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Abstract

Background

Plasmodium vivax is the dominant Plasmodium spp. causing malaria throughout tropical
and sub-tropical countries. Humoral immunity is induced during P. vivax infection. However,
data on longevity of antibody and memory B cell (MBC) responses is lacking. Follicular
helper T cells (Tth) are drivers of high-affinity and long-lived antibody responses. Under-
standing of Tth-mediated immunity against malaria is valuable for vaccine development.

Methodology/Principal findings

We enrolled 31 acutely infected P. vivax patients in low malaria transmission areas of Thai-
land to detect frequencies, phenotypes and kinetics of different subsets of circulating Tfh
(cTfh) and MBCs, and to evaluate their association with humoral immunity following natural
P. vivax infection. Expansion of cTfh2 cells, activated and atypical MBCs were shown during
acute malaria. To relate increased cTfh2 cells to humoral immunity, P. vivax-specific MBCs
and antibodies were assessed. High anti-PvCSP and -PvDBPII seropositivity was detected
and most subjects produced MBCs specific to these antigens. The increased cTfh2 cells
were positively related to atypical MBCs, plasmablasts/plasma cells, and anti-PvDBPII IgM
and IgG levels. Distributions of memory cTfh cell subsets were altered from central memory
(CM) to effector memory (EM) during infection. The highest ratios of cTth-EM/cTfh-CM were
represented in cTfh2 cells. Positive correlation of cTfh17-EM with activated and atypical
MBCs was observed, while cTfh2-CM and cTth17-CM cells were positively related to
PvDBPII-specific MBCs and IgM levels.

Conclusions/Significance

Present study demonstrated that P. vivaxinfection induced cTfh polarization into cTfh2 sub-
set, and alteration of memory cTfh2 phenotype from CM to EM phase. These P. vivax-
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induced cTfh responses significantly associated with generation of MBCs and antibody
responses. Therefore, cTfh2 cells might possibly influence humoral immunity by inducing
expansion of activated and atypical MBCs, and by generating P. vivax-specific MBCs and
antibody responses following natural infection.

Author summary

Naturally acquired immunity to malaria relies on the development of MBCs and long-
lived plasma cells that serve as the source of antibody responses that inhibit parasite inva-
sion. To date, information is limited regarding the role of Tth cells in supporting develop-
ment of MBCs and antibodies against P. vivax infection, particularly in the context of
natural malaria exposure. Here, we identified subsets of cTth cells that involved in the
generation of P. vivax-specific MBC and antibody responses. We found that P. vivax
infection induced an expansion of cTth2 cells. The cTth2 cell responses were positively
related to an increased frequency of activated and atypical MBCs, and plasma cells, as well
as P. vivax-specific antibody levels. Moreover, phenotype of memory cTfh2 cells was
changed from CM to EM phase during infection. The alteration of cTth17-EM cells was
significantly related to expansion of activated and atypical MBCs, while the presence of
cTth2-CM and cTth17-CM cells was positively related to P. vivax-specific MBCs and IgM
responses. Data from this study suggests a role of cTth2 cells in contribution to the devel-
opment of P. vivax-specific MBCs and antibody responses.

Introduction

Plasmodium vivax is the second most common cause of malaria, accounting for high rates of
morbidity and mortality in many settings [1]. Its unique biological feature is that it hides for a
prolonged period in human liver, in the form of dormant hypnozoites. Due to the limitation of
vector control and emerging resistance of anti-malarial drugs, better strategies to control and
eradicate malaria infection are needed. In this context, an efficacious malaria vaccine could
help in decrease parasite burden and thereby reduce clinical malaria and transmission in the
communities [2,3]. Currently, four vivax vaccine candidates (P. vivax Duffy Binding Protein II
(PvDBPII), Circumsporozoite Protein (PvCSP), Sexual Stage 25 protein (Pvs25), and Sexual
Stage 230 protein (Pvs230)) have been investigated in clinical trials [4-7]. These antigens in
combination with adjuvants showed promising potential immunogenicity, safety and protec-
tive efficacy. However, the polymorphisms of vaccine candidate results in generation of strain-
specific immunity [8]. It is necessary to understand the mechanism of P. vivax antigens that
drives development of cellular and humoral immune responses and design vaccines direct to
development of durable and broadly protective antibodies.

