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Abstract

Schistosomiasis is a disease caused by parasitic flatworms of the Schistosoma spp., and is
increasingly recognized to alter the immune system, and the potential to respond to vac-
cines. The impact of endemic infections on protective immunity is critical to inform vaccina-
tion strategies globally. We assessed the influence of Schistosoma mansoni worm burden
on multiple host vaccine-related immune parameters in a Ugandan fishing cohort (n = 75)
given three doses of a Hepatitis B (HepB) vaccine at baseline and multiple timepoints post-
vaccination. We observed distinct differences in immune responses in instances of higher
worm burden, compared to low worm burden or non-infected. Concentrations of pre-vacci-
nation serum schistosome-specific circulating anodic antigen (CAA), linked to worm burden,
showed a significant bimodal distribution associated with HepB titers, which was lower in
individuals with higher CAA values at month 7 post-vaccination (M7). Comparative
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chemokine/cytokine responses revealed significant upregulation of CCL19, CXCL9 and
CCL17 known to be involved in T cell activation and recruitment, in higher CAA individuals,
and CCL17 correlated negatively with HepB titers at month 12 post-vaccination. We show
that HepB-specific CD4* T cell memory responses correlated positively with HepB titers at
M7. We further established that those participants with high CAA had significantly lower fre-
quencies of circulating T follicular helper (cTfth) subpopulations pre- and post-vaccination,
but higher regulatory T cells (Tregs) post-vaccination, suggesting changes in the immune
microenvironment in high CAA could favor Treg recruitment and activation. Additionally, we
found that changes in the levels of innate-related cytokines/chemokines CXCL10, IL-1,
and CCL26, involved in driving T helper responses, were associated with increasing CAA
concentration. This study provides further insight on pre-vaccination host responses to
Schistosoma worm burden which will support our understanding of vaccine responses
altered by pathogenic host immune mechanisms and memory function and explain abro-
gated vaccine responses in communities with endemic infections.

Author summary

Schistosomiasis drives host immune responses for optimal pathogen survival, potentially
altering host responses to vaccine-related antigen. Chronic schistosomiasis and co-infec-
tion with hepatotropic viruses are common in countries where schistosomiasis is
endemic. We explored the impact of Schistosoma mansoni (S. mansoni) worm burden on
Hepatitis B (HepB) vaccination of individuals from a fishing community in Uganda. We
demonstrate that higher schistosome-specific antigen (circulating anodic antigen, CAA)
concentration pre-vaccination, is associated with lower HepB antibody titers post-vacci-
nation at month 7. We show higher pre-vaccination levels of CCL17 in instances of high
CAA that negatively associate with HepB antibody titers month 12 post-vaccination and
coincided with lower frequencies of circulating T follicular helper cell populations (cTth),
proliferating antibody secreting cells (ASCs), and higher frequencies of regulatory T cells
(Tregs). We also show that monocyte function is important in HepB vaccine responses,
and high CAA is associated with alterations in the early innate cytokine/chemokine
microenvironment. Our findings suggest that in individuals with high CAA and likely
high worm burden, schistosomiasis can create an environment that is polarized against
optimal host immune responses to the vaccine, which puts many endemic communities at
risk for infection against HepB and other diseases that are preventable by vaccines.

Introduction

While vaccines have reshaped public health and saved millions of lives from the threat of
many infectious diseases [1], inadequate immune responses to vaccination remain a challenge,
with a range of contributary causes, such as chronic illnesses, including those stemming from
helminth worm infections [2-4]. Schistosomiasis is a neglected tropical disease (NTD) caused
by parasitic flatworms from three main Schistosoma spp. that often develops into a chronic
infection in endemic populations. An estimated four million people in Uganda are infected
with S. mansoni, about 55% of the population are at risk of infection [5,6] and treatment with
Praziquantel (PZQ) is the only safe and effective protocol for treatment. Schistosoma has been
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suggested to increase the virulence of hepatotropic viruses [7] and exacerbate resultant hepatic
pathology [8]. Hepatitis B (HepB) is a life-threatening disease cause by HBV and is highly
endemic in Uganda. The prevalence is approximately 4.3% with an increased incidence in the
Lake Victoria fishing communities, where the risk of Schistosoma infection and sexually trans-
mitted diseases such as HepB is high [9,10]. In 2022, the Ugandan ministry of health incorpo-
rated early childhood vaccination programs against HepB into its existing program [11] but
despite these interventions, 52% of Ugandan adults are still infected with HBV [12]. While vac-
cination against HepB can provide efficient protective immunity [13], 5-10% of individuals do
not mount an effective immune response to HepB vaccination, including those with chronic
diseases [14]. There is a need for improved understanding of the immunological responses to
infections such as Schistosoma during vaccination, to establish the extent of protective
responses in compromised host immune systems.

Schistosoma spp. induce strongly skewed host T helper 2 (Th2) responses during infection
and go on to induce regulatory T cell (Treg) responses which are important in controlling T
helper-induced inflammation [15,16]. Specifically, during the chronic phase, continual expo-
sure to the soluble egg antigen (SEA) of schistosome eggs in the host tissues drives immune-
pathology and a pro-Th2 cytokine microenvironment [17,18]. Persistence of these skewed Th2
responses could potentially inhibit important T follicular helper (Tth) responses, which are
critical for B cell help during vaccination [19,20], and polarize cytokine environments that
cause alterations in vaccine-induced antibody responses. While less is known about Tth
responses in Schistosoma, Tth cells in the periphery are elevated in S. japonicum-infected indi-
viduals compared to healthy controls, and in chronic, but not acute infection, correlates with
IL-21 and SEA-specific B cell responses [21,22]. Further understanding of how schistosomiasis
alters the Tth host response during vaccination holds promise for new strategies to ensure pro-
tective vaccine responses.

While there have been studies on Schistosoma infection and HepB vaccination responses
[23,24], there is less known about the impact of S. mansoni worm burden on multiple vaccine-
related immune parameters, and the underlying actions of immune mediators affecting these
responses during HepB vaccination, including biomarkers of ineffective vaccine responses.
Knowledge of these mechanisms could instruct future vaccination programs as against viruses
such as HIV and SARS-CoV-2 [25,26]. While the standard for diagnosis of Schistosoma is the
examination of stool and/or urine for eggs [27], symptoms of schistosomiasis are not caused
only by the body’s reaction to the eggs, but also by the worms themselves. To improve under-
standing of immunological responses during vaccination and Schistosoma infection, we evalu-
ated samples from a cohort of fisherfolk participants that were enrolled in a simulated vaccine
efficacy trial (SiVET) in Uganda, where the ENGERIX-B HepB vaccine, a known and trusted
vaccine against HepB [28] was administered to HepB antigen-negative individuals. The indi-
viduals from this community were regularly exposed to Schistosoma and would potentially
have varying levels of worm burden.

After the conclusion of the clinical study, we carried out this sub study to characterize solu-
ble and cellular immune factors at pre- and post-immunization timepoints in PZQ-treated
individuals that had high and low serum worm burden which we determined using a circulat-
ing anodic antigen (CAA) assay [29-31] and also explored associations which could indicate
how vaccine responses can be altered in individuals with a high worm burden. The CAA assay
is a quantitative indication of worm antigen regurgitated into the bloodstream of the host,
therefore CAA levels in the serum not only indicates there was an ongoing infection at the
time of sampling, but also implies the presence of living worms and hence a direct association
with worm burden [32,33]. We demonstrated that S. mansoni infection is associated with sig-
nificantly lower HepB vaccine-specific humoral responses and showed these responses
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coincided with alterations in cytokines and chemokines that are important for T helper and
Treg cell recruitment and function. We propose that a high S. mansoni worm burden pre-vac-
cination, could reshape the baseline immune environment, and modulate the response to Hep
B vaccination.

Results

Pre-vaccination S. mansoni infection negatively impacts Hepatitis B
antibody titers post-vaccination

Samples were obtained from participants in the simulated vaccine efficacy trial (SiVET), a
community-based program conducted by Ugandan research institutes to assess the implemen-
tation of efficacy trial procedures to further the understanding of vaccine study design in a
cohort of HepB-vaccinated individuals. Participants were recruited in Uganda among fishing
communities on the northern shores of Lake Victoria where schistosomiasis is endemic, and
individuals that tested egg positive at the start of the trial were treated with Praziquantel (PZQ)
on day 12 (D12) (Fig 1 and S1 Table). HepB antigen-negative individuals were enrolled in the
study over a 13-month period and various samples were collected at multiple timepoints (Fig 1
and S1 Table). After completion of the trial, we were able to conduct our sub study on speci-
men (pre- and post-vaccination) for seventy-five participants who received all 3 doses of the
HepB vaccine and gave consent to for subsequent analyses.

Day (D)

month () DO D12 M1 M6 M7 M12

Pre-vaccine Hep B Worm Hep B Hep B 1 month post | 6 months post
Baseline Vaccine|  Treatment Vaccine Vaccine 2nd Boost 2nd Boost
n=79 Boost Boost n=64 n=64

HepB Ab

Titers X X X
CAA X

Harvest

pBMCs X X X X
Plasma

Fig 1. Clinical study design. Participants enrolled in the clinical study (n = 79, four donor samples were unavailable for analysis in this study) were
vaccinated at baseline [(pre-vaccination) day 0 (D0)] and received two boosters at month 1 (M1) and month 6 (M6). Sera samples were collected at
DO, month 7 post-vaccination (M7) (one month post-booster 2) and month 12 post-vaccination (M12) (six months post-booster 2), and PMBCs and
plasma were collected at D0, D12, M7 and M12 for subsequent analysis. Stool samples were collected at D0, D3 or D7 for egg count analysis. Egg
positive individuals were treated at day 12 post-vaccination (D12) with Praziquantel (PZQ). X denotes corresponding samples collected at that
timepoint.

https://doi.org/10.1371/journal.pntd.0011089.g001
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To evaluate quantitative data on worm burden that we could correlate with immunological
responses pre- and post- vaccination, we used a circulating anodic antigen (CAA) detection
assay [29-31,34] carried out with the serum of enrolled participants collected pre-vaccination
(Fig 1 and S1 Table). CAA data indicate an ongoing infection, implying the presence of living
Schistosoma worms, and there is a direct association of CAA serum level with worm burden
[32,33]. Results show that CAA values displayed a bimodal distribution. The cutoff separating
the two modes was estimated by maximum-likelihood which revealed that participants could
be separated into those with a CAA concentration of <36 pg/mL (non-infected and lower
worm burden); and those with a CAA concentration of >36 pg/mL (higher worm burden)
(Fig 2A). HepB antibody titers (anti-HBs) in the serum at D0, M7 (1 month post-2nd boost)
and M12 (6 months post-2"® boost) was also measured to look at levels pre-vaccine, as well as
short-term and longer-term post-vaccination antibody responses after completion of the
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Fig 2. Higher CAA concentration pre-vaccination is associated with a reduction in Hepatitis B vaccine titers. (A)
Density of Schistosome-specific antigen values (CAA [pg/ml]) analyzed in serum samples from participants pre-
vaccination (D0). A binomial distribution was fitted to the CAA values and a maximum-likelihood was used to identify
the optimum cutoff separating the two modes of the CAA values. Two groups of participants were then identified
based on CAA values [low CAA (<36pg/mL CAA), n = 41; high CAA (>36pg/mL CAA), n = 33]. Male (blue line),

n = 53; Female (red line), n = 21 (B) Hepatitis B (HepB) titers (log pg/mL) determined by commercial immunoassays
for individuals at M7 post-vaccination plotted to compare low and high CAA. Participants were further defined based
on CAA concentration values using methodology from the CAA assay that allowed detection of samples as low as 3pg/
mL [non-infected [no] (<3pg/mL CAA), low CAA [low] (3-100 pg/mL CAA), and high CAA [high] (>100pg/mL
CAA)]. HepB titers for individuals at (C) Month 7 post-vaccination [non-infected n = 16, low CAA, n = 26 and high
CAA, n =22] and (D) Month 12 post-vaccination [non-infected, n = 14, low CAA, n = 23, high CAA, n = 19] plotted
to compare CAA. Boxplots show median values (horizontal line), interquartile range (box) and 95% confidence
interval (whiskers).

https://doi.org/10.1371/journal.pntd.0011089.g002
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immunization series (Fig 1 and S1 Table). CAA values from these two groups of participants
were significantly associated with HepB titers measured at month 7 (M7), where low CAA was
associated with a high titer, and high CAA with a low titer (log10 fold change (FC) = -0.43,
95% confidence interval (CI) [-0.053, -0.81]; P = 0.028) (Fig 2B). The same trend between
HepB titers and the two CAA groups was observed after adjusting for age and sex

(logl0FC = -0.38, 95% CI [0.059, -0.81]; P = 0.089).

