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Abstract: Human papillomavirus (HPV) vaccines elicit specific serum antibodies that confer long-
lasting protection and may reduce HPV-related cancers. However, helminthic infections such as
chronic schistosomiasis infection at the time of HPV vaccination are known to alter immune responses.
This study investigated the impact of chronic S. mansoni infection on immune responses to the HPV
vaccine in olive baboons. Baboons were assigned to three groups: (1) untreated S. mansoni-infected,
(2) S. mansoni-infected and treated with Praziquantel, and (3) uninfected controls. All received two
doses of the Cervarix HPV vaccine four weeks apart. Immune responses were measured using flow
cytometry and ELISA. Gardasil® quadrivalent HPV vaccine antigen was used in both ELISA and
PBMC stimulation for cytokine ELISA supernatants. HPV-specific whole 1gG levels significantly
increased in all groups except for the untreated S. mansoni-infected group, whose increase was
significant after the second dose. Similarly, IgG1 levels increased only after the second dose. There
was no significant difference between the treated and untreated infected groups. These findings
emphasize the importance of a booster dose for strong antibody production and suggest that a delayed
HPV-specific whole IgG response in untreated S. mansoni-infected individuals reinforces the need for
booster HPV vaccination in endemic regions. The results affirm the vaccine’s effectiveness in S.
mansoni endemic areas.

Keywords: Human papillomavirus; HPV vaccine; chronic schistosomiasis, innate immune cells;
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1. Introduction

Persistent HPV infections are known to cause up to 95% of cervical cancers, the fourth most
common cancer type affecting women globally, responsible for 350,000 deaths in 2022. Nearly 70%
of cervical cancer cases are attributed to HPV types 16 and 18 [1]. There are currently six approved
HPV vaccines: one nanovalent, two quadrivalent, and three bivalent vaccines. All six vaccines are
highly effective in preventing infections with HPV types 16 and 18. These include Cervarix, a bivalent
HPV vaccine, and Gardasil, a quadrivalent HPV vaccine. The bivalent Cervarix vaccine contains
antigen concentrations of HPV18 and HPV 16, which protects against HPV 18 and HPV 16 [2]. The
Quadrivalent Gardasil vaccine (Gardasil, Merck & Co.) was introduced at the launch of the Kenyan
HPYV vaccine initiative in 2019 and confers protection against HPV 18, 16, 11, and 6 [3,4]. These HPV
vaccines utilize highly immunogenic virus-like particles (VLPs) containing the L1 capsid protein
marked by the production of type-specific neutralizing antibodies, which suggests high efficacy against
HPYV infections [5].

HPYV vaccines elicit protective immunity by stimulating innate and adaptive antiviral defense
mechanisms. and natural killer cells aid the antigen presentation, essential for the innate immune
responses [6], and the production of interleukin-1 (IL-1) and tumor necrosis factor-alpha (TNF-a) pro-
inflammatory cytokines [7]. T helper cells aid B-cell activation and subsequent high levels of antibody
production [8], while CD8" T cells function in direct viral clearance [9]. Anamnestic HPV responses
are established by the persistence of memory cells, highlighting the importance of innate and adaptive
cell-mediated immunity, which is crucial for the protection against HPV infection and HPV vaccine
immune responses. In healthy humans, total monocytes are 10-20% of PBMCs [10] with monocyte
subset frequencies as 85% for classical monocytes, 5% for intermediate monocytes, and 10% for non-
classical monocytes [11,12]. Natural killer cells make up 5-20% of lymphocytes, while CD4+ and
CD8+ are at a ratio of 1:2 of CD3+ lymphocytes [10]. In baboons, standard references for the
enumeration of PBMCs is yet to be documented. However, the homology in immune function of non-
human primates (NHPs) and humans, enables the use of NHPs as animal models for immune response
studies [6,7].The outcome of HPV vaccination is the production of neutralizing IgG antibodies [13].
However, immune correlates for HPV vaccination are yet to be identified [14,15].

Several studies, including a single-dose efficacy study in Kenya and Tanzania, confirm the
vaccine’s long-lasting immunity [8—13]. HPV vaccines confer protection against HPV infections and
show no evidence of decreased long-lasting protection over time [14]. However, helminthic infections
such as schistosomiasis are known to impair these immune responses [15].

Schistosomiasis, a parasitic disease caused by Schistosoma species, is prevalent worldwide, with
over 240 million cases reported by the World Health Organization in 2024 [16], with Africa bearing
the greatest burden of 85% of schistosomiasis incidences [17]. Schistosomiasis infection is known to
initiate a complex host immune response involving innate and adaptive immunity [18].

Acute schistosomiasis triggers Thl responses characterized by tumor necrosis factor (TNF)-a,
interleukin-1p (IL-1B), IL-6, IL-12, tumor necrosis factor (TNF)-a, and interferon (IFN)-y, which
support macrophage activation and cell-mediated immunity[ 19]. The chronic phase of schistosomiasis
infection induces a Th2 response characterized by IL-4 that aids in controlling infection but can contribute
to fibrosis and granuloma formation, modulated by T regulatory (Tregs) cells and IL-10 [19,20]. The
resulting immunomodulation of chronic Schistosoma infections can alter vaccine-induced immune
responses, potentially reducing the efficacy of vaccines such as those for the human papillomavirus (HPV),
an etiological virus for cervical cancer [21].

AIMS Microbiology Volume 11, Issue 3, 720-736.



722

Several human studies have shown that S. mansoni impairs vaccine immune responses for the
tetanus toxoid vaccine, BCG vaccine, candidate TB vaccine, polio vaccine, and HPV vaccine [15,22-25].
In a nonhuman primate study, an ongoing, chronic S. mansoni infection at the time of vaccination
resulted in a reduction of HPV-specific IgG antibodies, suggesting a compromised protective effect of
the vaccine. However, research has shown that early anti-helminth treatment can reverse the
immunomodulation caused by parasite antigens in non-human primates [11] and in human subjects [15].

