 (69.2) .75 8 (72.7) 22 (75.9) 1.00

Single/widowed/divorced 4 (22.2) 12 (30.8)  3 (27.3) 7 (24.1)  

Years of school completed 7 (0–7) 7 (7–7) .056 7 (5–7) 7 (2–7) .754

Ever treated for schistosomiasisa 3 (16.7) 5 (12.8) .70 2 (18.2) 9 (31.0) .693

HIV positive 2 (11.1) 13 (33.3) .11 2 (18.2) 5 (17.2) 1.00

S. haematobium ova, no. per 10 mL of urine 2 (2–12) 0 (0–0) <.001 0 0  

S. mansoni ova, no. per g of stool 0 0  48 (4.8–100.8) 0 (0.0) <.001

Serum schistosome CAA level, pg/mL 218.6 (107.7–1320) 0 (0–5) <.001 2428 (950–6861) 2.5 (0–4.7) <.001

Data are no. (%) of participants or median value (interquartile range).

Abbreviations: CAA, circulating anodic antigen; HIV, human immunodeficiency virus.
aIncluding mass drug administration.
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Box plots of the transcript levels of 8 genes for which com-
parisons between women with and those without S.  hae-
matobium infection yielded the lowest adjusted P values are 
shown in Figure 1. The genes were FABP4 (encoding fatty acid 
binding protein 4; log2 fold change in expression in infected 
women, −3.7), TGM3 (transglutaminase 3; fold change, −2.9), 
MB (myoglobin; fold change, −1.2), SERPINB11 (serpin family 
B member 11; fold change,  −2.7), TEPP (testis, prostate and 
placenta expressed, FC = −1.4), SLC26A2 (solute carrier family 
26 member 2; fold change,  1.0), SERPINA3 (serpin family 
A member 3; fold change, −2.1), and AKR1B15 (aldo-keto re-
ductase family 1 member B15; fold change,  −1.9). Of these 
genes, all but SLC26A2 were expressed at significantly lower 
levels in women with S. haematobium infection.

Ingenuity Pathways Analysis identified the top canon-
ical pathway as “inhibition of matrix metalloproteinases” 
(P = 4.14 × 10–5). The second, third, and fourth canonical path-
ways, specified as follows, were related to cancer: “colorectal 
cancer metastasis signaling” (P = 2.42 × 10–4), “glioma invasive-
ness signaling” (P = 4.10 × 10–4), and “bladder cancer signal-
ing” (P = 9.74 × 10–4), respectively. There were no statistically 
significantly enriched KEGG pathways, using a false-discovery 
rate cutoff of 0.05.

In cervicovaginal lavage fluid, IL-15 levels were lower in 
women with as compared to those without S. haematobium in-
fection (68.2 vs 102.9 pg/mL; Padj = .0013; Figure 2). After ad-
justment for multiple comparisons, there were no statistically 
significant differences in levels of any of the other measured 
cytokines between women with and those without S. haemato-
bium infection (Supplementary Table 1). An additional analysis 
that included HIV and S. haematobium status as factors by 2-way 
analysis of variance confirmed that S. haematobium status was 
significant (P = .0001) but HIV status was not (P = .2941) for the 
differences in IL-15 levels. Gene expression of IL-15 in cervical 
brushing samples was lower in the S. haematobium group (fold 
change, −0.3; Punadjusted  = .065), but this did not reach statistical 
significance.

We found no genes that were differentially expressed in cer-
vical brushing specimens from women with and those without 
S. mansoni infection on analysis with DESeq2. We also detected 
no statistically significant differences in levels of  the 27 cyto-
kines tested between the 2 groups (Supplementary Table 2)

DISCUSSION

Our investigation of human gene expression in the cervical mu-
cosa and cytokine levels in cervical lavage fluid revealed important 
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Figure 1. Differences in transcript count in cervical cells for 8 representative genes found to be differentially expressed in women with and those without Schistosoma 
haematobium infection. The plots display median values (dark horizontal bar) and interquartile ranges (boxes), with error bars representing 1.5 times the interquartile range 
or the minimum/maximum values. The P value for differences was <.05 after adjustment for multiple comparisons for all genes shown. FABP4 encodes fatty acid binding 
protein 4; TGM3, transglutaminase 3; MB, myoglobin; SERPINB11, serpin family B member 11; TEPP, testis, prostate and placenta expressed; SLC26A2, solute carrier family 
26 member 2; SERPINA3, serpin family A member 3; and AKR1B15, aldo-keto reductase family 1 member B15.
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differences between women with and those without S. haemato-
bium infection but not between women with and those without 
S. mansoni infection. In women with S. haematobium infection, we 
identified 110 genes that are differentially expressed in the cervix 
of women, which likely reflect effects of S. haematobium on the 
inflammatory response and tissue fibrosis. These genes were over-
represented in pathways related to cancer metastasis, reproduc-
tive system disease, and organismal injury. The decreased IL-15 
level supports a hypothesis of immune exhaustion and impaired 
antiviral immune response in the cervix in women with S. haema-
tobium and has not been previously reported. These differences 
suggest mechanisms by which S.  haematobium could influence 
susceptibility to HIV acquisition in women. To our knowledge, 
this is the first study to demonstrate the effects of S. haematobium 
on global gene expression in human genital mucosal cells.