As Schistosoma infection modulates host immunity [35-37], individuals were further strati-
fied into three groups using methodology from the CAA assay that allowed detection of sam-
ples as low as 3pg/mL to identify non-infected (no) (CAA <3 pg/mL), as well as low CAA
concentration (low worm burden) (CAA 3-100 pg/mL) and high CAA concentration (high
worm burden) (CAA >100 pg/mL) (S1 Table) [38], in order to compare immunological
changes pre- and post- vaccination during Schistosoma infection, and importantly with differ-
ing levels of worm burden. While no significant associations with HepB titers were observed
between these 3 groups at M7 and M12 (Fig 2C and 2D), we were interested in exploring other
vaccine-related immune parameters known to be important during vaccination [39,40].

Plasma cytokines/chemokines involved in lymphocyte migration and
activation are significantly higher in S. mansoni infection pre-vaccination
and persist at month 12 post-vaccination

The cytokine/chemokine environment dictates the immune response during Schistosoma
infection [35]. To elucidate any patterns of cytokine/chemokine production between infected
groups, plasma samples from non-infected and S. mansoni-infected individuals were analyzed
using a multiplex cytokine/chemokine platform of more than 65 soluble factors. Principal
component analysis (PCA) analysis showed that cytokine/chemokine levels pre-vaccination,
clustered separately from post-vaccination time points, suggesting an association between
HepB vaccination and major changes in circulating cytokines/chemokines that are sustained
over time (up to 6 months after the last immunization, Fig 3A). We identified that pre-vaccina-
tion systemic levels of CCL19 (no vs. low P = 0.004, no vs. high P<0.0001, low vs. high

P =0.040), CXCL9 (no vs. low P = 0.012, no vs. high P<0.0001, low vs. high P = 0.002), and
CCL17 (no vs. low P = 0.002, no vs. high P<0.0001 (Fig 3B-3D) were significantly higher in
individuals with low and high CAA compared to non-infected at DO. Of interest, the levels of
these cytokines (CCL19, no vs. high P = 0.040; CXCL9, no vs. high P = 0.004, low vs. high

P =0.031; CCL17, no vs. high P = 0.012) remained significantly elevated in individuals with
high CAA at M12 post-vaccination (Fig 3B-3D). The relationship between alterations in these
cytokines/chemokines and the levels of HepB titers was evaluated to identify potential bio-
markers associated with the humoral response to vaccination, and pre-vaccination (t = -3.01,
P =0.004) levels of CCL17 showed a significant negative correlation with HepB titers at M12
(Fig 3E)., These observations imply that a high worm burden in S. mansoni infection is associ-
ated with alterations of the host cytokine/chemokine response to vaccination, and suggests an
important role for CCL17 pre-vaccination in modulating the long term HepB vaccine
response.

Frequencies of circulating T follicular helper cell populations are
significantly lower pre-vaccination which is sustained post-vaccination in
S. mansoni infection and coincides with higher frequencies of regulatory T
cells in individuals with high CAA concentration

Cellular immunological changes are key in modulating effective vaccine-specific humoral
responses [2]. To determine the impact of S. mansoni infection on HepB-specific memory T
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Fig 3. Elevated levels of plasma cytokines/chemokines involved in lymphocyte cell migration and activation pre-
vaccination in individuals with S. mansoni infection persist at month 12 post-vaccination. (A) Principal
component analysis of plasma cytokines/chemokines pre-vaccination and after Hepatitis B vaccination was conducted
and the first (PC1) and second (PC2) principal components were used to plot samples based on their plasma
cytokines/chemokines profiles. Each dot corresponds to a sample and colors denote the timepoint the sample was
collected. [DO- red, D3- green, D7- blue, and M12- purple]. Plasma levels of (B) CCL19, (C) CXCL9, and (D) CCL17
[non-infected pre-vaccination (D0), n = 19, low CAA, n = 32, and high CAA, n = 24; M12 post-vaccination, n = 15,
low CAA, n =29, and high CAA, n = 19]. Data shown as + SEM. * P < 0.05. Wilcoxon rank-sum test performed on
non-infected vs. low CAA, or non-infected vs. high CAA, or low CAA vs. high CAA within each time point DO or
M12. Non-infected- light grey, low CAA—blue, and high CAA—dark grey. (E) Scatter plot of Hepatitis B titers at M12
as a function of plasma CCL17 cytokine levels at DO [non-infected, n = 19, low CAA, n = 32, high CAA, n = 24]. Linear
regressions were fit between Hepatitis B titers and the cytokines adjusted for sex and student t-tests were used to
evaluate for the significance of the association. t (t-statistic). P < 0.05 was considered significant. (Shape: circle-
females, triangle-males; color: grey- non-infected, black-low CAA, blue- high CAA).

https://doi.org/10.1371/journal.pntd.0011089.g003

cells, PBMCs from non-infected and S. mansoni-infected individuals at M7 were treated with a
Hepatitis B long envelope protein (HBV LEP) peptide, and CESE’ T cells analyzed by flow
cytometry were identified as vaccine-specific. CFSE" memory CD4" T were significantly higher
after peptide stimulation compared to control (DMSO); and while not significant, lower fre-
quencies of HBV-LEP-specific CFSE” memory CD4" T cells were observed in high worm bur-
den individuals compared to non-infected (Fig 4A). Interestingly, a positive association was
observed between CFSE” memory CD4" T cells and HepB titers (t = 1.85, P = 0.073) (Fig 4B),
which highlights the importance of the vaccine-specific CD4" memory T cell response in driv-
ing antibody responses to the vaccine.

We further assessed frequencies of circulating T follicular helper (cTfh) populations [41],
memory CD4" T cells critically involved in providing B cell help in infection and vaccination
[42-44], from the PBMC:s of non-infected and S. mansoni-infected individuals by flow cytom-
etry (S1 Fig). Frequencies of cTth1 (low vs. high P = 0.020) and cTth2 cells (no vs. high
P =0.012, low vs. high P = 0.014) pre-vaccination (Fig 4C and 4D), were significantly lower in
individuals with high CAA; and cTth1 cells remained significantly lower at M7 (low vs. high
P =0.031) and M12 (no vs. high P = 0.030, low vs. high P = 0.004) post-vaccination (Fig 4C).
While differences between non-infected and S. mansoni-infected groups for cTth17 cells pre-
vaccination did not reach statistical significance, they were significantly lower in S. mansoni-
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Fig 4. Frequencies of circulating follicular helper (cTth) cells are lower pre- and post-vaccination in S. mansoni
infection with concurrent higher frequencies of regulatory T cells (Tregs) in individuals with high CAA concentration.
(A) Frequencies of CFSE" CD4"CD45RA™ memory T (CD4" mem) cells identified by flow cytometry of PBMCs at M7 post
vaccination [non-infected, n = 12, low CAA, n = 10, and high CAA, n = 15] stimulated for 6 days with hepatitis B long
envelope protein peptide (HBV LEP) or DMSO control (control). Non-infected- light grey, low CAA—blue, and high CAA
—dark grey. Wilcoxon matched-pairs signed rank test performed on control vs. HBV LEP for each non-infected, or low
CAA, or high CAA. Data shown as + SEM. *P < 0.05. (B) Linear regressions fit between Hepatitis B titers and CFSE" CD4"*
mem T cells, adjusted for sex, and student t-tests evaluated for the significance of the association. t (t-statistic). P < 0.05 was
considered significant. (Shape: triangle-Male, circle-Female; color: grey- non-infected, black- low CAA, blue- high CAA).
Frequencies of CD3"CD4"CD45RA CD25 CXCR5" populations: (C) cTthl [CXCR3"], (D) cTth2 [CXCR3 CCR6], (E)
cTfh17 [CXCR3'CCR6'], and (F) CXCR5 Tregs [CD3"CD4*CD45RA CD127 CD25"Foxp3*CXCR5] identified by flow
cytometry of PBMCs pre-vaccination (D0) [non-infected, n = 19, low CAA, n = 31, high CAA, n = 25], M7 post-vaccination
[non-infected, n = 14, low CAA, n = 17, high CAA, n = 20], and M12 post-vaccination [non-infected, n = 16, low CAA,

n = 24, high CAA, n = 20]. Data shown as + SEM. *P < 0.05. Wilcoxon rank-sum test performed on non-infected vs. low
CAA, or non-infected vs. high CAA, or low CAA vs. high CAA for each time point separately DO, M7, or M12. Non-
infected- light grey, low CAA—blue, and high CAA—dark grey.

https://doi.org/10.1371/journal.pntd.0011089.g004

infected individuals at M12 post-vaccination (no vs. low P = 0.024, no vs. high P = 0.006) (Fig
4E). Importantly, these alterations were specific to cTth cells, as no statistically significant
changes between groups were observed at any of the time points for non-cTth cells (S2 Fig). By
contrast, frequencies of CXCR5 regulatory T cells (Tregs), that were similar between non-
infected and S. mansoni-infected groups pre-vaccination, were significantly higher at M7 (no
vs. high P = 0.039) and M12 (no vs. high P = 0.047) post-vaccination in individuals with high
CAA (Fig 4F). These results suggest that frequencies of cTth cells, which are important for
instructing B cells to produce antibodies, are significantly altered in instances of high worm
burden, and the concomitant increase in Tregs could support the theory that worm burden
may have an impact on the interplay between these two subsets.

Antibody-secreting B cells are significantly lower in instances of high worm
burden and is associated with Hepatitis B antibody titers at month 12
Cellular changes were further examined in response to S. mansoni infection and HepB vacci-

nation by looking at the frequencies of activated B cells (ABC) and antigen-specific antibody-
secreting B cells (ASC) [45] (S3 Fig). Frequencies of ABCs (no vs. high P = 0.048) and
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Fig 5. Frequencies of antibody secreting cells (ASCs) are lower at month 12 post-vaccination in individuals with
high CAA concentration. Frequencies of (A) KI67* ASCs [CD19"CD10IgD"CD71*CD38*CD207], (B) IgG" ASCs,
and (C) IgA* ASCs, identified by flow cytometry of PBMCs pre-vaccination (D0) [non-infected, n = 16, low CAA,

n = 29, high CAA, n = 24], M7 post-vaccination [non-infected, n = 14, low CAA, n = 17, high CAA, n = 20], and M12
post-vaccination [non-infected, n = 16, low CAA, n = 23, high CAA, n = 21]. Data shown as + SEM. * P < 0.05.
Wilcoxon rank-sum test performed on non-infected vs. low CAA, or non-infected vs. high CAA, or low CAA vs. high
CAA for each time point separately D0, M7, or M12. (D) IgA levels at M12 post-vaccination in the culture supernatant
of PBMCs stimulated for 7 days with CpG (CpG-ODN [TLR9]) or UNT (untreated) [DO non-infected, n = 14, low
CAA, n =27, high CAA, n = 21; M12 post-vaccination non-infected, n = 10, low CAA, n = 20, and high CAA, n = 17].
Data shown as + SEM. * P < 0.05. Wilcoxon matched-pairs signed rank test performed on UNT vs. CpG for each non-
infected, or low CAA, or high CAA, and within the CpG-treated group a Wilcoxon rank-sum test on non-infected vs.
low CAA, or non-infected vs. high CAA, or low CAA vs. high CAA. Non-infected- light grey, low CAA—blue, and
high CAA—dark grey.