It is acknowledged that the establishment of germinal centers (GCs) in secondary lymphoid
organs are required for the acquisition of long-lived MBCs or plasma cells [9]. GC function
requires help from follicular helper T (Tth) cells to generate high-affinity antibodies and
MBCs responses (i.e., long-lived plasma cells), which together maintain the circulating anti-
bodies required for protection against reinfection [10]. The Tth cells induced by vaccination
and infection are distinguished based on the expression of the chemokine receptor CXCRS5,
and the inhibitory receptor programmed cell death protein 1 (PD-1) [11]. Human circulating
Tth (cTth) cells can also be stratified into distinct subsets based on their expression of CXCR3
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and CCR6: CXCR3"CCR6  (Th1 type), CXCR3 CCR6" (Th17 type), and CXCR3 CCR6™ (Th2
type) [12]. These Tth cell subsets appear to have various functions in antibody induction
depending on the disease, pathogen and vaccination setting [13].

Although the important role Tth cells are reported to have in antibody induction, pub-
lished studies on their function in malaria infection are scarce. Studies in both P. falciparum
and P. vivax malaria show an increase in the frequency of cTth cells [14-17]. However, the
specific subsets of cTth cells induced by malaria infection is unclear. Previous studies show
an increase of both CXCR3" ¢Thl [17] and CXCR3"CCR6 cTthl phenotypes [14,18] in P.
falciparum-infected children residing in areas of high malaria transmission. Human volun-
teers with experimental P. falciparum infection showed an expansion of cTfh2 cells during
early infection, while cTth1 cells become activated after 1 week of following [11]. In P.
vivax malaria, an elevation of the cTfh2 subset of memory CD4" cells was reported in symp-
tomatic Brazilian patients [16], while other studies showed an increase in CXCR3" Tbet"
cTthl cells [19]. An association between cTth cells and humoral immunity was demon-
strated in P. vivax malaria based on the following: a high frequency of both activated
(CD21°CD27%) and atypical (CD21"CD27°) MBCs were found in the same subjects who
had increased cTth cells [16], and others have found a positive correlation between fre-
quency of total cTth cells and anti-merozoite antibody titers [15]. Together, previous stud-
ies indicate that malaria infection induces cTth cells expansion and activation, and that
these responses are positively related to antibody levels. However, a gap remains as to
which specific Tfh subsets drive the acquisition and persistence of malaria-specific antibody
and MBC responses.

Knowledge of the cooperative function between Tth and B cells has relevance to under-
standing the acquisition and persistence of humoral immune responses following P. vivax
infection [20]. The heterogeneity of Tth cells, which are composed of phenotypically distinct
subsets, allows for discrete roles in mediating protective immunity. Since the distribution of
cTth subsets in natural P. vivax infection was reported only in malaria endemic areas of Brazil
[15,16] and Indonesia [19], we hypothesized that individuals living in malaria endemic regions
with differing transmission intensities and the inflammatory or cytokine milieu induced by P.
vivax infection might lead to differential responses of Tth cell subsets [21]. Therefore, interac-
tions of certain subsets of P. vivax-polarized Tth cells and activated B cells might influence the
production of protective P. vivax-specific MBCs and antibodies, as well as the development of
memory Tth cells. To assess this hypothesis, we comprehensively determined the phenotype of
cTth cell subsets, and identified associations among cTth cell subsets, MBC subsets, P. vivax-
specific MBCs and antibody responses in P. vivax-infected patients in a low transmission
intensity setting. The kinetic responses of cTth cell subsets, memory cTth cells, MBCs and anti-
bodies were monitored in a cohort study. Our data allow a better understanding of the func-
tional role of cTth cells in driving development of antibody and memory B cell responses to P.
vivax infection.

