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Helminth infection-driven changes to immunity in the female reproductive tract (FRT) is an immune axis that is currently understudied but can have major implications for the control of FRT infections. Here we address how human hookworm infection associates with vaginal immune profile and risk of Human papillomavirus (HPV) infection. Stool, blood, cervical swabs and vaginal flushes were collected from women from the Central region of Togo to screen for hookworms (Ancylostoma duodenale) and high carcinogenic risk HPV types, via Kato Katz and PCR, respectively. Cytokine, chemokine and immunoglobulin levels were analysed in cervicovaginal lavages and plasma samples. A pronounced mixed Type 1/Type 2 immune response was detected in the vaginal fluids of women with hookworm infection and this immune signature was a notable feature in hookworm-HPV co-infected women. Moreover, hookworm infection is positively associated with increased risk and load of HPV infection. These findings highlight helminth infection as a significant risk factor for acquiring a sexually transmitted viral infection and potentially raising the risk of subsequent pathology.
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Introduction

Soil-transmitted helminth (STH) infections in low- and middle-income countries (LMIC) are common (1). Disproportionately high incidence and mortality (>85%) of Human Papillomavirus (HPV)-associated cervical cancer (CC) also occur in LMIC (2).

Helminth infections can result in diverse changes in the ability of the host to control viral infection. For example, CD8+ T cell responses against murine norovirus are reduced in mice infected with Trichinella spiralis (3). Similarly, reactivation of gamma herpesvirus, MHV68, occurs in Heligmosomoides polygyrus-infected mice due to raised IL-4 and STAT6 impairing IFN-γ dependent antiviral immunity (4). In contrast, expansion of virtual CD8+ T memory cells in Schistosoma mansoni exposed mice enhances control of murine gamma herpesvirus, MuVH4 (5). Helminth infections alter the risk of vaginal viral infection and pathology. STH infections have been reported to increase the risk of HPV infection in South America and in Togo (6, 7). Direct effects of helminth infection on the female reproductive tract (FRT) following Schistosoma haematobium eggs transiting the urogenital tract cause significant pathology (8) and increase the risk of HIV infection (9–11). Additionally, Wuchereria bancrofti can raise the risk of HIV, possibly due to increased FRT recruitment of CD4+ T cells (12).

Helminth infections that do not colonise or transit the urogenital tract or associated lymphoid organs significantly alter urogenital immunity against viral infection/pathology. For example, co-infections of Nippostrongylus brasiliensis – Herpes simplex virus type 2 (HSV-2), which is suggested as a co-factor in the HPV-driven etiology of invasive cervical cancer (13), results in increased viral-induced pathology that is driven by parasite-initiated vaginal IL-5, IL-33 and eosinophil responses in mice (14). A small number of human studies support this finding. Gravitt et al. (6) reported that STH infections were associated with a 60% increased HPV prevalence in women in South America and identified this to be associated with raised type 2 cytokines -in vaginal washes. In addition, our group recently deciphered distinct sociodemographic factors and helminth infections as risk factors associated with FRT infections and observed in detail that hookworm infections were associated with an increased risk of HPV infection (7). However, systemic and vaginal immune profiles were not analysed and the immune mechanisms underlying this observation remain uncertain and need further evaluation. Thus, in the present study, we investigated local vaginal immune parameters associated with hookworm-HPV co-infection and expand on existing work by investigating the association between hookworm infection and increased viral high carcinogenic risk HPV-DNA load.



Methods


Ethics statement

Participants were recruited from the Central region of Togo in 2019 as part of a German Research Foundation (DFG)-funded GSAT study within the German-African Cooperation Projects in Infectiology. All participants were over 18 years of age at the time of recruitment and gave written informed consent prior to sample collection. Ethical approval was received from the Comité Bioéthique pour la Recherche en Santé (CBRS) of the Ministry of Health of Togo (N°26/2017/CBRS) and the Ethics Committee at the University Hospital Bonn, Bonn, Germany (Lfd. Nr. 273/16).