https://doi.org/10.1371/journal.pntd.0011089.g005

IgG"ABCs (no vs. high P = 0.015) were found to be significantly higher pre-vaccination in
individuals with high CAA, with similar results at M7 (ABC, no vs. high P = 0.039; IgG"ABCs,
no vs. high P = 0.032) and M12 (ABC, no vs. high P = 0.040; IgG*ABCs, no vs. high P = 0.033)
post-vaccination (S4A and S4B Fig), indicative of a hyperactivated inflammatory B cell
response [43]. Of importance and in sharp contrast, lower frequencies of KI67"ASC (no vs.
high P = 0.040), IgG"ASC (no vs. high P = 0.046), and IgA"ASC (no vs. high P = 0.029) popu-
lations were observed in individuals with high CAA at M12 post-vaccination (Fig 5A-5C); and
assessment of the correlation between ASCs and HepB titers showed a positive correlation
between IgA*ASCs and HepB titers at M12 (t = 2.10, P = 0.041) (S4C Fig). B cell function was
further investigated in the context of Ig class-switching by treating PBMCs from non-infected
and S. mansoni-infected individuals with the TLR9 ligand CpG-ODN 2006 and analyzing the
culture supernatant for Ig antibodies using a multiplex bead assay. Post-vaccination, IgA levels
in the supernatant of CPG-stimulated PBMCs were found to be significantly lower in individu-
als with high CAA (no vs. high P = 0.031) (Fig 5D). These results imply that during vaccina-
tion, an elevated worm burden could influence humoral immunity, including the specific
isotype induced, particularly by modulating changes in the B cell compartment resulting in a
highly non-specific inflammatory B cell response, and a reduction in the vaccine-specific B cell
response.
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Monocyte function is positively associated with effective Hepatitis B
vaccine responses

Our analysis in this study has pointed to the importance of key cytokines/chemokines involved
in innate responses to infection detected pre-vaccination that may play a crucial role in modu-
lating the adaptive immune response post-vaccination in S. mansoni-infected individuals with
various levels of worm burden. To additionally investigate the importance of innate responses,
the relationship between monocyte function and HepB vaccine responses was explored. Anti-
body-dependent cellular phagocytosis (ADCP) assays were conducted using the monocyte cell
line THP-1, and ADCP was found to positively correlate with HepB titers at M12 (P = 0.0008)
(Fig 6A), HepB surface antigen (HbsAg)-specific IgGl titers (P = 0.009) (Fig 6B), and binding
of HbsAg-specific antibodies to the cytotoxic Fc gamma receptor 3A (FcyR3A) (P = 0.001)
(Fig 6C), indicating the importance of monocyte function in an effective humoral immune
response to the HepB vaccine. As we did not observe any associations between monocyte sub-
sets and CAA concentration, suggesting that monocyte frequency is not directly affected by S.
mansoni infection, we were interested to further examine associations of innate immune func-
tion with CAA concentration by exploring the induction of cytokine/chemokines.

Innate immune-related cytokines/chemokines are significantly lower pre-
vaccination and day 12 post-vaccination in instances of high CAA
concentration after TLR7/8 stimulation

To investigate the importance of innate immune function in shaping the response to Hepatitis
B vaccination during S. mansoni infection, PBMCs from non-infected and S. mansoni-infected
individuals pre-vaccination and D12 post-vaccination were stimulated with a viral toll-like
receptor (TLR) 7/8 agonist- imidazoquinoline compound CLO97, and the supernatant ana-
lyzed by multiplex bead assay for cytokines/chemokines after 18 hours of stimulation. Levels
of the CXC chemokine IFN-y-inducible protein 10 (CXCL10; IP-10), which plays a crucial
role in activating innate immune cells, promoting dendritic cell (DC) maturation, and induc-
ing protective T cell responses [46,47], were significantly lower in CLO97-treated supernatant
from the high CAA group pre-vaccination (low vs. high P = 0.031) (Fig 7A). Additionally,
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Fig 6. Monocyte function is important in and significantly correlate with Hepatitis B vaccine responses. Antibody-
dependent cellular phagocytosis (ADCP) assays conducted with serum [pre-vaccination- non-infected, n = 14, low CAA, n = 20,
high CAA, n = 18] and cells from the monocyte cell line THP-1. Scatter plots show HBsAg-specific ADCP associations with (A)
Hepatitis B titers at M12, and with (B) HBsAg-specific IgG1, and (C) HbsAg-specific antibody binding to FcyR3A (CD16)
expression determined by antibody subclass and Fc receptor binding assays. Spearman correlation and t-test were used to
evaluate for the significance of the correlation. coef (regression coefficient). t (t-statistic). P < 0.05 was considered significant.
(Shape: triangle-Male, circle-Female; color: grey- non-infected, black- low CAA, blue- high CAA).

https://doi.org/10.1371/journal.pntd.0011089.g006
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Fig 7. Lower levels of cytokines/chemokines important in innate immune cell function in S. mansoni-infected
individuals pre-vaccination and day 12 post-vaccination. (A) CXCL10 levels pre-vaccination (D0) [non-infected,

n =19, low CAA, n = 31, and high CAA, n = 25], and (B) IL-1, and (C) CCL26levels at D12 post vaccination [non-
infected, n = 15, low CAA, n = 26, high CAA, n = 23] in the culture supernatant of PBMCs stimulated for 18 hours
with CLO97 (TLR7/8 agonist) or untreated (UNT). Data shown as + SEM. * P < 0.05 Wilcoxon matched-pairs signed
rank test performed on UNT vs. CLO97 or each non-infected, or low CAA, or high CAA, and within the
CLO97-treated group a Wilcoxon rank-sum test on non-infected vs. low CAA, or non-infected vs. high CAA, or low
CAA vs. high CAA. Non-infected- light grey, low CAA—Dblue, and high CAA—dark grey.

https://doi.org/10.1371/journal.pntd.0011089.g007

supernatant levels of IL-1B (no vs. high P = 0.028) and CCL26 (no vs. high P = 0.014) were sig-
nificantly lower in the high CAA group after treatment with CLO97 D12 post-vaccination (Fig
7B and 7C). Collectively, these cytokines/chemokines play important roles in early immune
responses to viral infection and vaccination including modulation of inflammatory responses
and adaptive cell recruitment, activation, and regulation [46-49]. These results indicate an
association between S. mansoni infection and worm burden in the altering of the pre-vaccina-
tion, and early post-vaccination innate cytokine environment.

Discussion

Vaccination is an essential tool in controlling the spread of infectious diseases, but variations
of host immune responses to vaccines across populations (endemic infections, pre-existing
infections, geography, biological sex, race/ethnicity) impact the generation of protective
immune responses. These variations in vaccine responses, seen in communities with endemic
diseases such as schistosomiasis, have recently been the topic of intense investigation [3,4]. We
show that the pre-vaccination CAA values aligned with groups categorized by low and high
worm burden displayed a bimodal distribution, and that increasing CAA concentration was
negatively associated with vaccine-specific antibody levels at month 7, but not month 12. This
was an interesting finding and served as the premise for further investigation to delineate what
other molecules and cell populations might be at play, and responsible for these changes in
vaccine-related immune responses post-vaccination. We observed that Schistosoma-specific
responses pre-vaccination that were elevated in high CAA individuals (S5A Fig), were also ele-
vated at month 12-post vaccination in those individuals (S5B Fig), indicating that in this com-
munity setting, the chances of re-infection and ineffective Schistosoma treatment is high and
very possible, and the reason why understanding immune responses to vaccination is so
important for these groups of individuals.

The major strength of this study lies in this unique cohort, which allowed analysis of indi-
viduals pre-vaccination and post-vaccination, with different concentrations of CAA and likely
different levels of worm burden from direct exposure, or no S. mansoni infection at all; and
allowed us to comment on the impact of baseline S. mansoni infection on vaccine-induced
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Fig 8. Immunological alterations in high worm burden Hepatitis B-vaccinated hosts with Schistosoma mansoni infection. In instances of high
schistosome-specific circulating anodic antigen (CAA) concentration pre-vaccination (higher worm burden) we observe an association with altered
HepB vaccine responses. High worm burden pre-vaccination is associated with higher levels of CCL17 and higher frequencies of Tregs post-
vaccination. Concurrently, high worm burden is also associated with lower frequencies of the B-helper T cells, cTth, lower proliferating and multi-
isotype ASCs post-vaccination, and alterations in the early innate cytokine/chemokine microenvironment. These findings suggest that the level of
Schistosoma worm burden in infected individuals can create a pre-vaccination microenvironment that cooperates to modulate optimal host immune
responses to HepB vaccination thereby increasing the risk for endemic communities of infection against vaccine-preventable diseases. Created with
Biorender.com.

https://doi.org/10.1371/journal.pntd.0011089.g008

responses, and more specifically if these induced responses were affected by worm burden.
Our analysis of vaccine-specific antibody titers, cytokines/chemokines, and immune and adap-
tive cellular responses also allowed us to identify the links between high S. mansoni worm bur-
den and lower HepB vaccine responses. While the outcomes of this present study were based
solely on the influence of S. mansoni infection on HepB vaccination, we believe the results
have the potential to direct this and other immunization programs in schistosomiasis-
impacted communities where repeated exposure is likely. We summarize our immunological
findings in Fig 8 and believe that cooperation of the multiple soluble and cellular factors in the
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instance of high Schistosoma worm burden pre-vaccination, can impact vaccine-related
immune responses and hence contribute to how protective the vaccine will be. Similar findings
have also been published on the role of key genes for cytokines/chemokines such as CXCL10
and IL-1 mediators, as predictors of vaccination responses when looking at associations
between pre-vaccination endotypes and antibody responses [50].

Our analysis showed induction of several proinflammatory molecules involved in lympho-
cyte migration and activation, including CCL19, CXCL9, and CCL17 in individuals with high
CAA pre-vaccination suggesting a coordinated T cell recruitment and activation response in
instances of high worm burden. Higher levels of CCL17 showed negative associations with
HepB titers in cases of high worm burden, suggesting that CCL17 may be a potential bio-
marker for inefficient antibody development. CCL17 has been shown to play a key role in
recruiting CCR4-expressing T helper and regulatory cells during inflammation [51-54]. While
T helper 1 and 2 responses are predominant in Schistosomiasis [15], these chronically skewed
environments have been known to be antagonistic to Tth-B cell interactions that are important
for inducing antigen-specific antibody responses [19,20,42]. Furthermore, alterations in innate
immune function in Schistosoma infection observed in our cohort may potentially play a role
in shifts in these cytokine levels; and previous models have also shown that elevation of T-
helper cytokines in S. mansoni infection correlate specifically with lower vaccine-specific
responses to immunization against Mycobacterium bovis (BCG) [55], HepB, and tetanus tox-
oid [24].

Several Tth cell subsets involved in antibody induction during infection and vaccination,
including cTth cells in the periphery, play a key role the generation of high-affinity antibody-
producing plasma cells and memory B cells [41]. We also now know that changes observed in
cTth profiles reflect the cytokine microenvironment, and specific cTth subpopulations are
known to drive B cell class switching [56]. We demonstrated that individuals with high CAA
had lower cTth1 and -2 cells pre-vaccination, which was sustained post-vaccination for cTthl
and cTth17 cells in this group. More specifically, a positive association between HepB-specific
memory CD4" T cell responses and HepB-specific antibody production was observed. These
data highlight the vital role of HepB-specific memory CD4" T helper cells in driving antibody
responses, and that changes in this compartment directly influences vaccine responses. The
changes we observed pre- and post-vaccination in the cTfh1 subpopulation suggest that these
cells could be a marker of protective immunity, as their increase in cases of vaccination against
yellow fever correlated with increased neutralization antibody responses, and cTth1l were
found to efficiently induce memory B cells to produce influenza-specific IgG post-vaccination
[57,58]. In parallel, we also reported higher frequencies of Foxp3™Tregs in individuals with
high CAA post-vaccination, suggesting a polarization towards higher frequencies of Tregs.
These data strongly suggest that in instances of high worm burden, robust regulatory
responses can be induced by key pro-Treg cytokines pre-vaccination, such as CCL17 [53,59],
and other cytokines such as IL-2, which we also observe to be elevated pre-vaccination (S6
Fig), that can inhibit Tth responses [60]. We believe this environment at baseline can dictate
varied changes to the T cell profile and kinetics post-vaccination and skew the ratio of Tregs:
cTth cells when there is a high worm burden.