Methods
Ethics statement

This study was approved by the Committee on Human Rights Related to Human Experimen-
tation, Mahidol University Central Institutional Review Board (MU-CIRB 2021/281.2505).
Written informed consent was obtained from each participant before blood collection. All
experiments involving human subjects were conducted in accordance with relevant guidelines
and regulations.
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Study design and participants

Heparinized blood samples were taken from subjects in malaria low-transmission areas in the
southern part of Thailand (Chumphon, Ranong and Kanchanaburi provinces). Both P. falcipa-
rum and P. vivax were common in these endemic areas. Thirty-one P. vivax-infected patients
were recruited for blood collection at the Ministry of Public Health malaria clinics (Vector
Borne Disease Units 11.4.2 and 11.5.3) from May 2023 to September 2023. The criteria for
recruitment of vivax malaria subjects were: (i) systolic blood pressure greater than 90 mmHg,
(ii) body temperature lower than 40°C, (iii) hematocrit higher than 25%, and (iv) age 18 years
or higher. Individuals who did not meet these criteria were excluded. Blood samples were
taken to determine the frequency and characteristics of cTth cells and their subsets. To deter-
mine correlations between ¢Tth and humoral responses, the levels of antibodies (total IgM and
IgG, and IgG subclasses), frequency of MBCs specific to P. vivax vaccine antigen (PvDBPII),
and MBC subset phenotypes in these acute P. vivax patients were assessed. Of the 31 acute-
phase subjects, 23 who had a high frequency of activated and atypical MBC populations than
median + IQR of healthy controls (HCs) were analyzed further to detect expression of T-cell
co-stimulatory molecules (CXCRS5, IL-21 receptor (IL-21R) and CD40) on cell surfaces. To
evaluate the kinetics of cTth cell responses, MBC and anti-P. vivax antibody responses, 13 sub-
jects who had high frequencies of cTth2 and atypical MBCs were monitored at Day 14 and 60
after infection. Acute symptomatic P. vivax infections were each documented microscopically
using both thin and thick Giemsa-stained blood smears, and then confirmed by nested PCR
[22]. Thirteen treated subjects, in a 60-day cohort study, were visited at home weekly by
malaria clinic staff to estimate the incidence of clinical malaria infections during the study
period. Venous blood samples were collected in heparinized vacutainer tubes (Becton Dickin-
son) and transported to the laboratory within 4-6 h. Data on past malaria infections were
obtained from the records kept by the local malaria clinic and Vector Borne Unit 11.4. Sixteen
healthy controls (HCs) who were non-malaria infected and lived in non-endemic areas (Bang-
kok, Thailand) were enrolled to determine control values of cTth cell and MBC frequencies,
and anti-P. vivax antibody titers. The demographic information of recruited subjects is sum-
marized in S1 Table.

Recombinant protein production

Recombinant PvDBPII and PvCSP were produced following previous study [8,23]. Briefly,
DNA sequences encoding PvDBPII and PvCSP were amplified by PCR. The PCR products
were cloned into pET23a+ vectors and expressed in E. coli BL21(DE3) LysE (Invitrogen). Bac-
terial cultures were induced by 1.0 mM of IPTG for 4 h at 37°C. The expressed inclusion bod-
ies were solubilized, purified and refolded, as previously described [23]. Finally, refolded
proteins were purified by HisTrap column and ion exchange chromatography (Cytiva) and
the purity was confirmed by SDS-PAGE.