Study population

Samples were collected from study participants from six villages (Sakalaoudè, Tcheve, Fazao, Sagbadahi, Aleheridè and Kikimini) in the Central region of Togo in October 2019. To obtain a more comprehensive overview of the patient cohort, an epidemiological-based survey was conducted at the beginning of the study to assess sociodemographic variables, sexual behavior and vaginal hygiene practices (7). A total number of 367, sexually active and premenopausal women, aged between 18-56 years was recruited. Pregnant and/or HIV-positive women were excluded from the study. HIV positive women were directed to a local clinic for treatment.



Parasitological examination

Examination for parasitic eggs (Ancylostoma duodenale, Hymenolepis nana, and Schistosoma mansoni) performed in stool samples using the Kato-Katz technique as previously described (15). Presence of Schistosoma haematobium eggs in urine samples was established by centrifuging urine (10 ml) at 1500 rpm for 5 minutes and examining the resulting pellet microscopically, but no S. haematobium eggs could be detected. To determine the presence of Onchocerca volvulus microfilariae, two skin snips of 1-2 mm in diameter were taken from left and right iliac crests using biopsy forceps. Skin snips were then incubated in 100 µl of NaCl (0.9%) in 96-well microtiter plates for 18-24 hours at room temperature. Then, the presence of microfilariae was examined microscopically at 40x magnification. However, no O. volvulus microfilariae were detected. Moreover, blood smears were either incubated in water for 15 minutes, fixed with methanol and stained with 10% Giemsa for 45 minutes or fixed with May-Grunwald solution for 2 min and then stained with a 1:10 diluted Giemsa staining solution for 15 min to microscopically assess blood-dwelling microfilariae and Plasmodium spp., respectively. Staining reagents were obtained from Química Clínica Aplicada (QCA, Tarragona, Spain) and microscopic assessment of parasites was performed using the Olympus CX23 light microscope (Olympus, Rungis, France). All parasitological analyses were directly performed in the field or in the laboratory of the UR2IM in Lomé, Togo.



Diagnosis of HPV infection

To assess HPV infection, cervical swabs were transferred in eNAT medium (Copan, Brescia, Italy) and shipped to the IMMIP, Bonn, Germany. Then, DNA was extracted from cervical swabs using the Seegene Microlab Nimbus IVD automaton kit (Seegene Inc., Seoul, Republic of Korea) according to the manufacturer’s instructions to screen for HPV using the CFX96 IVD Real-time PCR System (Bio-Rad Laboratories Inc., Feldkirchen, Germany). The Anyplex™ 2 HPV HR Detection (CE/VD) kit was used to detect HPV 16, HPV 18, HPV 31, HPV 33, HPV 35, HPV 39, HPV 45, HPV 51, HPV 52, HPV 56, HPV 58, HPV 59, HPV 66 and HPV 68. The test was performed in a diagnostic reference laboratory for microbiology. This diagnostic assay was chosen because of its extensive clinical and analytical evaluation through VALGENT-3 Framework (16).



Analysis of HPV intensity

To assess if hookworm infection influences HPV viral load, we applied a semi-quantitative analysis using three categories (“intensity grade 1-3”). This type of semi-quantification is part of IVD/CE-approved diagnostic based on the proprietary chemistry of the SeeGene. In detail, extracted DNA is added to the mastermix and instead of the endpoint thermal cycler programme, a cyclic programme was chosen. The mastermix chemistry for HPV typing is based on high-resolution-melt profiling, the semi-quantification is based on the high-resolution melt (HRM) detection and the intensity of the obtained peaks after 30th (intensity grade 3), 40th (intensity grade 2) and the end-cycle (50th cycle; intensity grade 1) is based on the proprietary diagnostic (CE/IVD) algorithm. In addition, this assay uses internal control to assure that just the samples of certain cellularity are diagnostically valid and the same target gene is used as the inhibition control.



Collection of plasma and vaginal flush

Blood was collected in 5 ml EDTA tubes and centrifuged at 4000 rpm for 5 minutes. Then, plasma was collected and stored at -20°C. In addition, vaginal flushes were collected by flushing the vagina of the enrolled women with 1 ml sterile PBS. To remove the cells, VF were centrifuged at 1200 rpm for 5 minutes and supernatants were stored at -20°C. Then, plasma and VF samples were shipped to Bonn, Germany for analyses of soluble cytokines, chemokines and antibodies.