In further support of our findings, Yin et al. recently reported that lower responders to
HepB vaccination had lower frequencies of cTth cells and antibody-secreting plasmablasts
[44]; and Musaigwa and colleagues describe that S. mansoni infection specifically induces cell
death in bone marrow plasmablasts and plasma cells [61]. We show in addition to a lower fre-
quency of cTth cells in individuals with high CAA, a significant increase in activated B cells
but a reduction in proliferating (antigen-specific) ASCs and ASCs expressing IgG and IgA;
and that IgA"ASCs positively correlate with HepB titers. In addition to these data, we see a
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significant reduction in TLR9-induced IgA levels post-vaccination. In combination, these
results point to a direct role for high worm burden environments in influencing changes in the
immune landscape polarizing it away from cTth and B cell responses which would hamper
vaccine-specific antibody production post-vaccination.

We show the importance of innate immune responses, where we observe that the levels of
TLR7/8-induced cytokines varied with S. mansoni worm burden, evidenced by mixed
responses pre- and 12 days post-vaccination. Lower CXCL10 (IP-10) levels in instances of high
CAA pre-vaccination was an interesting finding, as this chemokine plays a crucial role in the
activation and recruitment of leukocytes and monocytes, DC maturation, and induction of
protective T and B cell responses [46,47]. These data are in line with other reports showing
that a CXCL10- inclusive signature is associated with effective immune responses to a SARS--
CoV-2 vaccine after the 1st vaccination [62], and that a link between CXCL10 levels in the
serum and innate responses is associated with increased vaccine-specific antibody titers
[63,64]. Our data, combined with other reports, suggest a role for CXCL10 in modulating the
early response to vaccination.

Notably, it has been demonstrated that deworming can enhance the host immune response
to vaccination [23], and some studies have shown that PZQ treatment can partially restore vac-
cine-induced immune responses [61,65]. While all enrolled individuals that were egg positive in
stool samples in this current study were treated with PZQ at D12 post-vaccination (Fig 1), it is
possible that Schistosoma-related effects on baseline immune responses may have already
occurred. Furthermore, the rate of reinfection and the extent to which the initial infection was
cleared is also unknown, particularly as we see elevated Schistosoma-specific responses at M12
(S5B Fig), and several proinflammatory cytokines at baseline remained elevated at month 12
post-vaccination. It is probable that individuals in this fishing community with a higher baseline
CAA concentration are getting more reinfections with time, creating a cycle of high CAA con-
centration driving inefficient immune responses to secondary antigen. Despite these limitations,
we still observed differences in vaccine-induced responses in individuals with varying pre-vacci-
nated levels of CAA, suggesting the baseline environment plays a role in dictating the immune
response to vaccination. A similar observation was seen in an animal study of chronic schistoso-
miasis and HIV vaccination where schistosomiasis suppressed vaccine responses, and this was
maintained regardless of anti-helminth treatment [66]. Overall, these results suggest that pre-
vaccination levels of Schistosoma worm burden are associated with varying immunomodulatory
changes that can influence a host’s response to unrelated antigen, such as those in vaccines.

In summary, we believe high worm burden in S. mansoni infection is associated with the
dysregulation of vaccine-induced responses by the cooperation of key cytokines/chemokines
that lead to elevated inflammation, and lower levels of cytokines that promote the frequency
and function of innate and adaptive immune subsets important in generating vaccine-specific
antibodies. The results from our study could be applied to instruct ongoing and future projects
to benefit vaccination programs in Schistosoma- and other helminth- endemic communities,
particularly in the design of studies that address specific hypotheses such as recently published
study protocols from Nkurunungi and colleagues which describe the effect of a more intensive
intervention with anti-helminth treatment on vaccine responses in adolescents in Uganda
[67,68].

Methods
Ethics statement

Studies were granted approval by the Uganda Virus Research Institute Research Ethics Com-
mittee, reference number GC/127/15/07/439 and the Uganda National Council of Science and
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Technology, reference number HS 1850. Informed written consent was obtained from all par-
ticipants prior to being enrolled in the studies.

Hepatitis B vaccine study design

Healthy adult volunteers who were enrolled in this study were one-arm of a community-based
prospective investigation that took place in fishing communities located in Entebbe, Uganda,
called the Stimulated Vaccine Efficacy Trial (SiVET). SiVET was set up to identify populations
and assess the implementation of efficacy trial procedures. HepB and typhoid vaccines were
selected as simulated vaccines due to the potential benefit to the fishing communities. Partici-
pants aged 18 to 49 years, males and non-pregnant females were enrolled starting in 2015 from
one mainland lakeshore fishing community and one island community along Lake Victoria, in
Wakiso district. (S1 Table). Inclusion criteria encompassed HIV-uninfected, negative HepB
surface antigen (HbsAg) and core antibody tests, capability, and willingness to provide written
informed consent to receive HepB vaccine, and consent for follow-up leading up to 12 months
after the first study immunization. Volunteers were not prescreened for active malaria and
latent TB infections. Of the persons that enrolled for the first dose of the HepB vaccine, 75
completed the vaccination program and received all 3 doses. These donor samples were avail-
able to be used in this present sub study. Adults were screened up to 6 weeks before the first
study injection of the Hep vaccine ENGERIX-B (GlaxoSmithKline Biologicals, derived from
recombinant subunit Hepatitis B surface antigen adsorbed on aluminum hydroxide) followed
by two booster doses given at months 1 and 6 (Fig 1). Doses were given intramuscularly in the
deltoid muscle at ImL volume containing 20 ug of the vaccine. Whole blood and plasma were
collected pre-vaccination (D0), post-1* injection (D3, D7, and D12), and post-booster injec-
tions on the day the infections were administered (M1 and M6) (Fig 1).

Identification and treatment of S. mansoni-infected enrolled individuals

Stool samples were collected from enrollees pre-vaccination (DO), prior to the first dose of the
HepB vaccine, and at D3 and D7 post-vaccination. Measurement was done chronologically
with DO specimen first, and if worms were not detected, D3 or and D7 specimen were tested
accordingly. Schistosoma egg counts were subsequently conducted and if stool sample/s were
positive, PZQ treatment was administered. Volunteers were treated at day 12 with Praziquan-
tel (PZQ) as appropriate, for egg counts detected in stool samples at enrollment, D3, and/or
D7 (Fig 1). Schistosoma-infected participants received 40mg/kg body weight single dose (aver-
age 2.4 g) of PZQ.

Circulating anodic antigen (CAA) assay

After the completion of the vaccine study, frozen sera samples were analyzed by a circulating
anodic antigen assay (CAA). Analysis was carried out on pre-vaccination (Day 0) on serum
samples from enrolled participants to reveal active Schistosoma infection using published tech-
niques [29-31,34]. Human negative serum (Sanquin, blood donors, the Netherlands) was
spiked with a known concentration of CAA and dilutions made up to eight standard points to
provide an appropriate standard series. An extra negative serum sample was included as a
duplicate negative control. Standards of known concentrations of CAA and serum negative
controls were used to create a calibration curve to quantify CAA levels and cutoffs. Samples
were evaluated using the SCAA500 protocol with a lower limit of detection threshold of 3pg/
mL; 500pL serum and standards were extracted with an equal volume of 4% w/v trichloroace-
tic acid (TCA; Merck Life Science NV, the Netherlands), vortexed and incubated at ambient
temperature for five minutes. Thereafter, samples and standards were briefly vortexed and
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spun at 13000g for five minutes and 0.5 mL of clear supernatant was concentrated to 20 mL
using Amicon Ultra-0.5 Centrifugal Filter Units devices with a molecular weight cut-off of 10
kDa (Merck Life Science N.V., the Netherlands). Note, for samples with insufficient serum vol-
umes the SCAA20 test format was used which requires only 20uL serum and no concentration
step but has a lower limit of detection threshold of 30pg/mL. The resulting TCA soluble frac-
tion (20uL) was added to wells containing 100 ng dry UCP particles [69] (400 nm Y,0,8:Yb**,
Er®") coated with mouse monoclonal anti-CAA antibodies [29] hydrated with 100 mL of high
salt lateral flow buffer (HSFS: 200 mM Tris pHS8, 270 mM NaCl, 0.5% (v/v) Tween-20, 1% (w/
v) BSA. After being incubated for one hour at 37°C while shaking at 900rpm the CAA lateral
flow strips (32) were placed in the wells, and samples allowed to flow. The strips were then
dried overnight and analyzed using an Upcon reader (Labrox Oy, Turku, Finland). The test
line signals (T; relative fluorescent units, peak area) were normalized to the flow control signals
(FC) of the individual strips and the results expressed as Ratio value (R = T/FC).

Whole blood processing and sample storage

PBMC:s isolation/storage: Whole Blood collected in NaHeparin tube (BD, NJ, USA) was lay-
ered over 20ml of Histopaque (Sigma-Aldrich, Darmstadt, Germany) and centrifuged at 400g
for 40 minutes at room temperature with no centrifuge brakes. Lymphocytes, platelets, and
monocytes found at the plasma-separating medium interface (buffy coat) were recovered and
washed in Hanks Balanced Salt solution to remove contaminating platelets, separation media
and plasma. The resulting PBMCs (lymphocytes and monocytes) were resuspended in com-
plete RPMI media (RPMI 1640 media supplemented with 10% Fetal Bovine Serum (FBS),
10mM Hepes buffer, 2mM L-glutamine, ImM sodium pyruvate and 1X penicillin-streptomy-
cin) for counting and concentrated at 10million cells/mL/ vial in FBS with 10% DMSO, frozen
down using a rate-controlled freezer and stored in liquid nitrogen.

Serum separation

Specific vacutainers for serum (SST, Plymouth UK) were inverted twice to mix blood and then
centrifuged at 1200 g for 10 minutes at room temperature with maximum acceleration and
brake after which aliquots into pre-labeled cryovials were made and stored at below -70°C.

Plasma separation

Plasma recovered from the PBMC separation tube was centrifuged at 1800 g for 20 minutes at
room temperature and the maximum value for acceleration and brake, after which samples
were aliquoted into pre-labeled cryovials and stored at at -70°C.

Hepatitis B antibody testing

Each serum sample was assayed at screening using three different HBV infection tests for:
Hepatitis B surface antigen (HbsAg), Hepatitis B core antibody (anti-HBc), and Hepatitis B
surface antibody (anti-HBs). The HbsAg and antiHBc antibodies were tested for using the
VIDAS HbsAg Ultra and VIDAS anti-HBc Total II (Biomerieux SA, France) kits respectively
on the MinVidas analyzer. The anti-HBs testing was done using the Cobas e 411 analyzer
(Roche Diagnostics, Mannheim, Germany). The anti-HBs titer cut off value was 10IU/L. All
three tests were used only at screening to differentiate between possible past exposure from
active infection, and to ensure only HepB-negative individuals were recruited and adminis-
tered the vaccine. Measurement of anti-HBs antibody was conducted for all subsequent fol-
low-up visits.
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PBMC culture

PBMCs from non-infected and S. mansoni-infected individuals pre-vaccination and post-vac-
cination were thawed and rested for 3 hours before being placed into culture. Samples were
used for ex-vivo immunostaining and flow cytometry analysis, and for TLR stimulation assays.
PBMCs were suspended in RPMI medium supplemented with L-glutamine (Corning Cellgro,
Manassas, VA, USA), 10% FBS and 1 X [50 U] penicillin-streptomycin (Invitrogen, Carlsbad,
CA, USA) (R10F). 1 x10° cells were added to 5-ml polypropylene tubes for CLO97 stimulation
(Imidazoquinoline Compound; TLR7/8 agonist) (Invivogen, San Diego, CA, USA), and 0.5 x
10° cells added to the wells of 96-well U-bottom plates for CpG-ODN 2006 stimulation (TLR9
agonist) (Invivogen). Optimal concentration for CLO97 stimulation was selected as previously
described [70]. CpG-ODN 2006 was titrated on CFSE-labeled PBMCs, and optimal TLR9
activity assessed on proliferating CD19" cells by flow cytometry. Cells were allowed to rest at
37°C under a 5% CO” atmosphere for 3 hours prior to addition of TLR agonists at the follow-
ing concentrations: CLO97 (0.5ug/ml) and CpG (1ug/ml). Cells were cultured also at 37°C
under a 5% CO? atmosphere for 18hrs (CLO97), and 7 days (CpG-ODN 2006). After culture,
PBMCs were collected and washed in preparation for analysis by multiplex immunoassays or
flow cytometry. For HBV peptide stimulation, PBMCs were first labeled with CFSE using a
Cell Trace CFSE cell proliferation kit (ThermoFisher Scientific, Waltham, MA, USA), and
rested for 3 hours in the conditions described above. In a 96-well deep well plate (USA Scien-
tific, Ocala, FL, USA), 2 x 10° cells in 1mL RPMI medium supplemented with 8% human
serum (Access Biologicals, Vista, CA, USA), 1% penicillin-streptomycin and 10ng/mL IL-2
(Miltenyi Biotec, Auburn, CA, USA) (R8H-IL-2) were stimulated with either Pepmix HBV
(Large envelope protein) (JPT Peptide Technologies, Berlin, Germany) at 1lug/mL or control
(R8H-IL-2 with 0.2% DMSO) on Day 1 and cultured in the conditions described above. On
Day 3, cells were supplemented with fresh R8H-IL-2 by half media replacement; and on Day 6,
PBMC:s were collected and washed in preparation for measurement of immune recall
responses by flow cytometry.