Studies evaluating HPV vaccine immunogenicity in helminth-exposed populations have shown
varied results [15,26]. The effects of chronic schistosomiasis on innate immune and adaptive HPV-
specific immune responses are yet to be adequately investigated. This study was based on a previous
bivalent HPV vaccine immune response study [11], which investigated whole IgG, 1L-4, IFN-y, and
lymphoproliferation. Therefore, this study was designed to evaluate broader HPV vaccine-specific
innate and adaptive immune responses in chronic and treated S. mansoni infections using a baboon
model, a natural host of S. mansoni.

2. Materials and methods
2.1. Study design

This study is mounted on a previous HPV vaccine immune response study [11], and utilizes
archived samples. Previously, ten olive baboons were randomly placed into three groups: Group 1:
Schisto + HPV vaccine (n = 3), Group 2: Schisto + PZQ + HPV vaccine (n = 4), and Group 3: HPV
vaccine only (n = 3).

Group 1 and Group 2 animals were infected with 500 S. mansoni cercariae, and the infection was
allowed to the chronic phase. At the onset of chronic infection, at weeks 13 and 14, Group 2 was treated
with Praziquantel (PZQ), at a dosage of 80 mg/kg (PZQ; Balcitricide, Bayer Schering Pharma). At
week 64 post schistosomiasis infection, all three animal groups received two doses of 0.5 mL of
two (Cervarix™, GlaxoSmithKline) four weeks apart (Figure S1). Samples collected in this study were
archived at —20 °C for serum samples, and peripheral blood mononuclear cells (PBMCs) were
cryopreserved at =196 °C in liquid nitrogen.

In this current study, archived serum samples used were collected at three study time points: 1) at
To, before the first HPV vaccine dose was administered; i1) at time point one (T1), four weeks after the
I1st dose of HPV vaccine was administered; iii) and at T, four weeks after the 2nd HPV vaccine dose
was administered (see Figure 1). These serum samples were measured for the whole IgG and IgG
subtype responses. To measure specific HPV cellular immune responses, Peripheral Blood
Mononuclear Cells (PBMCs) collected four weeks after the second HPV vaccine dose was
administered (T2) were used.
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Figure 1. Study design. Archived samples from three animal groups were used in this
study: Group 1 animals were chronically infected with S. mansoni followed by
administration of the Cervarix HPV vaccine (Schisto + HPV vaccine; n = 3). Group 2
animals were initially infected with schistosomiasis and were treated with PZQ, followed
by vaccination (Schisto + PZQ + HPV vaccine; n = 4). Group 3 animals received the HPV
vaccine only (HPV vaccine only; n = 3). Archived serum samples used in this study were
collected at Ty, before the administration of the 1st dose of the HPV vaccine; at T1, before
the administration of the 2nd dose of the HPV vaccine; and at Endpoint, four weeks after
the second HPV vaccine dose was administered (T2). PBMC samples used in the study
were collected four weeks after the second HPV vaccine dose was administered (T2).

2.2. Measurement of immune responses
2.2.1. Antibody assay

Serum samples were analyzed for HPV-specific whole IgG and IgG subclass antibodies (The
Binding Site, Birmingham, UK) using an Enzyme-Linked Immunosorbent Assay (ELISA). Ninety-
six-well ELISA plates (Corning®) were coated in duplicates with 50 uL per well of Gardasil-4 HPV
vaccine antigen (Gardasil®, Merck & Co.), at a concentration of 1.25 pg/mL for IgG, 2.5 pg/mL for
the IgG subclasses. The plates were incubated overnight at 4 °C and washed five times in 0.05%
Tween-20 in 1x PBS (PBST) wash buffer. Blocking buffer containing 3% Bovine Serum Albumin (U-
CyTech biosciences, Netherlands) in PBS-T (BSA in PBS-T) was added to each well at 100 uL and
incubated for 1 hour at 37 °C. Into each well, 50 pL of diluted samples (dilution buffer, 0.5% BSA,
PBS-T) were added at ratios of 1:200 for IgG and 1:100 for IgG1. Negative wells (dilution bufter) and
blank wells were included. The plates were incubated at 4 °C overnight followed by washing five times
in wash buffer, and then 50 pL of secondary antibody was added to each well. The secondary antibody
dilutions were 1:2000 for IgG and 1:1000 for IgG subclasses. The plates were incubated for 1 hour
at 37 °C. The plates were washed 5 times in wash buffer, and 50 uL of the substrate TMB (3,3,5,5-
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tetramethylbenzidine, (U-CyTech biosciences, Netherlands) was added to each well, and the color was
allowed to develop for 20 minutes with final addition of stop solution (U-CyTech biosciences,
Netherlands) was added. The plates were read using the ELISA reader (Biotek Elx808) at 450 nm.
Antibody levels were measured as mean optical densities. The mean of the blanks (background) was
subtracted from the response optical densities.

2.2.2. PBMC retrieval and culture

Archived PBMC samples were retrieved from liquid nitrogen, quickly thawed at 37 °C, and
washed twice in 5 mL of RPMI 1640. The cells were resuspended in 2 mL of complete media (RPMI-
1640; Sigma-Aldrich, St. Louis, MO, 1% HEPES; Sigma-Aldrich, Dorset, UK, 10% FBS; Gibco,
Canada, 1% L-glutamine; Fisher Biotech, Wembley, Australia, 1% Gentamycin; Sigma-Aldrich,
Dorset, UK) and DNase I at 100 pg/mL to prevent PBMC aggregate formation. The cells were
incubated at 37 °C for 1 hr., washed to eliminate DNase I, and re-suspended in 2 mL complete media.
The cells were further acclimatized for one hour at 37 °C, 5% CO.. Following acclimatization, the cells
were washed in 1x PBS, and viability was determined using Trypan Blue dye exclusion
staining (Sigma-Aldrich, USA T8154, Lot no. RNBB3340). The cells were resuspended at a
concentration of 1 x 106 cells/100 pL and cultured at 37 °C, 5% CO, for 72 hours. The culture
conditions included: i) media (med) only for negative control, ii) 1.25 pg/mL HPV antigen (Gardasil®,
Merck & Co.). Following the 72-hour culture, supernatants were harvested and stored at —80 °C for
cytokine analysis, and cells were recounted and measured for immune profiling.