Assessment of cytokine, chemokine and immunoglobulin levels in the vaginal flush

Levels of Type 1 cytokines (IFN-γ, TNF-α, IL-12p70 and IL-18), proinflammatory cytokines (IL-6 and IL-1β), Type 2 cytokines (IL-5, IL-4 and IL-13), cell survival and growth factors (IL-2 and GMCSF), as well as chemokines (MIP-1α, MIP-1β, MCP-1, SDF-1α, GRO-α, eotaxin, IP-10, RANTES and IL-8) in the plasma and vaginal flush samples were measured using the ProcartaPlex Human Th1/Th2 & Chemokine Panel 1 Luminex assay (Thermo Fisher Scientific, Vienna, Austria). In addition, IL-17A, IL-21, IL-22, eotaxin-2 and eotaxin-3 were also analysed using a Human ProcartaPlex Mix&Match kit (Thermo Fisher Scientific). Moreover, levels of IgA, IgE, IgM, IgG1, IgG2, IgG3 and IgG4 were measured using the human antibody isotyping 7-Plex ProcartaPlex Panel (Thermo Fisher Scientific). All Luminex assays were analysed on the Luminex™ MAGPIX system (Luminex, Tokyo, Japan). In addition, IL-10 was measured by high sensitivity enzyme-linked immunosorbent assay (ELISA) using the High Sensitivity IL-10 Human ELISA Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. To normalise cytokine, chemokine and immunoglobulins levels relative to the protein concentration in the VF, protein levels were measured using the Bio-Rad Protein Assay Dye reagent concentrate (Bio-Rad Laboratories, Hercules, USA). Individual analyte concentration was then expressed as ratio of the measured parameter and the total protein concentration of the sample.



Statistical analyses

Statistical analyses were performed using the PRISM 8 program (GraphPad Software, Inc., La Jolla, USA). Before testing for statistical significances between the groups, we performed a D’Agostino-Person omnibus normality test to test the distribution of the values. Since variables were non-parametric, a Mann Whitney U test was used to compare two groups, whereas a Kruskal-Wallis-test was performed to compare more than two groups. If a Kruskal-Wallis test was significant, a Dunn’s multiple comparison test was performed for a further comparison of the groups. To assess whether Plasmodium infection was associated with hookworm or HPV infection status, a Chi-square test was applied. To test the relationship between HPV intensity and immune parameters, a Spearman’s correlation test was performed and in order to determine whether hookworm infection was a risk factor for the severity of HPV infection, we performed a univariate logistic regression analysis with HPV intensity as a dependent factor. All associations, correlations and regression analysis were performed using the SPSS software Version 27.0 (IBM, New York, USA) and odds ratio (OR) was calculated with a 95% confidence interval and a p-value < 0.05 was considered as significant.




Results


Study population characteristics

367 women were enrolled in this study of which 205 women consented to provide paired stool samples and cervical swabs. Two women tested positive for HIV and were excluded from the study, while 8 participants had missing HPV data. Hookworm prevalence was assessed in 203 women and HPV infection prevalence could be investigated in 195 women. However, sufficient amounts of plasma and vaginal flush (VF) samples could be obtained only from a study cohort of 113 women to perform the immunological analyses (Figure 1). Enrolled women were 18-56 years old with a median age of 32 years and 94.1% of participants were married, 99.5% were non-smokers, and 88.2% did not consume alcohol. Moreover, 57.1% of participants reported the use of hormonal contraceptives, 42.9% had no education, and 66% earned less than 27 dollars a month (Table 1). Data on sexual practices and vaginal hygiene practices associated with the risk of sexually transmitted diseases revealed that harsh vaginal cleaning, including washing with soap, detergent and/or antiseptic, were common, with 42.8% of participants reporting these practices (Table 2). Moreover, harsh intimate washing using finger, sponge or other material were reported by 58.6% of women, whereas only 8.4% of the women introduced products intravaginally. With regards to sexual practices, 69.5% of participants reported having had only one sexual partner in their lifetime, 14.8% reported consistent condom use, 52.2% reported sexual debut age between 10 and 20 years, 41.9% of the women reported that their partner has multiple partners, and 2.5% engaged in paid intercourse.