Cytokine and chemokine analysis (multiplex immunoassay)

Plasma collected from whole blood and supernatant collected from stimulated PBMCs were
analyzed for chemokines/cytokines and Ig isotypes using magnetic bead multiplex assays. The
following human analyte premixed panels were used: Bio-Plex human chemokine panel (Bio-
Rad, Hercules, CA, USA): I-309 (CCL1), MCP-1 (CCL2), MIP-10. (CCL3), MCP-3 (CCL7),
MCP-2 (CCLS), Eotaxin (CCL11), MCP-4 (CCL13), MIP-1a. (CCL15), TARC (CCL17), MIP-
3B (CCL19), 6Ckine (CCL21), MIP-3a. (CCL20), MDC (CCL22), MPIF-1 (CCL23), Eotaxin-2
(CCL24), TECK (CCL25), Eotaxin-3 (CCL26), CTACK (CCL27), GM-CSF, GRO-a (CXCL1),
GRO-f (CXCL2), ENA-78 (CXCL5), GCP-2 (CXCL6), MIG (CXCL9), IP-10 (CXCL10),
I-TAC (CXCL11), SDF-1A+B (CXCL12), BCA-1 (CXCL13), SCYB16 (CXCL16), Fractalkine
(CX3CL1), MIF, IL-1B, IL-2, IL-4, IL-6, IL-8, IL-10, IL-16, TNF-c, and IFN-y. Custom Procar-
taPlex 34-plex (ThermoFisher Scientific): APRIL, BAFF, CD30, CD40L, G-CSF, IFN-A, IL-
12P70, IL-13, IL-15, IL-16, IL-17A, IL-18, IL-1A, IL-20, IL-21, IL-22, IL-23, IL-27, IL-2R, IL-3,
IL-31, IL-5, IL-7, IL-9, LIF, M-CSF, TNF-R2, TNF-B, TRAIL, TSLP, TWEAK, VEGF-A, IFNB,
and IL-29/TFN-lambdal. Bio-Plex human isotype panel (Bio-Rad): IgM, IgA, 1gG1, I1gG2,
IgG3, IgG4. IgE was measured using Bio-Plex human IgE isotype assay (Bio-Rad). The manu-
facturer’s protocol was followed. Data was acquired on a Bio-Plex 200 system (using bead
regions defined in the protocol) and analyzed with the Bio-Plex Manager 6.1 software (Bio-
Rad).
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Flow cytometry analysis of PBMCs

For ex-vivo analysis, 1 x 10° PBMCs per well were incubated with Fixable aqua viability stain
405 (ThermoFisher Scientific) to discriminate dead from live cells then stained with antibody
panels described (S2 and S3 Tables). To detect intracellular expression of markers, cells were
fixed and permeabilized using the Foxp3/Transcription factor staining buffer set (Thermo-
Fisher Scientific) and immunostained using FOXP3-FITC (clone, PCH101) (ThermoFisher
Scientific) (S2 Table) and KI67-FITC (BD Biosciences, San Jose, CA, USA) (S3 Table). Follow-
ing HBV peptide stimulation, PBMCs were stained with the surface antibody panel described
(S4 Table), then stained with 7-AAD (BD Biosciences) for 10 minutes prior to analysis to dis-
criminate dead from live cells. Flow cytometry measurements were made on a BD LSRFortessa
(BD Biosciences) and collected data analyzed using Flow]Jo software version 10.7.1 (BD).

Antibody-dependent cellular phagocytosis (ADCP) assay

An antibody-dependent cellular phagocytosis (ADCP) assay was conducted to investigate
monocyte function. HbsAg was biotinylated using an EZ-Link Sulfo-NHS-LC-Biotinylation
Kit (ThermoFisher Scientific) and coupled to FluoSpheres NeutrAvidin-Labeled Microspheres
(ThermoFisher Scientific). To form immune complexes, antigen-coupled beads were incu-
bated for 2 hours at 37°C with 1:25 diluted serum samples and then washed to remove
unbound immunoglobulin. After washing, immune complexes were incubated for 16-18
hours with a monocyte cell line, THP-1 cells [25,000 THP-1 cells per well at a concentration of
1.25%105 cells/ml in RPMI (ThermoFisher Scientific) + 10% FBS (Sigma-Aldrich), and follow-
ing incubation, cells were fixed with 4% paraformaldehyde (Poly Scientific R&D, Bay Shore,
NY, USA). The percentage of fluorosphere positive cells was analyzed on a LSRII flow cytome-
ter (BD Biosciences). The phagocytosis score was defined.

Antibody subclass and Fc receptor binding

HbSAg-specific antibody subclass titers and Fc receptor binding profiles were analyzed with a
custom multiplex Luminex assay as described previously [71]. In brief, HbSAg was coupled to
magnetic Luminex beads (Luminex Corp, TX, USA). Coupled beads were incubated with
diluted serum samples, washed, and IgG subclasses detected with a 1:100 diluted PE-conju-
gated secondary antibody for IgG1 (clone: HP6001; Southern Biotech, AL, USA). For the FcyR
binding, a respective PE-streptavidin (Agilent Technologies, Santa Clara, CA, USA) coupled
recombinant and biotinylated human FcyR protein was used as a secondary probe.

Statistics

Statistical inference evaluating the differences of HepB titers between non-infected versus low
CAA, non-infected versus high CAA and low CAA versus high CAA was determined using
Wilcoxon rank-sum test. Wilcoxon rank-sum tests were performed on non-infected vs. low
CAA, or non-infected vs. high CAA, or low CAA vs. high CAA within each time point for
plasma Luminex assays, and ex-vivo flow cytometry analysis. Pairwise Wilcoxon signed rank
test were performed on untreated vs. treated for each non-infected, or low CAA, or high CAA
tfor CpG, HBV-LEP and CLO97 stimulation assays; and within the treated groups, a Wilcoxon
rank-sum test was conducted on non-infected vs. low CAA, or non-infected vs. high CAA, or
low CAA vs. high CAA. Linear regression analyses were adjusted for sex (no significant associ-
ation between age and HepB titers) and student t-tests were used to evaluate for the signifi-
cance of the association. Sensitivity analyses were performed using the R package sensemakr
[72] used to assess the robustness of the results of the linear regression analysis to an
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unobserved confounding variable. Benjamini-Hochberg adjustment was used to control for
multiple testing for each assay. P < 0.05 was considered significant for all analyses.

Supporting information

S1 Fig. Flow cytometry gating strategy for T cell populations. Representative plots showing
non-circulating T follicular helper cells (cTth) populations as
CD3"CD4"CD45RA CD25 CXCR5 and cTth populations as
CD3"CD4"CD45RA CD25 CXCR5", identifying cTth1 as CXCR3", cTth2 as CXCR3 CCRé6,
and cTth17 as CXCR3"CCR6". Regulatory T cells (Tregs) were identified as
CD3"CD4"CD45RA CD127 CD25 Foxp3™.

(TIF)

S2 Fig. Frequencies of non-circulating T follicular helper cells pre- and post-vaccination.
Frequencies of non cTth [CD37CD4"CD45RA CD25 CXCR5] were identified by flow cytom-
etry of PBMCs from individuals pre-vaccination (D0) non-infected, n = 19, low CAA, n = 31,
and high CAA, n = 25, M7 post-vaccination non-infected, n = 14, low CAA, n = 17, and high
CAA, n = 20, and M12 post-vaccination non-infected, n = 16, low CAA, n = 24, and high
CAA, n = 20. Data shown as + SEM. Non-infected- light grey, low CAA—blue, and high

CAA —dark grey.

(TIF)

S3 Fig. Flow cytometry gating strategy for B cell populations. Representative plots showing
activated B cells (ABC) as CD19"CD10 IgD CD71"CD38°CD20" and antibody secreting B
cells (ASC) as CD197CD10 IgD CD71"CD38"CD20".

(TIF)

$4 Fig. Frequencies of Activated B cells (ABC) were elevated in S. mansoni infection pre-
and post-vaccination. Frequencies of (A) ABCs [CD19"CD10IgD’CD71"CD38°CD20"], and
(B) IgG" ABCs, were identified by flow cytometry of PBMCs pre-vaccination (D0) [non-
infected, n = 16, low CAA, n = 29, high CAA, n = 24], M7 post-vaccination [non-infected,

n = 14, low CAA, n = 17, high CAA, n = 20], and M12 post-vaccination [non-infected, n = 16,
low CAA, n =23, high CAA, n = 21]. Data shown as + SEM. * P < 0.05. Wilcoxon rank-sum
test performed on non-infected vs low CAA, or non-infected vs high CAA, or low CAA vs
high CAA for each time point separately DO, M7, or M12. Non-infected- light grey, low CAA
—blue, and high CAA—dark grey. (C) Linear regressions fit between Hepatitis B titers and
IgA™ ASCs, adjusted for sex, and student t-tests evaluated for the significance of the associa-
tion. t (t-statistic). P < 0.05 was considered significant. (Shape: triangle-Male, circle-Female;
color: grey- non-infected, black- low CAA, blue- high CAA).

(TIF)

S5 Fig. Elevated expression of Schistosoma-specific IgG4 pre- and post- vaccination. The
mean Florescence intensity (MFI) of serum S. mansoni-specific IgG4 at (A) DO [non-infected
no, n = 15, low CAA, n = 21, and high CAA, n = 20], (B) M12 post-vaccination [non-infected
no, n = 14, low CAA, n = 26, and high CAA, n = 20]. A student t-test was used to evaluate for
the significance of the correlation. P < 0.05 was considered significant.

(TIF)

S6 Fig. Elevated plasma IL-2 in S. mansoni-infected individuals pre-vaccination. IL-2 levels
in the plasma of non-infected, n = 19, low CAA, n = 32, and high CAA, n = 24 individuals pre-
vaccination (day 0). Data shown as + SEM. * P < 0.05. Wilcoxon rank-sum test performed on

non-infected vs low CAA, or non-infected vs high CAA, or low CAA vs high CAA for each
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time point separately. Non-infected- light grey, low CAA—blue, and high CAA—dark grey.
(TIF)

S§1 Table. Study participant information.
(DOCX)

S2 Table. Ex vivo T cell staining panel for PBMCs.
(DOCX)

S3 Table. Ex vivo B cell staining panel for PBMCs.
(DOCX)

S4 Table. T cell staining panel for PBMCs after Hepatitis B peptide stimulation.
(DOCX)

Acknowledgments

We are grateful to the study participants, and healthcare and research staff from the Immu-
nomodulation and Vaccines Programme and the Pathogen Genomics Phenotype and
Immunity Programme at the MRC/UVRI and LSHTM Uganda Research Unit, the UVRI-
IAVI HIV Vaccine Program at the College of Health Sciences at Makerere University, Kam-
pala-Uganda, and the International AIDS Vaccine initiative, for the invaluable contribution
to this study.

Author Contributions

Conceptualization: Roshell Muir, Talibah Metcalf, Juliet Mpendo, Bernard S. Bagaya, Noah
Kiwanuka, Alison M. Elliott, Pontiano Kaleebu, Yunia Mayanja, Pat Fast, Matt A. Price,
Anatoli Kamali, Rafick Pierre Sekaly, Elias K. Haddad.