2.2.3. Immunoprofiling

To determine immune cell profiles, 250,000 cells were suspended in 100 uL of 1x PBS and were
stained for flow cytometry. Two panels were designed for the phenotyping of: Natural Killer cells (NK
cells) and monocytes with allophycocyanin-CY7 (APC-CY7)-CD3, peridinin chlorophyll protein
(PerCP Cy5.5)-CD14, phycoerythrin (PE)-CD16 and fluorescein isothiocyanate (FITC)-CD56; CD4+
and CD8+ T cells with APC-Cy7-CD3, (FITC)-CD4, and (PE)-CDS, (Becton and Dickinson [BD]
Biosciences, San Jose, CA). The PBMCs were stained and incubated for 25 min, washed, and re-
suspended in 500 mL of 1 x PBS. The cells were read on a Becton Dickinson FACS Calibur Flow
Cytometer using FACSComp 5.2.1 software. The cells were analyzed using FlowJo v10.10.0 software
(BD, Ashland, OR). The gating strategy for innate and adaptive immune cell responses are provided
in supplementary Figure S2.

2.2.4. Cytokine assay

The cell culture supernatants were thawed for cytokine ELISA to determine IL-1B and TNF-a
concentrations from PBMCs stimulated with HPV vaccine and unstimulated cells. The assay was
carried out according to the manufacturer's instructions (Monkey IL-1 ELISA and Monkey TNF-a
ELISA; U-CyTech biosciences, Netherlands), with slight modifications (Gent et al., 2019). Two 96-
well ELISA plates (Corning®) were coated with 50 pL of 1:200 coating antibodies and incubated
overnight at 4 °C. The plates were washed four times in 1 x PBS, 0.05% Tween-20 (PBST) wash buffer.
The wells were blocked with 100 pL of 1% BSA-PBST and incubated for 1 hour at 37 °C. Cell culture
supernatants and standards were added at a volume of 50 pL to respective wells. A two-fold serial
dilution of the standard solution, ranging from 2000 pg/mL to 31.25 pg/mL, was added to the respective

AIMS Microbiology Volume 11, Issue 3, 720-736.



725

wells. Plates were incubated at 4 °C overnight. After washing four times in wash buffer, 50 uL of
a 1:100 dilution of biotinylated detection antibody solution was added to each well and incubated for 1
hour at 37 °C. The plates were washed four times in wash buffer, and 50 pL of a 1:100 dilution of
Streptavidin-Peroxidase (SPP) conjugate was added to the wells and incubated for 1 hour at 37 °C.
After washing four times in the wash buffer, 50 uL of TMB substrate solution was added to each well
and incubated in the dark at room temperature. After 20 minutes of incubation, 50 pL/well of the stop
solution was added. The plates were read using a microplate reader (ELx808; Biotex) at 450 nm. The
mean of the blanks (background) was subtracted from the response optical densities. Mean cytokine
levels were expressed as optical density (OD), extrapolated using the cytokine standard curve, and
recorded as net cytokine concentrations (mean of duplicate samples minus the mean of negative
controls).

2.3. Statistical analysis

All data collected from the study was analyzed using GraphPad Prism software Version 8.00 for
Windows (GraphPad Software, La Jolla, California, USA, www.graphpad.com). The Shapiro-Wilk test
was used to determine normality, and the Kruskall-Wallis with Dunn’s post hoc tests were used to
analyze all the data. The statistical level of significance was set at P < 0.05.

2.4. Ethical statement

This study was reviewed and approved by the JKUAT Institutional Science and Ethical Review
Committee (Application approval No. JKU/ISERC/02316/0728).

3. Results

3.1. Enhanced HPV-specific antibody levels in chronic schistosomiasis infection after a second HPV
vaccine dose

To determine the effect of chronic schistosomiasis on the levels of HPV-specific antibodies, an
ELISA assay was undertaken on serum from the three animal groups: Schisto + HPV vaccine, Schisto
+ PZQ + HPV vaccine, and the HPV- vaccine only group. There was a significant increase in HPV-
specific whole IgG levels (Figure 2A) across all time points. We observed two-fold increase in HPV-
specific serum whole IgG levels between T (before vaccination) and T> (4 weeks after the second HPV
vaccine dose was administered), across all three animal groups, which was significant as follows:
Schisto + HPV vaccine (95% CI: P = 0.0004), Schisto + PZQ + HPV vaccine (95% CI: P =0.0003),
and HPV vaccine only (95% CI: P=0.0331). Similarly, there was a two-fold increase in HPV-specific
serum whole IgG levels between Ty (before vaccination) and T (4 weeks after the first HPV vaccine
dose was administered), which was significant as follows: Schisto + PZQ + HPV vaccine (95% CI: P
= 0.01) and the HPV vaccine only (95% CI: P = 0.0242). IgG levels did not significantly change
between To (before vaccination) and T1 (4 weeks after the first vaccine dose) in the Schisto + HPV
vaccine group, and between the first vaccine dose (T1) and the second vaccine dose (T2) across all
three animal groups. This significant increase observed in HPV-specific whole IgG antibody levels in
the Schisto + PZQ + HPV vaccine group compared to the Schisto+HPV vaccine four weeks after the
HPYV vaccine dose was administered highlights the importance of treating helminth infections before
HPYV vaccination.
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A steady increase in HPV-specific IgG1 (Figure 2B) responses was exhibited from To to T1 0f 4.8, 7.9,
and 3.8-fold change in the Schisto + HPV vaccine, Schisto + PZQ + HPV vaccine, and HPV vaccine
only animal groups, respectively, which was not significant. Similarly, an increase in HPV-specific
serum IgG levels between T and T> was observed as a 1.3, 1.4, and 1.8-fold change for Schisto + HPV
vaccine, Schisto + PZQ + HPV vaccine, and HPV vaccine-only animal groups, respectively, which
was equally not significant. A delayed HPV-specific IgG1 antibody response after the first HPV
vaccine dose was exhibited, and the increase in antibody levels was only significant after the second
dose, across all three animal groups. This indicates that a booster dose is essential in HPV-specific
IgG1 antibody responses. We observed no significant differences in HPV-specific whole IgG and IgG1
antibody levels between the treated and untreated groups post-vaccination. This was likely impacted
by the low sample size of n = 3; n = 4 in the animal groups. IgG2, 1gG3, and IgG4 levels remained
unchanged across all assessed time points, with optical densities consistently comparable to baseline
values (0.04), indicating no significant antigen-specific response within these subclasses.