Flow cytometric analysis

To determine the frequency of cTth cells in peripheral blood of P. vivax-infected subjects and
healthy controls, cryopreserved PBMCs were thawed and aliquots with >95% viability were
used for flow cytometric analysis. After washing, the cells were incubated with Zombie red via-
bility dye (1:400 dilution, Biolegend) for 20 min, followed by further washing in PBS supple-
mented with 2% FBS. They were then incubated for 20 minutes on ice, in two steps (with two
washes in between) using antibodies specific to cTth or B cell surface antigens. The following
antibodies (all from Biolegend) were used for T cell surface staining: CD3-Alexa Flour 700
(1:100), CD4-PerCP-Cy5.5 (1:200), CXCR5-PE (1:50), PD-1-APC/Fire750 (1:50),
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CXCR3-APC (1:50), CCR6-PE/Cy7 (1:20), ICOS-AF488 (1:50), CD45RA-PE/Dazzle (1:100)
and CCR7-FITC (1:50). The following antibodies (all from Biolegend) were used for B cell sur-
face staining: CD19-FITC (1:200), CD38-Alexa Flour 700 (1:200), CD21-APC (1:100),
CD27-APC/FIRE (1:50), IgM-PE (1:200), IgD-Pe/Cy7 (1:200), IgG-PerCP-Cy5.5 (1:20),
CXCR5-PE (1:200), IL-21R-PE/Cy7 (1:10), CD40-PE/Cy5 (1:25). After staining, the cells were
washed twice in PBS with 2% FBS before acquisition by FACSCanto II (BD Bioscience); FACS
data were examined using Flow]Jo software version 10.10.0 and presented as cell percentages or
mean fluorescence intensity (MFI). Representative gating strategies for cTth and B cells pheno-
typing are shown in S1 and S2 Figs.

Total IgM and IgG ELISA

Anti-PvCSP and -PvDBPII antibody levels in plasma samples were measured using indirect
ELISAs, as previously reported [8,23]. Briefly, 96-well microtiter plates were coated with

2 ug/ml recombinant PvCSP or PvDBPII protein and incubated overnight at 4°C. After
blocking with 1% FBS in the 1xPBS bulffer, plasma samples (diluted 1:200) were added to
duplicate wells and incubated for 1 h. After washing, HRP-conjugated goat anti-human IgG
or IgM antibody (Seracare) was added into the wells, and incubated for 1 h. Subsequently,
TMB (Millipore) was added to detect antigen-antibody reactivity. A Multiscan SkyHigh
Microplate Reader (Thermo Scientific) was used to determine the absorbance at 450 nm.
The levels of total IgM and IgG specific to PvCSP and PvDBPII were standardized as a reac-
tivity index (RI), calculated by dividing OD values of tested samples by a cut-off value
(mean + 2SD) based on HC samples. An RI greater than or equal to 1.0 was considered posi-
tive for specific antibodies; an RI less than 1.0 was considered as seronegative responders.
On each plate, two acute plasma samples from P. vivax-infected subjects with high titers
from our previous study were included as positive controls; plasma from two HCs were
used as negative controls [23]. The experiments were performed in duplicate and the aver-
age values were taken for further analysis.

IgG subclass ELISA

To detect IgG subclass responses to PvCSP and PvDBPII, we used a protocol previously
described [23]. Plasma samples of P. vivax-infected subjects were added at a dilution of 1:100
and HRP-conjugated goat anti-mouse IgG (Biolegend) was added at dilutions of 1:500 for
IgG1 and IgG3, and at 1:1000 IgG2 and IgG4, antibodies. Signal was developed with TMB sub-
strate (Millipore) and OD values were read at 450 nm. Two samples with anti-PvCSP and
-PvDBPII total IgG responses were used as positive controls. The levels of IgG subclasses spe-
cific to PvCSP or PvDBPII were standardized as a reactivity index (RI), calculated by dividing
OD values of tested samples by a cut- off value (mean + 2SD) determined in HC samples

(n = 16). Positivity of RI values was defined as in IgM and IgG ELISA. Experiments were per-
formed in duplicate and average values were used for analyses.

ELISPOT

The presence of PvCSP or PvDBPII-specific MBCs was determined by ELISPOT assay as per-
formed in a previous study [8,24]. Briefly, 1 x 10° cells per ml for each antigen were stimulated
with a cocktail of R848 (Invivogen) and recombinant human IL-2 (PrepoTech) at 37°Cina
5% CO, incubator for 96 h. The ELISPOT assay was performed by coating with 15 pg/ml of
anti-human monoclonal IgG antibodies (clone MT91/145; Mabtech), 5 ug/ml of recombinant
PvCSP or PvDBPII, or 1 pg/ml of tetanus toxoid (TT) antigen (Merck Millipore) onto ELI-
SPOT plates (Merck Millipore). The stimulated PBMCs were seeded into duplicate wells.
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Then, 1 ug/ml of monoclonal antibody MT78/145 (Mabtech) was added and incubated for 2 h.
Following thorough washing, diluted (1:1000) streptavidin-HRP-conjugated, polyclonal, goat
anti-human IgG (Mabtech) and TMB substrate (Mabtech) were added. The plates were ana-
lyzed with a CTL ELISPOT Reader. PvCSP or PvDBPII-specific MBCs were quantified as
spot-forming units (SFUs) in the wells. PBMCs of P. vivax-infected subjects were cultured
without stimulators and incubated overnight with antigens were used as negative controls. A
positive response of antigen-specific MBCs was defined as more spot-forming cells (SFCs)
than twice the number of spots of the negative controls.