Figure 1 | Overview of the study cohort from six villages in the Central region of Togo.




Table 1 | Characteristics of enrolled women.




Table 2 | Sexual and vaginal hygiene practices of enrolled women.





Type 1 and Type 2 markers of immunity are elevated in the FRT of women positive for hookworm eggs

Among the six villages included in the study, the overall prevalence of hookworm Ancylostoma duodenale infection was 20.2% (n=41), followed by Plasmodium falciparum (16.3%, n=33) and Hymenolepis nana and Schistosoma mansoni infections, which were each detected at prevalence of 0.5% (n=1) (Figure 2A). Hookworm-infected women demonstrated significantly increased levels of Type 2 immune readouts including raised cytokines IL-5, IL-13, IL-4, IL-10, the chemokine eotaxin, as well as a raised IgG4/IgE ratio in VF when compared to uninfected women. In addition, Type 1 and proinflammatory immune response associated cytokines TNF-α, IL-2, IL-12, GM-CSF as well as IgG2 levels were elevated in VFs of hookworm positive women in comparison to uninfected women (Figure 2B). However, inflammasome-associated (IL-18 and IL-1β), IL-6 and Th17 (IL-17A, IL-21, IL22) immune responses were unaltered (Supplementary Figure 1A) as were other chemokines, except for MIP-1α (Supplementary Figure 2B). Collectively, these findings show that following hookworm infection, Type 1 and Type 2 immune responses are established in the FRT, which supports previous studies demonstrating mixed Th1/Th2 responses in hookworm-infected individuals (17, 18).




Figure 2 | Hookworm infection induces a mixed Type 1/Type 2 immune response in the FRT. (A) Overview of parasite infection in the cohort (n=203). Each bar represents the total percentage of women in each category of infection. IL-5, IL-13, IL-4, IL-10, IFN-γ, TNF- α, IL-2, IL-12, GM-CSF, eotaxin, IgG4, IgE and IgG2 levels, and the IgG4/IgE ratio in the vaginal flushes (B) and plasma (C) of hookworm- and hookworm+ women. Each dot represents a single individual, horizontal bars indicate the median and IQR. To normalize VF data, individual analyte concentrations were expressed as ratio of the measured parameter and the total protein concentration of the sample. Hookworm- (n=78) hookworm+ (n=35). A Mann Whitney U test was used to compare hookworm- and hookworm+ groups.



However, immune responses in plasma did not correspond to those detected in vaginal samples. In detail, Type 2 and regulatory immune responses did not differ between hookworm+ and hookworm- women and IL-5, IL-13 and IL-4 levels were undetectable in most plasma samples (Figure 2B). Only IFN-γ, IL-12 and IL-21 were elevated while IL-18 and IgG2 were reduced in the plasma of hookworm+ women (Figure 2C; Supplementary Figure 1B). Additionally, chemokines MIP-1α and SDF-1α were elevated whereas RANTES was reduced in hookworm+ women (Supplementary Figure 2B). No differences in the vaginal flush and plasma levels of IgA, IgM, IgG1 and IgG3 were observed between hookworm- and hookworm+ women (Supplementary Figure 3).



Hookworm infection positively associated with HPV-DNA load

Similar to the percentage hookworm positivity in the cohort, 19.2% of participants sampled were HPV positive (white bar; Figure 3A). The majority of women were infected with only one HPV type (82% of HPV+ hookworm+ women and 92% of HPV+ hookworm- women), 18% of HPV+ hookworm+ and 4% of HPV+ hookworm- women were infected with two or three HPV types (Figure 3A). The most prevalent HPV types detected were 52, 45 and 35 (17%, 15% and 13%; Figure 3B). Globally, approximately 70% of cervical cancer cases are attributable to HPV16 and 18 infection (19). We identified a higher proportion of HPV+ hookworm+ women infected with HPV16 (23%) and 18 (7%) (Figure 3C) in comparison to HPV+ hookworm– women who had no HPV16 infections and only 3% HPV18 infections (Figure 3D). We previously reported that women infected with hookworm were two times more likely to be HPV positive than hookworm-uninfected women (7) and now expand on that finding in this study by showing that hookworm infection is positively associated with an increased intensity of HPV infection (Table 3). Interestingly, there was a high prevalence of Plasmodium infection in our cohort (16.3%; Figure 2A). Therefore, we performed a Chi-square test to determine if Plasmodium infection influence the obtained results, but there was no significant association between Plasmodium infection and HPV or hookworm infection. Plasmodium infection was also not associated with hookworm- HPV-, hookworm- HPV+, hookworm+ HPV-, hookworm+ HPV+ infection status (Supplementary Table 1).