3.2. Chronic schistosomiasis does not alter the frequency of innate immune cells

To explore the effects of chronic schistosomiasis infection on innate immune cell responses to the
HPV vaccine, we profiled cryopreserved PBMS samples obtained four weeks after the second HPV
vaccine dose was administered. A flow cytometry assay was used. The innate immune cells were
defined by their expressed cell surface markers. Monocyte subset populations were defined as:
classical monocytes expressing CD3-CD14+ CD16-; intermediate monocytes (IM) expressing CD3-
CD14+ CD16+; non-classical monocytes (NCM) expressing CD3-CD14-CD16+; and natural killer
cells (NK cells) expressing CD3-CD16+ CD56+.

There were no significant differences in levels of classical, intermediate, and non-classical
monocytes in all three animal groups after the two HPV vaccine doses were administered. Classical
monocytes had generally lower levels in both the Schisto + HPV vaccine and Schisto + PZQ + HPV
vaccine animal groups. However, the level of classical monocytes for two out of three animals in the
HPV vaccine-only group was over 80%. In contrast, intermediate monocytes had lower levels in the
HPV vaccine-only group, as compared to the Schisto + HPV vaccine and Schisto + PZQ + HPV
vaccine animal groups, in which two out of three and three out of four animals had over 50% of
intermediate monocytes (65% and 87% for Schisto + HPV vaccine and 57% and 59% for Schisto +
PZQ + HPV vaccine), respectively.

The distribution of non-classical monocytes and NK cells varied across the three experimental
groups. In Group 1 (n = 3), one animal exhibited 4% non-classical monocytes while the remaining two
animals had undetectable levels (0%). Additionally, a different animal within this group showed 6%
NK cells, whereas the other two animals had 0% NK cell counts. In Group 2 (n = 4), one animal had
a notably higher frequency of non-classical monocytes at 13%, with the remaining three animals
showing 0%. All animals in Group 2 had undetectable NK cells (0%).In Group 3 (n = 3), none of the
animals exhibited detectable levels of either non-classical monocytes or NK cells (Figure 3).
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Figure 2. Enhanced HPV-specific antibody levels in chronic schistosomiasis infection
after a booster HPV vaccine dose. The graph represents HPV-specific whole IgG (A) and
IgG1 (B) antibody responses for the Schisto + HPV vaccine, Schisto + PZQ + HPV vaccine,
and HPV vaccine-only animal groups. The bars represent each group's mean antibody
optical densities at each time point. (To) before administration of the 1st dose of the HPV
vaccine, at (T1), before administration of the 2nd dose of the HPV vaccine, and at four
weeks after the second HPV vaccine dose was administered (T2), four weeks after the 2nd
HPYV vaccine dose was administered. Antibody levels are presented as optical density (OD)
measured at a wavelength of 450 nm. Kruskal-Wallis with Dunn’s multiple comparison
test was done for post hoc analysis for all three study groups. Selection criteria for
statistical analysis is provided in supplementary Table S1. Descriptive statistics and
individual animal data on antibody optical densities are available in Table S2 and Table S3,
respectively. Statistical significance was set at P > 0.05 and assigned.
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Figure 3. Frequency of circulating innate immune cells four weeks after the second HPV
vaccine administration in Olive baboons for the three study groups: Schisto + HPV vaccine,
Schisto + PZQ + HPV, HPV vaccine-only. Monocyte subset populations, classical
monocytes A), intermediate monocytes (B), and non-classical monocytes (C) were
expressed as a percentage of total monocyte populations. Descriptive statistics were used
in innate immune cell analysis. Frequencies of monocytes were obtained from histogram
analysis of PBMC populations on FlowJo version 10.10.0. Statistical analysis of the
immune cell responses was done using Kruskal-Wallis. Selection criteria for statistical
analysis is provided in supplementary Table S1. Descriptive statistics and individual
animal data on innate immune cells are available in Table S2 and Table S4, respectively.
Statistical significance was set at P < 0.05.

3.3. Chronic schistosomiasis infection does not alter HPV-specific adaptive immune cell levels

To explore the effects of chronic schistosomiasis infection on adaptive immune cell responses to
the HPV vaccine, we profiled cryopreserved PBMS samples obtained four weeks after the second HPV
vaccine dose was administered. A flow cytometry assay was used. T cell populations were defined as:
CD4+ T cells expressing CD3+CD4+; and CD8+ T cells expressing CD3+CD8+. There were no
statistically significant differences in T-cell population frequencies among the study groups (Figure 4).
Adaptive immune responses exhibited varied frequencies across all three animal groups. CD4+ T cells
had generally low-frequency levels across all animal groups: Schisto + HPV vaccine (16%), Schisto +
PZQ + HPV vaccine (16%), and the HPV vaccine -only (13%). CD8+ equally exhibited varied cell
frequencies: Schisto + HPV vaccine (43%), Schisto + PZQ + HPV vaccine (35%), and HPV vaccine -
only (25%). Our observations indicate that chronic schistosomiasis infection does not affect HPV
vaccine-induced adaptive immune cell frequencies.
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Figure 4. Frequency of circulating adaptive immune cells four weeks after second HPV
vaccine administration in Olive baboons for the three study groups: Schisto + HPV vaccine,
Schisto + PZQ+ HPV vaccine, HPV vaccine-only. Descriptive statistics were used in
adaptive immune cell analysis. Frequencies of CD4+ and CD8+ T cells were obtained from
histogram analysis of PBMC populations on Flowjo version 10.10.0. Statistical analysis to
identify between-group differences in immune cell responses was done using Kruskall-
Wallis. Selection criteria for statistical analysis is provided in supplementary Table S1.
Descriptive statistics and individual animal data on innate immune cells are available in
Table S2 and Table S4, respectively. Statistical significance was set at P < 0.05.