Data analysis

Statistical analyses were performed using GraphPad Prism software version 8.4.3, (GraphPad
Software, USA, https://www.graphpad.com) and R version 4.1.1. The non-parametric Mann-
Whitney test was used to compare between the results from P. vivax-infected subjects and
healthy controls, and for comparisons among different time points in an individual subject.
Multiple group comparisons among MBC populations were compared using Kruskal-Wallis
test and Dunn’s multiple comparison test. Wilcoxon matched-pairs signed rank test was used
to compare the significant difference between two time points. Statistical significance was con-
sidered as p<0.05. For correlation analyses, corrplot package in R version 0.90 was used to
plot the graph, and data was clustered by ward.D2 hierarchical agglomerative clustering
method [25].

Results

Expansion of total cTth cells and alteration of cTth cell subsets in P. vivax
malaria

To assess the responses of cTth cells and their subsets during P. vivax infection, we quantified
cTth cell activation and subset distribution by flow cytometry in acutely infected patients. The
population of cTth cells was identified by the expression of CXCR5" and PD-1" in CD3"CD4"
T cells; their subsets were based on the expression of CCR6 and CXCR3 (Fig 1A). A significant
increase of total cTth cells in acute P. vivax patients was detected, as compared to that in HCs
(median 1.60 [IQR 1.04-2.04] vs. median 1.11 [IQR 0.78-1.42], p-value<0.05) (Fig 1B). Next,
we determined the distribution of cTth subsets in infected individuals and HCs. An expansion
of cTth2 cells was detected in P. vivax patients compared with HCs (median 53.50 [IQR 44.2-
70.1] vs median 33.5 [IQR 23.6-36]), p-value<0.0001), whereas cTth17 cells were not signifi-
cantly different (median 3.25 [IQR 10.3-19.9] vs median 9.06 [IQR 6.25-12.7], p-value>0.05).
A reduction of cTth1 cells was observed in P. vivax subjects (median 40.2 [IQR 19.9-50.6] vs
median 58.9 [IQR 54.5-69.5], p-value<0.0001) (Fig 1C).

Next, we observed the expression of inducible T cell co-stimulator (ICOS) as an activa-
tion marker on cTth cell subsets of P. vivax patients, compared to baseline of HCs. ICOS
upregulation was greatly detected on the cTfh1 cells of patients (median 13.8 [IQR 10.3-
20.8] vs median 9.80 [IQR 7.14-10.7], p-value<0.005) (Fig 1D). In contrast, cTth2 and
cTth17 cells did not significantly differ in their ICOS expression in P. vivax patients and
HCs (cTth2; median 12.6 [IQR 8.98-21.1] vs median 11.6 [IQR 7.3-15.3], respectively; p-
value>0.05; ¢Tth17; median 12.5 [IQR 3.92-20] vs median 14.3 [IQR 12.5-19.4], respec-
tively; p-value>0.05). There were ten (32.2%, 10/31) and eight (25.8%, 8/31) subjects who
had ICOS expression above the HC baselines for cTth2 and cTth17, respectively (Fig 1D).
The relationship between age (> 18 years old) and frequency of cTth cell subsets was
assessed in these P. vivax subjects and no significant correlation was found (S3 Fig).
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Fig 1. Expansion of total cTfh cells and alteration of cTfh cell subsets in P. vivax infection. PBMCs from acutely P. vivax infected patients (PV; n = 31) and
healthy controls (HC; n = 15) were phenotyped by flow cytometry. (A) Representative gating strategy for circulating cTth (CXCR5PD-1"), cTth subsets based
on the expression of CXCR3, CCR6 (cTth1l; CXCX3"CCR6, cTth2; CXCR3 CCR6™ and cTth17; CXCR3 CCR6"), as well as activation marker (ICOS). (B) The
frequency of cTth in CD3"CD4" T cells. (C) The frequency of cTth1, cTth2 and cTth17 in total cTth cells. (D) The frequency of ICOS™ cTth cells and their
subsets in total of cTth population. Each bar represents median and error bar represents interquartile range (IQR). Statistical testing was performed by Mann-
Whitney rank test for comparing two non-parametric groups; * p<0.05, ** p<0.005, ***p<0.0005, **** p<0.0001.