Figure 3 | HPV distribution in the cohort. (A) Overview of women infected with one or multiple HPV subtypes in the cohort and percentage prevalence of HPV in the cohort. (B–D) Pie chart showing the proportion of women positive for the different HPV types tested. Each slice of the pie represents the total percentage of women in each category of infection.




Table 3 | Hookworm infection is positively associated with increased HPV load.





HPV infection induces mixed Type 1/Type 2 immune responses in the FRT but systemic Type 1 immune responses

We next compared vaginal immune responses between HPV-infected and uninfected women. Type 2 cytokines IL-5, IL-13, IL-4 were elevated in the VF of HPV-infected women, whereas IL-10, eotaxin and IgE and IgG4 VF levels were comparable to those in HPV- women. Type 1 immune responses TNF-α, IL-2, IL-12 and GM-CSF were also elevated in the VF of HPV-infected compared to HPV negative women (Figure 4A). We did not observe any differences in vaginal inflammasome-associated, IL-6 and Th17 immune responses (Supplementary 4A), chemokine (Supplementary Figure 5A) and antibody levels (Supplementary Figure 6A) between HPV+ and HPV- women.




Figure 4 | HPV infection induces mixed Type 1/Type 2 immune responses in the FRT accompanied with reduced systemic eotaxin levels. IL-5, IL-13, IL-4, IL-10, IFN-γ, TNF-α, IL-2, IL-12, GM-CSF, eotaxin, IgG4, IgE, IgG2 levels, and IgG4/IgE ratio in vaginal flushes (A) and plasma (B) of HPV- and HPV+ women. Each dot represents a single individual, horizontal bars indicate the median and IQR. To normalize VF data, individual analyte concentrations were expressed as ratio of the measured parameter and the total protein concentration of the sample. HPV- (n=78) HPV+ (n=35). A Mann Whitney U test was used to compare HPV- and HPV+ groups.



Systemic Type 2 cytokines were undetectable in both HPV+ and HPV- women, while IL-10 levels were comparable between the two groups, and eotaxin levels were decreased in HPV+ women in comparison to HPV- women. However, we detected elevated IFN-γ, IL-2 and IL-12 levels in the plasma of HPV+ (Figure 4B), demonstrating that HPV infection induces pronounced systemic Type 1 immune responses and mixed Type 2 and Type 1 immune responses in the FRT. Whereas inflammasome-associated, IL-6 and Th17 immune responses (Supplementary 4B) were comparable, the chemokines RANTES, MIP-1β and MCP-1 were significantly decreased in the plasma of HPV-infected women compared to HPV- women (Supplementary Figure 5B). Similar to the immunoglobulin data we report in the FRT, systemic antibody levels did not differ between HPV+ and HPV- women (Supplementary Figure 6B). In addition, we performed correlation analyses to assess the relationship between HPV intensity and immune parameters measured in the VF and plasma. There were positive correlations between HPV intensity and vaginal flush for IL-2, IL-4, IL-5, IL-12p70, IL-13, GM-CSF and TNF-α levels. In plasma, HPV intensity was negatively correlated with eotaxin, RANTES, MIP-1β and MCP-1 levels and positively with IL-2, IL-12p70, IFN-γ and IgG1 levels (Supplementary Table 2).