3.4. Chronic Schistosomiasis has no significant effect on HPV-stimulated IL-1f and TNF-a cytokine
concentrations

The 72-hour cell culture supernatants were analyzed to determine the effect of chronic
Schistosomiasis infection IL-1B and TNF-a cytokine concentrations (Figure 5). Cytokine ELISA was
performed on cell culture supernatants from the three animal study groups; Schisto + HPV vaccine,
Schisto + PZQ + HPV vaccine, and HPV vaccine-only. Cytokine concentrations were higher in the
Schisto + PZQ + HPV vaccine for IL-1B (17.09 pg/mL) compared to Schisto + HPV vaccine (7.16
pg/mL) and HPV vaccine-only (14.1 pg/mL). Similarly, cytokine concentrations were higher in the
Schisto + PZQ + HPV vaccine for TNF-a (20.39 pg/mL) compared to Schisto + HPV vaccine (4.26
pg/mL) and HPV vaccine-only (6.48 pg/mL). There were no statistically significant differences in IL-
1B and TNF-a cytokine concentrations among the study groups. This statistic implies that chronic
Schistosomiasis infection does not affect HPV wvaccine-induced IL-1f and TNF-a cytokine
concentrations.
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Figure 5. Production of IL-1B and TNF-a cytokine concentrations in 72-hour cell culture
supernatants during specific stimulation with HPV Ag. PBMC cell culture supernatants
were analyzed using cytokine ELISA. The bars represent the net IL-1p (A) and TNF-a (B)
concentrations for each animal group. Statistical analysis to identify between group
differences in cytokine concentration was done using Kruskall-Wallis test. Selection
criteria for statistical analysis is provided in supplementary Table S1. Descriptive statistics
and individual animal data on innate immune cells are available in Table S2 and Table S5,
respectively. Differences were set to be statistically significant at P < 0.05.

4. Discussion

Prophylactic vaccines against human papillomaviruses are formulated using virus-like particles
derived from the L1 protein, which induce HPV strain-specific antibodies and cellular immune
responses [27]. This study investigated the impact of chronic schistosomiasis infection on HPV vaccine
immune responses. The study demonstrated both innate and adaptive immune responses in baboons
chronically infected with schistosomiasis, then vaccinated with the HPV vaccine; baboons chronically
infected with schistosomiasis and treated with Praziquantel before the HPV vaccine administration;
and baboons with the HPV vaccine only. The innate and adaptive immune responses included: HPV-
specific whole IgG and IgG subclasses responses; monocyte subclasses and natural killer cells
responses; CD4+ and CD8+ T cell responses; and TNF-a and IL-1 cytokine responses.

After two HPV vaccine doses were administered 4 weeks apart, we observed a generally
significant increase in HPV-specific whole IgG and IgG1 in both the Schisto + HPV vaccine, Schisto
+PZQ + HPV vaccine, and HPV vaccine-only groups. This significant increase in HPV-specific whole
IgG levels was observed in the Schisto + PZQ + HPV vaccine group, 4 weeks after the first HPV
vaccine dose was administered and four weeks after the second HPV vaccine dose was administered.
This indicates that clearance of schistosomiasis infection before administering the HPV vaccine aids
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in mounting a humoral response against HPV infections, and this response can be enhanced with a
booster dose. Clearance of schistosomiasis infection with Praziquantel before vaccination was also
observed to restore whole IgG responses specific to HPV16 and HPV18 in a baboon model [11].
Similarly, treatment of schistosomiasis with Praziquantel before vaccination was reported to mildly
restore HPV16-specific IgG responses in human subjects [15]. The Schisto + HPV vaccine and the
HPV-only group exhibited a significant increase in HPV-specific whole IgG levels only after the
second HPV vaccine dose was administered. This delay in the humoral response indicates that a booster
dose of the HPV vaccine is essential for protection against infections with HPV types 16 and 18 for
persons with helminthic infection.

We also observed a delayed significance in HPV-specific IgG1 antibody response in all animal
groups after the first HPV vaccine dose, and it was only significant after the second HPV vaccine dose
was administered. Several single-dose HPV vaccine efficacy study findings, including one by Baisley
and colleagues [13], support the efficacy of a single-dose HPV vaccine. They observed that the HPV
vaccine elicited comparable HPV16 and HPV18 IgG antibody responses in young girls and young
women, one year after one dose of the bivalent or nanovalent HPV vaccine, suggesting that a single
dose of the vaccines may protect against persistent HPV16 and HPV18 infection for a minimum of
two years. This could improve vaccination rates in resource-limited settings. In this non-human
primate study, we observed that whole IgG and IgG1 responses require a booster dose for optimal
levels in animals chronically infected with schistosomiasis. Our findings do not contradict these studies
but highlight the potential of helminth-induced immune modulation in impacting single-dose HPV-
vaccine-induced immunity. Our observations suggest that booster doses might enhance protective
responses in helminth-endemic populations.

Overall, our observations indicate that study subjects with chronic schistosomiasis infections can
elicit HPV-specific whole IgG and IgG1 antibodies in response to the vaccines. The observed response
of increased HPV-specific antibody levels could provide neutralization and opsonization defenses,
preventing the spread of infection with HPV types 16 and 18. The differences in immune responses in
comparison to previous findings could also be attributed to the different vaccine antigens, as the
Cervarix vaccine was previously used to vaccinate the animals [11], while the Gardasil vaccine was
used for the immune recall response for this current study.