Data curation: Roshell Muir, Talibah Metcalf, Slim Fourati, Paul L. A. M. Corstjens, Govert J.
van Dam.

Formal analysis: Roshell Muir, Talibah Metcalf, Slim Fourati.
Funding acquisition: Juliet Mpendo, Noah Kiwanuka, Rafick Pierre Sekaly, Elias K. Haddad.

Investigation: Roshell Muir, Talibah Metcalf, Slim Fourati, Yannic Bartsch, Jacqueline Kyosii-
mire-Lugemwa, Glenda Canderan, Galit Alter, Enoch Muyanja, Brenda Okech, Teddy
Namatovu, Irene Namara, Annemarie Namuniina, Ali Ssetaala, Juliet Mpendo, Paul Kato
Kitandwe, Bernard S. Bagaya, Noah Kiwanuka, Jacent Nassuna, Victoria Menya Biribawa,
Claudia J. de Dood, William Senyonga, Priscilla Balungi, Matthew Odongo, Paul L. A. M.
Corstjens, Govert J. van Dam.

Methodology: Roshell Muir, Talibah Metcalf, Slim Fourati, Yannic Bartsch, Jacqueline Kyosii-
mire-Lugemwa, Glenda Canderan, Galit Alter, Enoch Muyanja, Brenda Okech, Teddy
Namatovu, Irene Namara, Annemarie Namuniina, Ali Ssetaala, Juliet Mpendo, Paul Kato
Kitandwe, Bernard S. Bagaya, Noah Kiwanuka, Jacent Nassuna, Victoria Menya Biribawa,
Claudia J. de Dood, William Senyonga, Priscilla Balungi, Matthew Odongo, Paul L. A. M.
Corstjens, Govert J. van Dam.

Project administration: Roshell Muir, Talibah Metcalf, Elias K. Haddad.

Resources: Brenda Okech, Teddy Namatovu, Irene Namara, Ali Ssetaala, Juliet Mpendo,
Annet Nanvubya, Paul Kato Kitandwe, Bernard S. Bagaya, Noah Kiwanuka, Paul L. A. M.
Corstjens, Govert J. van Dam, Rafick Pierre Sekaly, Elias K. Haddad.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011089  July 5, 2023 20/24


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011089.s007
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011089.s008
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011089.s009
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011089.s010
https://doi.org/10.1371/journal.pntd.0011089

PLOS NEGLECTED TROPICAL DISEASES Schistosomiasis and Hepatitis B vaccination responses

Supervision: Elias K. Haddad.
Validation: Roshell Muir, Talibah Metcalf, Slim Fourati.

Visualization: Roshell Muir, Talibah Metcalf, Slim Fourati, Jennifer Connors, Elias K.
Haddad.

Writing - original draft: Roshell Muir, Talibah Metcalf, Slim Fourati, Enoch Muyanja, Elias
K. Haddad.

Writing - review & editing: Roshell Muir, Talibah Metcalf, Slim Fourati, Enoch Muyanja, Ali
Ssetaala, Alison M. Elliott, Jennifer Connors, Pat Fast, Matt A. Price, Paul L. A. M. Corst-
jens, Rafick Pierre Sekaly, Elias K. Haddad.

References

1. Pollard AJ, Bijker EM. A guide to vaccinology: from basic principles to new developments. Nat Rev
Immunol. 2021; 21(2):83-100. https://doi.org/10.1038/s41577-020-00479-7 PMID: 33353987

2.  Zimmermann P, Curtis N. Factors That Influence the Immune Response to Vaccination. Clin Microbiol
Rev. 2019; 32(2). https://doi.org/10.1128/CMR.00084-18 PMID: 30867162

3. Diriciru E, Koopman JPR, Cose S, Siddiqui AA, Yazdanbakhsh M, Elliott AM, et al. Inmunological Con-
siderations for Schistosoma Vaccine Development: Transitioning to Endemic Settings. Front Immunol.
2021; 12:635985. https://doi.org/10.3389/fimmu.2021.635985 PMID: 33746974

4. Nono JK, Kamdem SD, Musaigwa F, Nnaji CA, Brombacher F. Influence of schistosomiasis on host
vaccine responses. Trends Parasitol. 2022; 38(1):67—79. https://doi.org/10.1016/].pt.2021.07.009
PMID: 34389214

5. Ssali A, Pickering L, Nalwadda E, Mujumbusi L, Seeley J, Lamberton PHL. Schistosomiasis messaging
in endemic communities: Lessons and implications for interventions from rural Uganda, a rapid ethno-
graphic assessment study. PLoS Negl Trop Dis. 2021; 15(10):e0009893. https://doi.org/10.1371/
journal.pntd.0009893 PMID: 34705819

6. Loewenberg S. Uganda’s struggle with schistosomiasis. Lancet. 2014; 383(9930):1707-8. https://doi.
org/10.1016/s0140-6736(14)60817-5 PMID: 24843875

7. Bullington BW, Klemperer K, Mages K, Chalem A, Mazigo HD, Changalucha J, et al. Effects of schisto-
somes on host anti-viral immune response and the acquisition, virulence, and prevention of viral infec-
tions: A systematic review. PLoS Pathog. 2021; 17(5):e1009555. https://doi.org/10.1371/journal.ppat.
1009555 PMID: 34015063

8. Omar HH. Impact of chronic schistosomiasis and HBV/HCV co-infection on the liver: current perspec-
tives. Hepat Med. 2019; 11:131-6. https://doi.org/10.2147/HMER.S155962 PMID: 31565002

9. Kitandwe PK, Muyanja E, Nakaweesa T, Nanvubya A, Ssetaala A, Mpendo J, et al. Hepatitis B preva-
lence and incidence in the fishing communities of Lake Victoria, Uganda: a retrospective cohort study.
BMC Public Health. 2021; 21(1):394. https://doi.org/10.1186/s12889-021-10428-1 PMID: 33622281

10. Asiki G, Mpendo J, Abaasa A, Agaba C, Nanvubya A, Nielsen L, et al. HIV and syphilis prevalence and
associated risk factors among fishing communities of Lake Victoria, Uganda. Sex Transm Infect. 2011;
87(6):511-5. https://doi.org/10.1136/sti.2010.046805 PMID: 21835763

11.  Ministry of Health TRoU. Uganda Guidelines for Prevention, Testing, Care and Treatment of Hepatitis B
and C Virus Infection 2019 [April 20, 2023]. http://library.health.go.ug/communicable-disease/hepatitis-
b/uganda-guidelines-prevention-testing-care-and-treatment-hepatitis.

12. BwogiJ, Braka F, Makumbi I, Mishra V, Bakamutumaho B, Nanyunja M, et al. Hepatitis B infection is
highly endemic in Uganda: findings from a national serosurvey. Afr Health Sci. 2009; 9(2):98—108.
https://doi.org/10.1371/journal.pone.0003919 PMID: 19652743

13. Ocan M, Acheng F, Otike C, Beinomugisha J, Katete D, Obua C. Antibody levels and protection after
Hepatitis B vaccine in adult vaccinated healthcare workers in northern Uganda. PLoS One. 2022; 17(1):
e€0262126. https://doi.org/10.1371/journal.pone.0262126 PMID: 35061771

14. Walayat S, Ahmed Z, Martin D, Puli S, Cashman M, Dhillon S. Recent advances in vaccination of non-
responders to standard dose hepatitis B virus vaccine. World J Hepatol. 2015; 7(24):2503-9. https://
doi.org/10.4254/wjh.v7.i24.2503 PMID: 26523203

15. Kamdem SD, Moyou-Somo R, Brombacher F, Nono JK. Host Regulators of Liver Fibrosis During
Human Schistosomiasis. Front Immunol. 2018; 9:2781. https://doi.org/10.3389/fimmu.2018.02781
PMID: 30546364

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011089  July 5, 2023 21/24


https://doi.org/10.1038/s41577-020-00479-7
http://www.ncbi.nlm.nih.gov/pubmed/33353987
https://doi.org/10.1128/CMR.00084-18
http://www.ncbi.nlm.nih.gov/pubmed/30867162
https://doi.org/10.3389/fimmu.2021.635985
http://www.ncbi.nlm.nih.gov/pubmed/33746974
https://doi.org/10.1016/j.pt.2021.07.009
http://www.ncbi.nlm.nih.gov/pubmed/34389214
https://doi.org/10.1371/journal.pntd.0009893
https://doi.org/10.1371/journal.pntd.0009893
http://www.ncbi.nlm.nih.gov/pubmed/34705819
https://doi.org/10.1016/s0140-6736%2814%2960817-5
https://doi.org/10.1016/s0140-6736%2814%2960817-5
http://www.ncbi.nlm.nih.gov/pubmed/24843875
https://doi.org/10.1371/journal.ppat.1009555
https://doi.org/10.1371/journal.ppat.1009555
http://www.ncbi.nlm.nih.gov/pubmed/34015063
https://doi.org/10.2147/HMER.S155962
http://www.ncbi.nlm.nih.gov/pubmed/31565002
https://doi.org/10.1186/s12889-021-10428-1
http://www.ncbi.nlm.nih.gov/pubmed/33622281
https://doi.org/10.1136/sti.2010.046805
http://www.ncbi.nlm.nih.gov/pubmed/21835763
http://library.health.go.ug/communicable-disease/hepatitis-b/uganda-guidelines-prevention-testing-care-and-treatment-hepatitis
http://library.health.go.ug/communicable-disease/hepatitis-b/uganda-guidelines-prevention-testing-care-and-treatment-hepatitis
https://doi.org/10.1371/journal.pone.0003919
http://www.ncbi.nlm.nih.gov/pubmed/19652743
https://doi.org/10.1371/journal.pone.0262126
http://www.ncbi.nlm.nih.gov/pubmed/35061771
https://doi.org/10.4254/wjh.v7.i24.2503
https://doi.org/10.4254/wjh.v7.i24.2503
http://www.ncbi.nlm.nih.gov/pubmed/26523203
https://doi.org/10.3389/fimmu.2018.02781
http://www.ncbi.nlm.nih.gov/pubmed/30546364
https://doi.org/10.1371/journal.pntd.0011089

PLOS NEGLECTED TROPICAL DISEASES Schistosomiasis and Hepatitis B vaccination responses

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Angeles JMM, Mercado VJP, Rivera PT. Behind Enemy Lines: Immunomodulatory Armamentarium of
the Schistosome Parasite. Front Immunol. 2020; 11:1018. https://doi.org/10.3389/fimmu.2020.01018
PMID: 32582161

Zheng B, Zhang J, Chen H, Nie H, Miller H, Gong Q, et al. T Lymphocyte-Mediated Liver Immunopathol-
ogy of Schistosomiasis. Front Immunol. 2020; 11:61. https://doi.org/10.3389/fimmu.2020.00061 PMID:
32132991

Lundy SK, Lukacs NW. Chronic schistosome infection leads to modulation of granuloma formation and
systemic immune suppression. Front Immunol. 2013; 4:39. https://doi.org/10.3389/fimmu.2013.00039
PMID: 23429492

Vinuesa CG, Linterman MA, Yu D, MacLennan IC. Follicular Helper T Cells. Annu Rev Immunol. 2016;
34:335-68. https://doi.org/10.1146/annurev-immunol-041015-055605 PMID: 26907215

Crotty S. T Follicular Helper Cell Biology: A Decade of Discovery and Diseases. Immunity. 2019; 50
(5):1132—-48. https://doi.org/10.1016/j.immuni.2019.04.011 PMID: 31117010

Zhang Y, Jiang Y, Wang Y, Liu H, Shen Y, Yuan Z, et al. Higher Frequency of Circulating PD-1(high)
CXCR5(+)CD4(+) Tfh Cells in Patients with Chronic Schistosomiasis. Int J Biol Sci. 2015; 11(9):1049—
55. https://doi.org/10.7150/ijbs.12023 PMID: 26221072

Zhang Y, Wang, Jiang Y, Pan W, Liu H, Yin J, et al. T follicular helper cells in patients with acute schis-
tosomiasis. Parasit Vectors. 2016; 9(1):321. https://doi.org/10.1186/s13071-016-1602-6 PMID:
27266984