Mixed Type 1/Type 2 immune signature is pronounced in the FRT of hookworm and HPV co-infected women

Since previous studies showed that immunomodulation by helminths can influence susceptibility to viral infection (6, 8–12) and murine hookworm infection exacerbated viral pathology (14), we further compared FRT and systemic immune responses of co-infected women to uninfected and hookworm- and HPV-infected individuals. A pronounced Type 2 immune profile was maintained in the FRT of co-infected women with significantly elevated IL-5, IL-13, IL-4 and eotaxin levels and a trend towards increased IgG4/IgE ratio in co-infected compared to uninfected women. In contrast, women with only hookworm or HPV infection displayed elevated IL-13, but not IL-4, IL-5 or eotaxin levels in the VF. However, a Type1 phenotype was also apparent in the VF of co-infected women, with higher levels of TNF-α, IL-2, IL-12, GM-CSF (Figure 5A). Inflammasome-associated, IL-6 and Th17 immune responses (Supplementary 7A), chemokine (except MIP-1α;Supplementary Figure 8A) and immunoglobulin levels (Supplementary Figure 9) in the vaginal flush were comparable between the groups.




Figure 5 | Type 2 immune responses are elevated in the FRT of HPV and hookworm co-infected women IL-5, IL-13, IL-4, IL-10, IFN-γ, TNF-α, IL-2, IL-12, GM-CSF, eotaxin, IgG4, IgE, IgG2 levels, and IgG4/IgE ratio in the vaginal flushes (A) and plasma (B) of HPV and hookworm negative, single-infected and co-infected women. Each dot represents a single individual, horizontal bars indicate the median and IQR. To normalize VF data, individual analyte concentrations were expressed as ratio of the measured parameter and the total protein concentration of the sample. Hookworm- HPV- (n=54), hookworm- HPV+ (n=24), hookworm+ HPV- (n=24), hookworm+ HPV+ (n=11). Kruskal Wallis with Dunn’s multiple comparisons test were used to compare HPV and hookworm negative, single-infected and co-infected groups.



Systemic immune responses were not detectable or did not differ significantly among the four groups and only IFN-γ and IL-12 were elevated in the plasma of HPV and hookworm co-infected in comparison to uninfected women (Figure 5B). In addition, decreased IL-18 and RANTES were detected in women with only hookworm infection compared to uninfected women, whereas IL-21 and SDF-1α were increased (Supplementary Figures 7B and 8B). Comparable to the vaginal flush, no differences in systemic immunoglobulin levels between co-infected, HPV- or hookworm-infected, or uninfected individuals was observed (Supplementary Figure 9).

In summary, this study identifies an induction of mixed Type1/Type 2 immune responses in the FRT in hookworm infected women and this phenotype is also pronounced in HPV and hookworm co-infected women. Finally, increased risk (7) and intensity of HPV infection was identified in hookworm-infected women. These findings provide further proof that helminth infection modulates immune responses distal to the site of infection and thus might be a significant risk factor for sexually transmitted virus infections and present a raised risk for subsequent FRT pathology, such as cancer in the case of HPV.




Discussion

In this study, we identify increased load of HCR-HPV genome equivalents in hookworm co-infected women from Togo. Due to the integration of viral DNA inside the genome of the epithelial cells, the PCR cannot distinguish the infected epithelial cell and the viral particle. This kind of distinction is possible, but it is not a standardized diagnostic procedure. However, this suggests that a pre-existing helminth infection is a risk factor for cervical cancer and builds on our previous work identifying that hookworm infection is associated with an increased risk of HPV infection in this area (7). We also find hookworm exposure associates with infection with distinct HPV types that are associated with progression to cancer.

Additionally, we identify hookworm infection driving a mixed Type1/Type 2 immune response in the FRT which is an addition to previous studies showing that hookworm infections induce systemic mixed Th1/Type 2 immune responses (17, 18). This signature was more pronounced in women with HPV-hookworm co-infection, which agrees with findings reported by Gravitt et al. (6). However, mixed vaginal Type 1/Type 2 immunity is not widely reported or understood in the context of sexually transmitted infections and its influence may vary depending on the context of infection and study. Of interest is that in hookworm infected women IL-10 is increased in vaginal flushes. However, this increase is not apparent in co-infected women. It could be that in co-infection immune regulation associated with helminth infection is lost promoting a dysregulated Type1/Type 2 inflammatory environment. This would need to be addressed in further studies and would be counter to much literature which supports raised IL-10 as risk factor for cervical cancer (20).