Monocytes are key components of innate immunity and serve as the first line of defense against
infection [28]; classical monocytes aid in phagocytosis, intermediate monocytes function in antigen
presentation of antigens to immune cells, while non-classical monocytes help with complement-
mediated phagocytosis of antigens [29,30]. We observed generally lower levels of classical monocytes,
intermediate monocytes, and non-classical monocytes than total monocytes. Classical monocytes had
slightly higher expression in the HPV-only group than in the Schisto + HPV vaccine and the Schisto +
PZQ + HPV vaccine groups. The level of classical monocytes for two out of three animals in the HPV-
only group was over 80%, which is within the reported threshold of monocytes at 80—90% of total
monocytes in humans [31-33]. Intermediate monocytes had slightly higher expression in the
Schisto+HPV vaccine and the Schisto + PZQ + HPV vaccine groups, in which 2/3 and 3/4 animals had
over 50% of intermedi#ate monocytes. These levels are however elevated when compared to the
threshold of human intermediate monocytes as 5—-10% of total monocytes [31-33]. Our observations
implied that treated or chronic schistosomiasis did not alter the frequency of circulating monocyte
populations in baboons after a two-dose HPV vaccine. In this study, the lack of significant immune
cell responses could be attributed to the small sample size per animal group and outlier data in the
immune cell frequencies that could have skewed the outcome. Overall, this study exhibited a low
frequency of peripheral monocytes post-HPV vaccination in all three groups. This is contrary to a HPV
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vaccine study on human subjects that observed a generally higher count of circulating monocytes after
bivalent vaccination of premenopausal HPV-seronegative women [30]. In another human study on
HPV vaccine-induced immune responses, the bivalent HPV vaccine cohort showed a significant
increase in intermediate monocytes, 1 day post first vaccine dose, while classical monocytes increased
significantly, one day post third vaccine dose [34]. In both studies, subjects were not chronically
infected with schistosomiasis.

The distribution of non-classical monocytes and NK cells varied across the three experimental
groups. In Group 1 (n = 3), one animal exhibited 4% non-classical monocytes while the remaining two
animals had undetectable levels (0%). Additionally, a different animal within this group showed 6%
NK cells, whereas the other two animals had 0% NK cell counts. In Group 2 (n = 4), one animal had
a notably higher frequency of non-classical monocytes at 13%, with the remaining three animals
showing 0%. All animals in Group 2 had undetectable NK cells (0%). In Group 3 (n = 3), none of the
animals exhibited detectable levels of either non-classical monocytes or NK cells. These findings
suggest considerable inter-individual variability in the detection of non-classical monocytes and NK
cells, with isolated elevations observed in Groups 1 and 2. The absence of these cell populations in
Group 3 and in the majority of animals across all groups may reflect low basal expression levels in this
model, technical limitations in detection or biological variability. Further investigation is required to
determine whether these differences are biologically significant or stochastic.

CD4+ T cells aid adaptive immunity by recognizing antigens through T cell receptors, protecting
against pathogens, and recruiting effector immune cells [35]. CD8+ T cells control viral infections by
directly killing infected cells [36]. In this study, we observed low frequencies of both CD4+ and CD8+
T cells in all animal groups. Even though CD8+ T cell frequencies were higher than CD4+ T cells,
both were not statistically significant. This was similarly exhibited in a SARS-CoV-2 vaccine efficacy
study where mice infected with Heligmosomoides polygyrus bakeri (Hpb) showed reduced CD4+ and
CD8+ T cell responses to an mRNA vaccine against the Wuhan-1 spike protein of SARS-CoV-2 (Desai
et al., 2024). Our findings indicated that treated or chronic schistosomiasis did not alter the frequency
of circulating CD4+ and CD8+ T cell populations in baboons after a two-dose HPV vaccine. The lack
of significant immune cell responses could be attributed to the small study sample size (n = 3; n =4)
and outlier data in the immune cell frequencies that could have skewed the outcome.

This study also aimed to determine the effect of chronic schistosomiasis on HPV-induced cytokine
responses. We observed slightly high cytokine concentrations of both IL-1 and TNF-a in the Schisto
+ PZQ + HPV vaccine compared to the Schisto + HPV vaccine and HPV vaccine-only groups. These
differences were not significant. We found that treated or chronic schistosomiasis did not alter the
production of IL-1 and TNF-a in baboons after a two-dose HPV vaccine. In a human cohort study on
HPV16 L1 VLP-induced immune responses a similar observation was made where there were no
significant increase IL-1p concentrations in PBMC culture supernatants. Other human studies
observed a significant increase in TNF-a concentrations. A study on HPV16 L1 induced-cytokine
responses in a phase II clinical trial on Novovax vaccine, observed an increase in TNF-o eight weeks
post vaccination [37]. A study by Pinto et al., observed and increase in TNF-a concentrations in PBMC
cell culture supernatants stimulated with HPV16 L1 VLPS, in comparison to the placebo group [38].
Goncalves et al observed an increase in TNF-a messenger RNA (mRNA) transcripts from human
cohort PBMC samples, collected one month after three doses of bivalent HPV16/18 vaccination [39].
However, in all three human studies, there were no underlying helminth infections at the time of
vaccination.

The study animals were initially vaccinated with two doses of Cervarix® which targets only HPV
types 16 and 18, administered one month apart. For this current study, the Gardasil® vaccine consisting
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of 4 HPV antigens (HPV-16/18/6/11) was used, and for ELISA and cell culture assays focuses on the
HPV16 and HPV18 antigens. Both vaccines protect against HPV16 and HPV18. However, both
vaccines undergo different production systems; for Cervarix®, the L1 VLP protein is produced in
insect cell lines, while for Gardasil®, the L1 VLP protein is produced from yeast. The different systems
of production utilized for the 2 vaccines may cause differences in particle composition and epitope
presentation. Also, the two vaccines exhibit differences in antigen composition. The differences in
antigen composition may contribute to immunological interference and should be acknowledged as a
limitation.

There is however no indication of Schistosomiasis resulting in reduction of HPV vaccine induced
cellular responses in this study. While baboons exhibit similarities with humans, inherent differences
may impact immune responses. Also, future studies with a larger sample size would help establish
definitive interactions between S. mansoni and HPV vaccine efficacy.