Song WJ, Cheng YL, Liu LZ, Kong Z, Hu S, Liu K, et al. [Impact of chronic schistosomiasis japonica on
the protective immunity induced by vaccine against hepatitis B virus]. Zhongguo Ji Sheng Chong Xue
Yu Ji Sheng Chong Bing Za Zhi. 2005; 23(3):163-5. PMID: 16300009

Riner DK, Ndombi EM, Carter JM, Omondi A, Kittur N, Kavere E, et al. Schistosoma mansoni Infection
Can Jeopardize the Duration of Protective Levels of Antibody Responses to Immunizations against
Hepatitis B and Tetanus Toxoid. PLoS Negl Trop Dis. 2016; 10(12):e0005180. https://doi.org/10.1371/
journal.pntd.0005180 PMID: 27926921

Callaway E. Scientists identify long-sought marker for COVID vaccine success. Nature. 2021. https://
doi.org/10.1038/d41586-021-01778-2 PMID: 34211170

Andersen-Nissen E, Fiore-Gartland A, Ballweber Fleming L, Carpp LN, Naidoo AF, Harper MS, et al.
Innate immune signatures to a partially-efficacious HIV vaccine predict correlates of HIV-1 infection risk.
PLoS Pathog. 2021; 17(3):e1009363. https://doi.org/10.1371/journal.ppat.1009363 PMID: 33720973

Gray DJ, Ross AG, Li YS, McManus DP. Diagnosis and management of schistosomiasis. BMJ. 2011;
342:d2651. https://doi.org/10.1136/bmj.d2651 PMID: 21586478

Andre FE, Safary A. Summary of clinical findings on Engerix-B, a genetically engineered yeast derived
hepatitis B vaccine. Postgrad Med J. 1987; 63 Suppl 2:169-77. PMID: 3317357

Corstjens PL, van Lieshout L, Zuiderwijk M, Kornelis D, Tanke HJ, Deelder AM, et al. Up-converting
phosphor technology-based lateral flow assay for detection of Schistosoma circulating anodic antigen
in serum. J Clin Microbiol. 2008; 46(1):171-6. https://doi.org/10.1128/JCM.00877-07 PMID: 17942645

Corstjens PL, De Dood CJ, Kornelis D, Fat EM, Wilson RA, Kariuki TM, et al. Tools for diagnosis, moni-
toring and screening of Schistosoma infections utilizing lateral-flow based assays and upconverting
phosphor labels. Parasitology. 2014; 141(14):1841-55. https://doi.org/10.1017/S0031182014000626
PMID: 24932595

Corstjens P, Hoekstra PT, de Dood CJ, van Dam GJ. Utilizing the ultrasensitive Schistosoma up-con-
verting phosphor lateral flow circulating anodic antigen (UCP-LF CAA) assay for sample pooling-strate-
gies. Infect Dis Poverty. 2017; 6(1):155. https://doi.org/10.1186/s40249-017-0368-1 PMID: 29089064

Alan Wilson R, van Dam GJ, Kariuki TM, Farah 10, Deelder AM, Coulson PS. The detection limits for
estimates of infection intensity in schistosomiasis mansoni established by a study in non-human pri-
mates. Int J Parasitol. 2006; 36(12):1241—4. https://doi.org/10.1016/}.ijpara.2006.07.002 PMID:
16930605

van Dam GJ, Bogitsh BJ, van Zeyl RJ, Rotmans JP, Deelder AM. Schistosoma mansoni: in vitro and in
vivo excretion of CAA and CCA by developing schistosomula and adult worms. J Parasitol. 1996; 82
(4):557—64. PMID: 8691363

Corstjens P, de Dood CJ, Knopp S, Clements MN, Ortu G, Umulisa |, et al. Circulating Anodic Antigen
(CAA): A Highly Sensitive Diagnostic Biomarker to Detect Active Schistosoma Infections-Improvement
and Use during SCORE. Am J Trop Med Hyg. 2020; 103(1_Suppl):50-7. https://doi.org/10.4269/ajtmh.
19-0819 PMID: 32400344

Masamba P, Kappo AP. Immunological and Biochemical Interplay between Cytokines, Oxidative Stress
and Schistosomiasis. Int J Mol Sci. 2021; 22(13). https://doi.org/10.3390/ijms22137216 PMID:
34281269

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011089  July 5, 2023 22/24


https://doi.org/10.3389/fimmu.2020.01018
http://www.ncbi.nlm.nih.gov/pubmed/32582161
https://doi.org/10.3389/fimmu.2020.00061
http://www.ncbi.nlm.nih.gov/pubmed/32132991
https://doi.org/10.3389/fimmu.2013.00039
http://www.ncbi.nlm.nih.gov/pubmed/23429492
https://doi.org/10.1146/annurev-immunol-041015-055605
http://www.ncbi.nlm.nih.gov/pubmed/26907215
https://doi.org/10.1016/j.immuni.2019.04.011
http://www.ncbi.nlm.nih.gov/pubmed/31117010
https://doi.org/10.7150/ijbs.12023
http://www.ncbi.nlm.nih.gov/pubmed/26221072
https://doi.org/10.1186/s13071-016-1602-6
http://www.ncbi.nlm.nih.gov/pubmed/27266984
http://www.ncbi.nlm.nih.gov/pubmed/16300009
https://doi.org/10.1371/journal.pntd.0005180
https://doi.org/10.1371/journal.pntd.0005180
http://www.ncbi.nlm.nih.gov/pubmed/27926921
https://doi.org/10.1038/d41586-021-01778-2
https://doi.org/10.1038/d41586-021-01778-2
http://www.ncbi.nlm.nih.gov/pubmed/34211170
https://doi.org/10.1371/journal.ppat.1009363
http://www.ncbi.nlm.nih.gov/pubmed/33720973
https://doi.org/10.1136/bmj.d2651
http://www.ncbi.nlm.nih.gov/pubmed/21586478
http://www.ncbi.nlm.nih.gov/pubmed/3317357
https://doi.org/10.1128/JCM.00877-07
http://www.ncbi.nlm.nih.gov/pubmed/17942645
https://doi.org/10.1017/S0031182014000626
http://www.ncbi.nlm.nih.gov/pubmed/24932595
https://doi.org/10.1186/s40249-017-0368-1
http://www.ncbi.nlm.nih.gov/pubmed/29089064
https://doi.org/10.1016/j.ijpara.2006.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16930605
http://www.ncbi.nlm.nih.gov/pubmed/8691363
https://doi.org/10.4269/ajtmh.19-0819
https://doi.org/10.4269/ajtmh.19-0819
http://www.ncbi.nlm.nih.gov/pubmed/32400344
https://doi.org/10.3390/ijms22137216
http://www.ncbi.nlm.nih.gov/pubmed/34281269
https://doi.org/10.1371/journal.pntd.0011089

PLOS NEGLECTED TROPICAL DISEASES Schistosomiasis and Hepatitis B vaccination responses

36.

37.

38.

39.

40.

4.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Jenkins SJ, Hewitson JP, Jenkins GR, Mountford AP. Modulation of the host’'s immune response by
schistosome larvae. Parasite Immunol. 2005; 27(10-11):385-93. https://doi.org/10.1111/j.1365-3024.
2005.00789.x PMID: 16179032

Carson JP, Gobert GN. Modulation of the Host Immune Response by Schistosome Egg-Secreted Pro-
teins Is a Critical Avenue of Host-Parasite Communication. Pathogens. 2021; 10(7). https://doi.org/10.
3390/pathogens10070863 PMID: 34358013

Corstjens PL, Nyakundi RK, de Dood CJ, Kariuki TM, Ochola EA, Karanja DM, et al. Improved sensitiv-
ity of the urine CAA lateral-flow assay for diagnosing active Schistosoma infections by using larger sam-
ple volumes. Parasit Vectors. 2015; 8:241. hitps://doi.org/10.1186/s13071-015-0857-7 PMID:
25896512

Sadarangani M, Marchant A, Kollmann TR. Immunological mechanisms of vaccine-induced protection
against COVID-19 in humans. Nat Rev Immunol. 2021; 21(8):475-84. https://doi.org/10.1038/s41577-
021-00578-z PMID: 34211186

Goel RR, Painter MM, Apostolidis SA, Mathew D, Meng W, Rosenfeld AM, et al. mRNA vaccines induce
durable immune memory to SARS-CoV-2 and variants of concern. Science. 2021; 374(6572):
abm0829. https://doi.org/10.1126/science.abm0829 PMID: 34648302

Morita R, Schmitt N, Bentebibel SE, Ranganathan R, Bourdery L, Zurawski G, et al. Human blood
CXCR5(+)CD4(+) T cells are counterparts of T follicular cells and contain specific subsets that differen-
tially support antibody secretion. Immunity. 2011; 34(1):108-21. https://doi.org/10.1016/j.immuni.2010.
12.012 PMID: 21215658

Cubas R, van Grevenynghe J, Wills S, Kardava L, Santich BH, Buckner CM, et al. Reversible Repro-
gramming of Circulating Memory T Follicular Helper Cell Function during Chronic HIV Infection. J Immu-
nol. 2015; 195(12):5625-36. https://doi.org/10.4049/jimmunol. 1501524 PMID: 26546609

Muir R, Metcalf T, Tardif V, Takata H, Phanuphak N, Kroon E, et al. Altered Memory Circulating T Follic-
ular Helper-B Cell Interaction in Early Acute HIV Infection. PLoS Pathog. 2016; 12(7):e1005777. https://
doi.org/10.1371/journal.ppat.1005777 PMID: 27463374

Yin M, Xiong Y, Liang D, Tang H, Hong Q, Liu G, et al. Circulating Tth cell and subsets distribution are
associated with low-responsiveness to hepatitis B vaccination. Mol Med. 2021; 27(1):32. https://doi.org/
10.1186/s10020-021-00290-7 PMID: 33794763

Ellebedy AH, Jackson KJ, Kissick HT, Nakaya HI, Davis CW, Roskin KM, et al. Defining antigen-specific
plasmablast and memory B cell subsets in human blood after viral infection or vaccination. Nat Immu-
nol. 2016; 17(10):1226—-34. https://doi.org/10.1038/ni.3533 PMID: 27525369

Krathwohl MD, Anderson JL. Chemokine CXCL10 (IP-10) is sufficient to trigger an immune response to
injected antigens in a mouse model. Vaccine. 2006; 24(15):2987-93. https://doi.org/10.1016/j.vaccine.
2005.11.032 PMID: 16500735

Majumder S, Bhattacharjee S, Paul Chowdhury B, Majumdar S. CXCL10 is critical for the genera-
tion of protective CD8 T cell response induced by antigen pulsed CpG-ODN activated dendritic
cells. PLoS One. 2012; 7(11):e48727. https://doi.org/10.1371/journal.pone.0048727 PMID:
23144947

Dinarello CA. Overview of the IL-1 family in innate inflammation and acquired immunity. Immunol Rev.
2018; 281(1):8-27. https://doi.org/10.1111/imr.12621 PMID: 29247995

Nakayama T, Watanabe Y, Oiso N, Higuchi T, Shigeta A, Mizuguchi N, et al. Eotaxin-3/CC chemokine
ligand 26 is a functional ligand for CX3CR1. J Immunol. 2010; 185(11):6472-9. https://doi.org/10.4049/
jimmunol.0904126 PMID: 20974991

Fourati S, Tomalin LE, Mule MP, Chawla DG, Gerritsen B, Rychkov D, et al. Pan-vaccine analysis
reveals innate immune endotypes predictive of antibody responses to vaccination. Nat Immunol. 2022;
23(12):1777-87. https://doi.org/10.1038/s41590-022-01329-5 PMID: 36316476

Imai T, Nagira M, Takagi S, Kakizaki M, Nishimura M, Wang J, et al. Selective recruitment of CCR4-
bearing Th2 cells toward antigen-presenting cells by the CC chemokines thymus and activation-regu-
lated chemokine and macrophage-derived chemokine. Int Immunol. 1999; 11(1):81-8. https://doi.org/
10.1093/intimm/11.1.81 PMID: 10050676

Lieberam |, Forster I. The murine beta-chemokine TARC is expressed by subsets of dendritic cells and
attracts primed CD4+ T cells. Eur J Immunol. 1999; 29(9):2684—-94. PMID: 10508243