The role of Type 2 immunity in vaginal immunity is currently only addressed in a small number of studies and remains unclear. In C. trachomatis infections a Th2 immune response in the uterus has been shown to reduce inflammation and promote tissue repair in the uterus (21, 22). Conversely, co-infection with N. brasiliensis and HSV-2 results in a Type 2 FRT signature that drives eosinophil-driven vaginal epithelial necrosis (14). In the current study our findings of raised IL-5 and eotaxin support hookworm infection promoting a vaginal eosinophil response which may promote viral establishment and expansion. These findings differ from existing in vitro work addressing helminth influence on HPV infection (23). This suggests a complex relationship underlying helminth and HPV co-infection biology. However, mass drug administration is implemented in Togo and 4 months before enrollment of the study albendazole, ivermectin and praziquantel was distributed to the inhabitants of the Central Region, which might influence the obtained results. Nevertheless, the high prevalence rate of helminths suggests that inhabitants did not receive or took the drugs, or that reinfections and drug resistance are hindering the success of the MDA campaigns.

Of note, we detected Th1/2 responses at a mucosal site (i.e., in vaginal flushes) directly ex vivo and independent of immune stimulation, whereas the pronounced Type 1/Type 2 phenotype was not detected in the plasma. Hookworm infections have been shown to induce Type 2 immune responses systemically and in the mucosa of colonised tissue (24) following antigen stimulation. Our findings suggest circulatory immune signatures reflective of distal mucosal infection may not be inherently detectable; instead requiring unmasking by antigen/mitogen stimulation of PBMCs (24). Mucosal immune signatures however are readily detectable independently of antigen/mitogen stimulation. This is likely reflective of sampling a site of ongoing immune challenge. Our data also support a distal helminth infection being able to exert a strong immune footprint on the FRT that is maintained following challenge with an unrelated pathogen, such as HPV.

HPV is a non-lytic virus and infection only occurs when vaginal epithelium is compromised enabling virions to target basal epithelial cells and establish persistent infection (25). Risk factors for HPV infection include other infections which disrupt vaginal epithelium, such as Chlamydia trachomatis and HIV (26). Vaginal trauma and injury as a result of sexual activity, and insertion of objects (including cleaning products) into the vagina which cause epithelial microabrasions are also important risk factors for HPV (27). In our study, harsh vaginal cleaning practices were common and in a univariate analysis, the use of water and soap for vaginal cleaning positively associated with increased risk of HPV (7). However, after adjusting for confounders, this association was not significant.

The most prevalent HPV types in our cohort were HPV 52, 45 and 35. Previous studies in Togo, reported HPV types 58, 35 and 16 (28) and HPV types 56, 51, 31, 52 and 35 (29) as most prevalent. In Ghana, Kenya and South Africa however HPV types 16, 52 and 35 (30), HPV types 52, 35 and 51 (31) and HPV types 16, 51, 18 and 35 (32), respectively, were most prevalent. These data indicate that the high-risk HPV types vary by cohort and geographical location. Interestingly, the increased prevalence of HPV 16 and HPV 18 that we observe in hookworm infected in comparison to hookworm uninfected women could imply these women are at a higher risk of cancer, as the majority of cervical cancer cases are attributed to these two HPV types (19).

In summary, this study identifies hookworm infection as a risk factor for an increased load of HPV infection. We also identify hookworm infection as inducing a Type 1/Type 2 immune signature in the vagina and that this is a feature of HPV-hookworm co-infection. This may have important consequences for understanding risk of cervical cancer and moreover, might be taken into consideration for anti-viral treatment as well as helminth deworming programmes. In addition, we detected a distribution of HPV types that has similarities and differences to that reported in some cohorts in Sub-Saharan Africa (SSA). Importantly, HPV 35 that is implicated in cervical cancer progression in SSA (33, 34), and not included in any current HPV vaccine, is one of the predominant HPV types we detected in our cohort. This highlights a need to develop better HPV vaccines specific for each population according to HPV type distribution.
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