5. Conclusions

This study highlights the interplay between helminth infections, vaccination, and immune
responses. The observed increase in HPV-specific whole IgG antibody levels in animals treated for
schistosomiasis before HPV vaccination underscores the importance of addressing helminth infections
before vaccination. Additionally, the delayed HPV-specific IgG1 antibody response after the first
vaccine dose, with significant levels only achieved after the booster dose, emphasizes the critical role
of a booster in eliciting a strong antibody response. These findings suggest the potential for successful
HPYV vaccination in parasitic endemic regions. Implementing helminth treatment policies before HPV
vaccination may enhance vaccine-induced responses.

Use of AI tools declaration

No A.I tools in this manuscript.
Acknowledgments

This work was supported by The Department of Tropical and Infectious Disease (TID), of the
Kenya Institute of Primate Research (KIPRE) and funded by Dr. Ruth Nyakundi and Dr. Lucy Ochola.
We thank Prof. Abdussamad M. Abdussamad, Dr. Paul Ogongo, and Mr. Fred Nyundo, Mr. Sam
Momanyi, Mr. Kevin Mugambi, Mr. Elisha Opiyo, and the entire Department of Tropical and
Infectious Disease (TID), of the Kenya Institute of Primate Research (KIPRE). This research received
no external funding.
Conflicts of interest

The authors declare no conflicts of interest

Author contributions

Author Contributions: Conceptualization: L.O., R.N. and L.O.; Data curation, L.O., R.N. and
L.O..; formal analysis, L.O., and R.N.; funding acquisition, R.N. and L.O.; investigation, L.O., M.O.,

AIMS Microbiology Volume 11, Issue 3, 720-736.



734

R.N. and L.O.; methodology, L.O., M.O., R.N. and L.O.; project administration, R.N. and L.O.;
supervision, R.N., E.S., and L.O.; Validation, R.N. and Lucy Ochola.; writing — original draft, L.O.;
writing—review & editing, L.O., E.S., M.O., R.N., and L.O.

References

10.

11.

12.

13.

14.

Cervical cancer. Available online: https://www.who.int/news-room/fact-sheets/detail/cervical-
cancer (accessed on 12 February 2025).

Schuind AE, Balaji KA, Du A, et al. (2024) Human papillomavirus prophylactic vaccines: update
on new vaccine development and implications for single-dose policy. JNCI Monographs 2024:
410-416. https://doi.org/10.1093/jncimonographs/lgae026

Mwenda V, Jalang'o R, Miano C, et al. (2023) Impact, cost-effectiveness, and budget implications
of hpv wvaccination in kenya: a modelling study. Vaccine 41: 4228-4238.
https://doi.org/10.1016/j.vaccine.2023.05.019

Barnabas RV, Brown ER, Onono MA, et al. (2023) Durability of single-dose hpv vaccination in
young Kenyan women: Randomized controlled trial 3-year results. Nat Med 29: 3224-3232,
Stanley M (2010) HPV-immune response to infection and vaccination. /nfect Agent Cancer 5: 19.
https://doi.org/10.1186/1750-9378-5-19

Murthy KK, Salas MT, Carey KD, et al. (2006) Baboon as a nonhuman primate model for vaccine
studies. Vaccine 24: 4622—4624. https://doi.org/10.1016/j.vaccine.2005.08.047

Magden ER, Nehete BP, Chitta S, et al. (2020) Comparative analysis of cellular immune responses
in conventional and SPF Olive Baboons (Papio Anubis). Comp Med 70: 160-169.
https://doi.org/10.30802/AALAS-CM-19-000035

Schwarz TF, Spaczynski M, Schneider A, et al. (2011) Persistence of immune response to HPV-
16/18 ASO4-adjuvanted cervical cancer vaccine in women aged 15-55 years. Hum Vaccin 7: 958—
965. https://doi.org/10.4161/hv.7.9.15999

Kreimer AR, Struyf F, Del Rosario-Raymundo MR, et al. (2015) Efficacy of fewer than three
doses of an HPV-16/18 AS04 adjuvanted vaccine: combined analysis of data from the costa rica
vaccine trial and the PATRICIA trial. Lancet Oncol 16: 775-786. https://doi.org/10.1016/S1470-
2045(15)00047-9

Malhotra I, McKibben M, Mungai P, et al. (2015) Effect of antenatal parasitic infections on anti-
vaccine igg levels in children: a prospective birth cohort study in Kenya. PLoS Neg! Trop Dis 9:
€0003466. https://doi.org/10.1371/journal.pntd.0003466

Gent V, Waihenya R, Kamau L, et al. (2019) An Investigation into the Role of Chronic
Schistosoma mansoni Infection on Human Papillomavirus (HPV) Vaccine Induced Protective
Responses. PLoS Negl Trop Dis 13: €0007704. https://doi.org/10.1371/journal.pntd.0007704
Schuind AE, Balaji KA, Du A, et al. (2024) Human papillomavirus prophylactic vaccines: Update
on new vaccine development and implications for single-dose policy. JNCI Monographs 2024:
410-416. https://doi.org/10.1093/jncimonographs/lgae026

Baisley K, Kemp TJ, Mugo NR, et al. (2024) Comparing one dose of HPV vaccine in girls aged
9—14 years in Tanzania (DoRIS) with one dose in young women aged 15-20 years in Kenya (KEN
SHE): An immunobridging analysis of randomised controlled trials. Lancet Glob Health 12:
e491-e499. https://doi.org/10.1016/S2214-109X(23)00586-7

CDC. Impact of the HPV vaccine. Available from: https://www.cdc.gov/hpv/vaccination-
impact/index.html.

AIMS Microbiology Volume 11, Issue 3, 720-736.