Mizukami Y, Kono K, Kawaguchi Y, Akaike H, Kamimura K, Sugai H, et al. CCL17 and CCL22 che-
mokines within tumor microenvironment are related to accumulation of Foxp3+ regulatory T cells in
gastric cancer. Int J Cancer. 2008; 122(10):2286-93. https://doi.org/10.1002/ijc.23392 PMID:
18224687

Damoiseaux J. The IL-2—IL-2 receptor pathway in health and disease: The role of the soluble IL-2
receptor. Clin Immunol. 2020; 218:108515. https://doi.org/10.1016/j.clim.2020.108515 PMID:
32619646

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011089  July 5, 2023 23/24


https://doi.org/10.1111/j.1365-3024.2005.00789.x
https://doi.org/10.1111/j.1365-3024.2005.00789.x
http://www.ncbi.nlm.nih.gov/pubmed/16179032
https://doi.org/10.3390/pathogens10070863
https://doi.org/10.3390/pathogens10070863
http://www.ncbi.nlm.nih.gov/pubmed/34358013
https://doi.org/10.1186/s13071-015-0857-7
http://www.ncbi.nlm.nih.gov/pubmed/25896512
https://doi.org/10.1038/s41577-021-00578-z
https://doi.org/10.1038/s41577-021-00578-z
http://www.ncbi.nlm.nih.gov/pubmed/34211186
https://doi.org/10.1126/science.abm0829
http://www.ncbi.nlm.nih.gov/pubmed/34648302
https://doi.org/10.1016/j.immuni.2010.12.012
https://doi.org/10.1016/j.immuni.2010.12.012
http://www.ncbi.nlm.nih.gov/pubmed/21215658
https://doi.org/10.4049/jimmunol.1501524
http://www.ncbi.nlm.nih.gov/pubmed/26546609
https://doi.org/10.1371/journal.ppat.1005777
https://doi.org/10.1371/journal.ppat.1005777
http://www.ncbi.nlm.nih.gov/pubmed/27463374
https://doi.org/10.1186/s10020-021-00290-7
https://doi.org/10.1186/s10020-021-00290-7
http://www.ncbi.nlm.nih.gov/pubmed/33794763
https://doi.org/10.1038/ni.3533
http://www.ncbi.nlm.nih.gov/pubmed/27525369
https://doi.org/10.1016/j.vaccine.2005.11.032
https://doi.org/10.1016/j.vaccine.2005.11.032
http://www.ncbi.nlm.nih.gov/pubmed/16500735
https://doi.org/10.1371/journal.pone.0048727
http://www.ncbi.nlm.nih.gov/pubmed/23144947
https://doi.org/10.1111/imr.12621
http://www.ncbi.nlm.nih.gov/pubmed/29247995
https://doi.org/10.4049/jimmunol.0904126
https://doi.org/10.4049/jimmunol.0904126
http://www.ncbi.nlm.nih.gov/pubmed/20974991
https://doi.org/10.1038/s41590-022-01329-5
http://www.ncbi.nlm.nih.gov/pubmed/36316476
https://doi.org/10.1093/intimm/11.1.81
https://doi.org/10.1093/intimm/11.1.81
http://www.ncbi.nlm.nih.gov/pubmed/10050676
http://www.ncbi.nlm.nih.gov/pubmed/10508243
https://doi.org/10.1002/ijc.23392
http://www.ncbi.nlm.nih.gov/pubmed/18224687
https://doi.org/10.1016/j.clim.2020.108515
http://www.ncbi.nlm.nih.gov/pubmed/32619646
https://doi.org/10.1371/journal.pntd.0011089

PLOS NEGLECTED TROPICAL DISEASES Schistosomiasis and Hepatitis B vaccination responses

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Elias D, Akuffo H, Pawlowski A, Haile M, Schon T, Britton S. Schistosoma mansoni infection reduces
the protective efficacy of BCG vaccination against virulent Mycobacterium tuberculosis. Vaccine. 2005;
23(11):1326-34. https://doi.org/10.1016/j.vaccine.2004.09.038 PMID: 15661380

Olatunde AC, Hale JS, Lamb TJ. Cytokine-skewed Ttfh cells: functional consequences for B cell help.
Trends Immunol. 2021; 42(6):536-50. https://doi.org/10.1016/}.it.2021.04.006 PMID: 33972167

Huber JE, Ahlfeld J, Scheck MK, Zaucha M, Witter K, Lehmann L, et al. Dynamic changes in circulating
T follicular helper cell composition predict neutralising antibody responses after yellow fever vaccina-
tion. Clin Transl Immunology. 2020; 9(5):e1129. https://doi.org/10.1002/cti2.1129 PMID: 32419947

Bentebibel SE, Khurana S, Schmitt N, Kurup P, Mueller C, Obermoser G, et al. ICOS(+)PD-1(+)CXCR3
(+) T follicular helper cells contribute to the generation of high-avidity antibodies following influenza vac-
cination. Sci Rep. 2016; 6:26494. https://doi.org/10.1038/srep26494 PMID: 27231124

Sharma A, Rudra D. Emerging Functions of Regulatory T Cells in Tissue Homeostasis. Front Immunol.
2018; 9:883. https://doi.org/10.3389/fimmu.2018.00883 PMID: 29887862

Qin L, Waseem TC, Sahoo A, Bieerkehazhi S, Zhou H, Galkina EV, et al. Insights Into the Molecular
Mechanisms of T Follicular Helper-Mediated Immunity and Pathology. Front Immunol. 2018; 9:1884.
https://doi.org/10.3389/fimmu.2018.01884 PMID: 30158933

Musaigwa F, Kamdem SD, Mpotje T, Mosala P, Abdel Aziz N, Herbert DR, et al. Schistosoma mansoni
infection induces plasmablast and plasma cell death in the bone marrow and accelerates the decline of
host vaccine responses. PLoS Pathog. 2022; 18(2):e1010327. https://doi.org/10.1371/journal.ppat.
1010327 PMID: 35157732

Bergamaschi C, Terpos E, Rosati M, Angel M, Bear J, Stellas D, et al. Systemic IL-15, IFN-gamma, and
IP-10/CXCL10 signature associated with effective immune response to SARS-CoV-2 in BNT162b2
mRNA vaccine recipients. Cell Rep. 2021; 36(6):109504. https://doi.org/10.1016/j.celrep.2021.109504
PMID: 34352226

Goncalves E, Bonduelle O, Soria A, Loulergue P, Rousseau A, Cachanado M, et al. Innate gene signa-
ture distinguishes humoral versus cytotoxic responses to influenza vaccination. J Clin Invest. 2019; 129
(5):1960-71. hitps://doi.org/10.1172/JCI1125372 PMID: 30843873

Rechtien A, Richert L, Lorenzo H, Martrus G, Hejblum B, Dahlke C, et al. Systems Vaccinology Identi-
fies an Early Innate Immune Signature as a Correlate of Antibody Responses to the Ebola Vaccine
rVSV-ZEBOV. Cell Rep. 2017; 20(9):2251-61. https://doi.org/10.1016/j.celrep.2017.08.023 PMID:
28854372

Nono JK, Mpotje T, Mosala P, Aziz NA, Musaigwa F, Hlaka L, et al. Praziquantel Treatment of Schisto-
soma mansoni Infected Mice Renders Them Less Susceptible to Reinfection. Front Immunol. 2021;
12:748387. https://doi.org/10.3389/fimmu.2021.748387 PMID: 34956183

Dzhivhuho GA, Rehrl SA, Ndlovu H, Horsnell WGC, Brombacher F, Williamson AL, et al. Chronic schis-
tosomiasis suppresses HIV-specific responses to DNA-MVA and MVA-gp140 Env vaccine regimens
despite antihelminthic treatment and increases helminth-associated pathology in a mouse model. PLoS
Pathog. 2018; 14(7):1007182. https://doi.org/10.1371/journal.ppat.1007182 PMID: 30048550

Nkurunungi G, Zirimenya L, Nassuuna J, Natukunda A, Kabuubi PN, Niwagaba E, et al. Effect of inten-
sive treatment for schistosomiasis on immune responses to vaccines among rural Ugandan island ado-
lescents: randomised controlled trial protocol A for the 'POPulation differences in VACcine responses’
(POPVAC) programme. BMJ Open. 2021; 11(2):e040426. https://doi.org/10.1136/bmjopen-2020-
040426 PMID: 33593768

Nkurunungi G, Zirimenya L, Natukunda A, Nassuuna J, Oduru G, Ninsiima C, et al. Population differ-
ences in vaccine responses (POPVAC): scientific rationale and cross-cutting analyses for three linked,
randomised controlled trials assessing the role, reversibility and mediators of immunomodulation by
chronic infections in the tropics. BMJ Open. 2021; 11(2):e040425. https://doi.org/10.1136/bmjopen-
2020-040425 PMID: 33593767

Corstjens PL, Li S, Zuiderwijk M, Kardos K, Abrams WR, Niedbala RS, et al. Infrared up-converting
phosphors for bioassays. IEE Proc Nanobiotechnol. 2005; 152(2):64—72.

Metcalf TU, Cubas RA, Ghneim K, Cartwright MJ, Grevenynghe JV, Richner JM, et al. Global analyses
revealed age-related alterations in innate immune responses after stimulation of pathogen recognition
receptors. Aging Cell. 2015; 14(3):421-32. https://doi.org/10.1111/acel.12320 PMID: 25728020

Brown EP, Licht AF, Dugast AS, Choi |, Bailey-Kellogg C, Alter G, et al. High-throughput, multiplexed
1gG subclassing of antigen-specific antibodies from clinical samples. J Immunol Methods. 2012; 386(1—
2):117-23. https://doi.org/10.1016/j.jim.2012.09.007 PMID: 23023091

Cinelli CaHC. Making sense of sensitivity: extending omitted variable bias. Journal of the Royal Statisti-
cal Society Series B (Statistical Methodology). 2020; 82(1):39-67. https://doi.org/10.1111/rssb.12348

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011089  July 5, 2023 24/24


https://doi.org/10.1016/j.vaccine.2004.09.038
http://www.ncbi.nlm.nih.gov/pubmed/15661380
https://doi.org/10.1016/j.it.2021.04.006
http://www.ncbi.nlm.nih.gov/pubmed/33972167
https://doi.org/10.1002/cti2.1129
http://www.ncbi.nlm.nih.gov/pubmed/32419947
https://doi.org/10.1038/srep26494
http://www.ncbi.nlm.nih.gov/pubmed/27231124
https://doi.org/10.3389/fimmu.2018.00883
http://www.ncbi.nlm.nih.gov/pubmed/29887862
https://doi.org/10.3389/fimmu.2018.01884
http://www.ncbi.nlm.nih.gov/pubmed/30158933
https://doi.org/10.1371/journal.ppat.1010327
https://doi.org/10.1371/journal.ppat.1010327
http://www.ncbi.nlm.nih.gov/pubmed/35157732
https://doi.org/10.1016/j.celrep.2021.109504
http://www.ncbi.nlm.nih.gov/pubmed/34352226
https://doi.org/10.1172/JCI125372
http://www.ncbi.nlm.nih.gov/pubmed/30843873
https://doi.org/10.1016/j.celrep.2017.08.023
http://www.ncbi.nlm.nih.gov/pubmed/28854372
https://doi.org/10.3389/fimmu.2021.748387
http://www.ncbi.nlm.nih.gov/pubmed/34956183
https://doi.org/10.1371/journal.ppat.1007182
http://www.ncbi.nlm.nih.gov/pubmed/30048550
https://doi.org/10.1136/bmjopen-2020-040426
https://doi.org/10.1136/bmjopen-2020-040426
http://www.ncbi.nlm.nih.gov/pubmed/33593768
https://doi.org/10.1136/bmjopen-2020-040425
https://doi.org/10.1136/bmjopen-2020-040425
http://www.ncbi.nlm.nih.gov/pubmed/33593767
https://doi.org/10.1111/acel.12320
http://www.ncbi.nlm.nih.gov/pubmed/25728020
https://doi.org/10.1016/j.jim.2012.09.007
http://www.ncbi.nlm.nih.gov/pubmed/23023091
https://doi.org/10.1111/rssb.12348
https://doi.org/10.1371/journal.pntd.0011089