https://doi.org/10.1371/journal.pntd.0012625.9001

Activated and atypical MBCs were predominant responses in P. vivax-
infected individuals

An increase of atypical MBCs was previously reported in acute P. vivax subjects living in the
same endemic areas as in the present study [23]. However, whether that expansion of atypical
MBC:s was related to cTth cell responses was unknown. Here, we identified the MBC subsets
that showed increased responses to P. vivax infection (Fig 2A). The frequencies of activated
MBCs (median 2.56 [IQR 1.97-3.65] vs. median 1.07 [IQR 0.77-1.68], p-value<0.0001) and
atypical MBCs (median 13.9 [IQR 11.8-18.2] vs. median 5.63 [IQR 4.83-6.73], p-
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Fig 2. Frequency of each MBC subset during acute P. vivax infection. PBMCs from acutely P. vivax infected patients (PV; n = 31) and healthy controls (HC;
n = 15) were phenotyped by flow cytometry. (A) Representative gating strategy for MBC subsets, including activated MBCs (CD21 CD27"), classical MBCs
(CD21*CD27"), naive B cells (CD21"CD27"), atypical MBCs (CD21 CD27") and class-switching phenotypes, including unswitched (IgD*IgM"), and switched
(IgM* or IgG") B cells. (B) The frequency percentages of MBC subsets present in acutely P. vivax infected subjects and HCs. An acutely P. vivax infected
patients (n = 23) who showed higher frequency of activated MBCs and atypical MBCs above the median + IQR of HCs. (C) The frequencies of CXCR5, IL-21R
and CD40 expressing CD19" B cell subsets. Each bar represents median and error bar represents interquartile range (IQR). Statistical testing was performed by
Mann-Whitney rank test for comparing two non-parametric groups, and three groups were compared by Kruskal-wallis test with Dunn’s multiple
comparisons test; * p<0.05, ** p<0.005, ***p<0.0005, **** p<0.0001.

https://doi.org/10.1371/journal.pntd.0012625.9g002

value<0.0001) were higher in P. vivax-infected subjects compared to those in HCs (Fig 2B).
However, the frequencies of naive B cells (median 74.20 [IQR 71.5-79.7] vs. median 84.8 [IQR
81.9-88.5], p-value<0.001), unswitched MBCs (median 32.9 [IQR 26.3-43.3] vs. median 30.7
[IQR 17.0-38.4], p-value<0.005) and plasmablast/plasma cells (median 0.51 [IQR 0.42-0.68
vs. median 0.98 [IQR 0.64-1.8], p-value<0.05) in acute P. vivax subjects was lower than HCs
(Fig 2B). The percentage of classical (median 6.89 [IQR 4.22-9.64] vs. median 7.46 [IQR 4.85-
10.7], p-value>0.05), and switched MBCs (median 32.9 [IQR 26.3-43.3] vs. median 30.7 [IQR
17.0-38.4], p-value>0.05) in P. vivax-infected individuals was not different from those in HCs
(Fig 2B).