735

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Nkurunungi G, Nassuuna J, Natukunda A, et al. (2024) The effect of intensive praziquantel
administration on vaccine-specific responses among schoolchildren in Ugandan schistosomiasis-
endemic islands (POPVAC A): An open-label, randomised controlled trial. The Lancet Global
Health 12: ¢1826—¢1837. https://doi.org/10.1016/S2214-109X(24)00280-8

Schistosomiasis (Bilharzia). Available from: https://www.who.int/health-topics/schistosomiasis.
CDC Yellow Book (2024) Schistosomiasis Available from:
https://wwwnc.cdc.gov/travel/yellowbook/2024/infections-diseases/schistosomiasis.

Dibo N, Liu X, Chang Y, et al. (2022) Pattern recognition receptor signaling and innate immune
responses  to  schistosome  infection.  Front  Cell  Infect  Microbiol  12.
https://doi.org/10.3389/fcimb.2022.1040270

Souza COS, Gardinassi LG, Rodrigues V, et al. (2020) Monocyte and macrophage-mediated
pathology and protective immunity during schistosomiasis. Front Microbiol 11.
https://doi.org/10.3389/fmicb.2020.01973

Pearce EJ, MacDonald AS (2002) The immunobiology of schistosomiasis. Nat Rev Immunol 2:
499-511. https://doi.org/10.1038/nri843

Gent V, Mogaka S (2018) Effect of helminth infections on the immunogenicity and efficacy of
vaccines: A classical review. Am J Biomed Life Sci 6: 113—117.

Sabin EA, Araujo MI, Carvalho EM, et al. (1996) Impairment of tetanus toxoid-specific thl-like
immune responses in humans infected with Schistosoma mansoni. J Infect Dis 173: 269-272.
https://doi.org/10.1093/infdis/173.1.269

Elias D, Britton S, Aseffa A, et al. (2008) Poor immunogenicity of BCG in helminth infected
population is associated with increased in Vitro TGF-f production. Vaccine 26: 3897-3902.
https://doi.org/10.1016/j.vaccine.2008.04.083

Wajja A, Kizito D, Nassanga B, et al. (2017) The effect of current schistosoma mansoni infection
on the immunogenicity of a candidate TB vaccine, MVA85A, in BCG-vaccinated adolescents: an
open-label trial. PLoS Negl Trop Dis 11: €0005440. https://doi.org/10.1371/journal.pntd.0005440
Musaigwa F, Kamdem SD, Mpotje T, et al. (2022) Schistosoma mansoni infection induces
plasmablast and plasma cell death in the bone marrow and accelerates the decline of host vaccine
responses. PLOS Pathogens 18: €1010327. https://doi.org/10.1371/journal.ppat.1010327
Natukunda A, Zirimenya L, Nassuuna J, et al. (2022) The effect of helminth infection on vaccine
responses in humans and animal models: a systematic review and meta-analysis. Parasite
Immunology 44: 1-10. https://doi.org/10.1111/pim.12939

Williamson AL (2023) Recent developments in human papillomavirus (HPV) vaccinology.
Viruses 15: 1440. https://doi.org/10.3390/v15071440

Echevarria-Lima J, Moles R (2024) Monocyte and macrophage functions in oncogenic viral
infections. Viruses 16: 1612. https://doi.org/10.3390/v16101612

Kapellos TS, Bonaguro L, Gemiind I, et al. (2019) Human monocyte subsets and phenotypes in
major chronic inflammatory diseases. Front Immunol 10.
https://doi.org/10.3389/fimmu.2019.02035

Pasmans H, Berkowska MA, Diks AM, et al. (2022) Characterization of the early cellular immune
response induced by hpv vaccines. Front Immunol 13.
https://doi.org/10.3389/fimmu.2022.863164

Ziegler-Heitbrock L, Ancuta P, Crowe S, et al. (2010) Nomenclature of monocytes and dendritic
cells in blood. Blood 116: €74-80. https://doi.org/10.1182/blood-2010-02-258558

AIMS Microbiology Volume 11, Issue 3, 720-736.



736

32.

33.

34.

35.

36.

37.

38.

39.

Thomas GD, Hamers AA, Nakao C, et al. (2017) Human blood monocyte subsets: a new gating
strategy defined using cell surface markers identified by mass cytometry. Arterioscler Thromb
Vasc Biol 37: 1548—1558. https://doi.org/10.1161/ATVBAHA.117.309145

Marimuthu R, Francis H, Dervish S, et al. (2018) Characterization of human monocyte subsets by
whole blood flow cytometry analysis. J Vis Exp 57941. https://doi.org/10.3791/57941

Pasmans H, Berkowska MA, Diks AM, et al. (2022) Characterization of the early cellular immune
response induced by HPV vaccines. Front Immunol 13.
https://doi.org/10.3389/fimmu.2022.863164

Kervevan J, Chakrabarti LA (2021) Role of CD4+ T cells in the control of viral infections: recent
advances and open questions. Int J Mol Sci 22: 523. https://doi.org/10.3390/ijms22020523

Snell LM, MacLeod BL, Law JC, et al. (2018) CD8+ T cell priming in established chronic viral
infection preferentially directs differentiation of memory-like cells for sustained immunity.
Immunity 49: 678—694.e5. https://doi.org/10.1016/j.immuni.2018.08.002

Garcia-Pifieres A, Hildesheim A, Dodd L, et al. (2007) Cytokine and chemokine profiles following
vaccination with human papillomavirus type 16 L1 virus-like particles. Clin Vaccine Immunol 14:
984-989. https://doi.org/10.1128/CVI1.00090-07

Pinto LA (2023) Data from elevated systemic levels of inflammatory cytokines in older women
with persistent cervical human papillomavirus infection.

Gongalves AK, Giraldo PC, Machado PRL, et al. (2015) Human Papillomavirus Vaccine-Induced
Cytokine Messenger RNA Expression in Vaccinated Women. Viral Immunol 28: 339-342.
https://doi.org/10.1089/vim.2015.0008

- © 2025 the Author(s), licensee AIMS Press. This is an open access
Ms AIMS Press article distributed under the terms of the Creative Commons Attribution
- License (https://creativecommons.org/licenses/by/4.0)

AIMS Microbiology Volume 11, Issue 3, 720-736.