The analysis of cytokines in cervicovaginal lavage fluid 
showed lower levels of IL-15 in women infected with S. haema-
tobium, independent of HIV status. IL-15 is an immune mod-
ulator that influences both innate and adaptive immune cells. 
A  decreased IL-15 level leads to decreased natural killer cell 
activation, decreased survival, decreased proliferation of mono-
nuclear cells, and decreased proliferation of memory CD8+ T 
cells [27–29]. This has been associated with decreased cytotoxic 
activity against herpes simplex virus [30] and increased suscep-
tibility to mycobacterial infections in mice [31]. In human stud-
ies, there are lower levels of IL-15 in cervical tissue specimens 
from human papillomavirus type 16/18 (HPV16/18)–positive 
individuals with cervical cancer, compared with HPV16/18-
negative individuals with cervical cancer [32], which is addi-
tional support for cervicovaginal cytokine levels being impacted 
by local infections.

 IL-15 also plays an important role in the immune response 
to HIV by increasing cytotoxic and antiviral effects of natural 
killer cells and HIV-specific CD8+ T cells [33–35]. Further, 
stimulation by an IL-15 superagonist has been shown to pre-
vent acquisition of HIV infection and to inhibit HIV replica-
tion [36]. Therefore, the decrease in the cervicovaginal IL-15 
level that we observed in women infected with S. haematobium 
supports the hypothesis that an altered immune environment 
induced by schistosome infection contributes to susceptibility 
to HIV infection.

Ingenuity Pathway Analysis identified “inhibition of matrix 
metalloproteinases (MMPs)” as the top canonical pathway al-
tered in the cervical mucosa during S. haematobium infection. 
Specifically, MMP-2 and MMP-16 expression was increased 
and expression of tissue inhibitor of MMP-3 (TIMP-3) was 
decreased in the cervix of women infected with S. haematobium. 
MMPs regulate extracellular matrix deposition by breaking 
down collagen and other extracellular matrix proteins. MMPs 
are also important regulators of inflammation involving cellular 
entry into tissues and activation of proinflammatory molecules 
[37, 38]. The ratio of MMP to TIMP gene expression correlates 
with levels of fibrosis in murine models of schistosomiasis, with 
an increased ratio corresponding to a greater degree of fibrosis 
[39, 40]. MMP-2 is also important in angiogenesis [41, 42], and 
its upregulation is consistent with the neovascularization of the 
cervix, which can occur in women with urogenital schistosomi-
asis [43]. Decreased expression of TIMP-3, which we found in 
S. haematobium–infected women, allows for increased protease 
activity and has been shown to increase angiogenesis, tumor 
invasion, and metastasis [44]. Alterations in expression of 
MMP and TIMP genes due to schistosome infection have been 
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characterized in mice, but our study is the first to demonstrate 
these changes in human cervical cells.

Our analysis found no significant differences in gene expres-
sion or cytokine concentrations in the cervix of women infected 
with S. mansoni. Although S. mansoni is primarily an intestinal 
pathogen, autopsy studies have demonstrated the presence of 
S. mansoni ova in the urogenital tract, primarily the vagina and 
cervix [13, 14]. A case series in Tanzania found visible cervical 
lesions in up to half of women with biopsy-proven S. mansoni 
infection [15]. Furthermore, previous research in S. mansoni–
endemic areas has found an association between S.  mansoni 
infection and the risk of HIV acquisition in women [5]. It is 
possible that we did not identify effects because of the smaller 
sample size from S. mansoni–endemic villages or because of the 
lower density of eggs deposited in the cervix during S. mansoni 
infection as compared to S.  haematobium infection. Further 
investigation of pathogenesis in S. mansoni and HIV coinfec-
tion is needed.

The sample size precluded control for potential confounders 
such as duration of schistosome infection, prior praziquantel 
treatment, and coinfections in a multivariate model. The study 
did not include preinfection samples, limiting conclusions as to 
whether changes in gene expression or cytokine levels are caus-
ally related to schistosome infection. Some of these obstacles are 
addressed in ongoing longitudinal studies that will analyze the 
cervical cells of schistosome-infected women after praziquantel 
treatment.

In conclusion, our study has, in the genital mucosa of women 
with S.  haematobium infection, demonstrated molecular 
changes related to immune exhaustion and impaired antiviral 
immune response, potentially increasing susceptibility to HIV 
infection. These changes influence both the physical integrity 
of cervical tissue and the immune environment. Future stud-
ies are underway to elucidate gene expression changes over 
the course of schistosome infection, whether they reverse after 
praziquantel treatment, and their impact on susceptibility to 
HIV infection.
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