Since Tth cells produce IL-21 cytokine, which drives the growth and differentiation of B
cells and isotype switching [11], we detected the expression of T cell co-stimulatory
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molecules (CXCR5, IL-21R, and CD40) on the surface of activated and atypical MBCs com-
pared to naive B cells. Thus, twenty-three P. vivax subjects with frequencies of activated and
atypical MBCs above the median + IQR of HCs were selected for further analysis. A signifi-
cantly higher IL-21R expression was shown in atypical MBCs. The CXCR5 expression was
highly detected in naive B cells compared to activated and atypical MBCs (Fig 2C). For
CD40 molecule, there was no difference in expression between naive and MBCs (activated
and atypical) (Fig 2C).

Seropositivity of P. vivax-specific IgM and IgG responses in individuals
with cTfh2 cell expansion

To relate an expansion of Tth with antibody responses, anti-PvCSP and -PvDBPII IgM, IgG
and IgG subclass antibody levels were determined in 31 P. vivax-infected individuals and com-
pared to those in HCs. The percentages with anti-PvCSP and -PvDBPII IgM antibodies were
61 and 35%, respectively (Fig 3A). Seropositive IgG responses against these two vaccine candi-
dates were 71% (22/31) to PvCSP and 61% (19/31) to PvDBPII (Fig 3B). Analysis of IgG sub-
class responses to PvCSP and PvDBPII showed that the predominant responses were by the
cytophilic IgG1 and IgG3 subclasses (Fig 3C). Seropositivities of IgG1, IgG2, IgG3 and 1gG4
were 68% (21/31), 42% (13/31), 65% (20/31) and 45% (14/31) against PvCSP, and 71% (22/31),
19% (6/31), 61% (19/31) and 6% (2/31) against PvDBP II, respectively (Fig 3C).

Expansion of cTth2 cells was positively related to atypical MBCs, while
ICOS™ cTfh2 cells were positively correlated with plasma cells frequency
and antibody levels

To determine the relation between an altered proportion of cTth subsets on humoral immu-
nity, we analyzed the relationships of cTth2 cell number to MBC subsets and antibody levels in
infected individuals. A moderate correlation was defined as a Spearman’s p in the range of
0.4-0.6 [24], a strong correlation by a p greater than 0.6, and a low correlation by a p below
0.4. We observed significant positive correlations between total cTth cells and PvDBPII-spe-
cific IgM (p = 0.38, p<0.05), and between cTth2 cells and both atypical MBCs (p = 0.36,
p<0.05) and anti-PvCSP IgG4 levels (p = 0.36, p<0.05) (Fig 4). In regard to ICOS expression,
total ICOS™ cTth cells were positively correlated with plasmablasts/plasma cells (p = 0.49,
p<0.01), PvDBPII-specific IgM levels (p = 0.41, p<0.05), and PvDBPII-specific IgG levels (p =
0.47, p<0.01) (Fig 4). A moderate correlation was also observed between frequency of ICOS*
cTth1 cells and PvDBPII-specific IgM levels (p = 0.41, p<0.05), as well as ICOS™ cTth2 cells
with PvDBPII-specific IgM (p = 0.43, p<0.05), PvDBPII-specific IgG (p = 0.44, p<0.05) and
plasmablasts/plasma cells (p = 0.48, p<0.01) (Fig 4).

PvDBPII-specific MBCs were markedly detected in P. vivax-infected
individuals with cTfh2 expansion

Previous studies documented that malaria-specific MBCs were developed following natural P.
vivax infection [20,21]. Here, we analyzed whether P. vivax subjects with increased cTth2 cells
produced P. vivax-specific MBCs during acute infection. Of the 31 acute patients, the positivity
of PvCSP- and PvDBPII-specific MBCs was 48% (15/31) and 81% (25/31), respectively. The
mean (SD) number of spots specific to PvCSP was 7.39 (14.0) and to PvDBPII was 8.48 (7.3)
(Fig 5). We further analyzed PvCSP or PvDBPII specific MBCs in acute P. vivax subjects (n =
22) who had cTth2 expansion. The result showed 45.5% (10/22) and 77% (17/22) subjects
showed positive PvCSP and PvDBPII-specific MBCs, respectively. It was found that 54.5% (12/
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Fig 3. Antibody responses against two P. vivax antigens (PvCSP and PvDBPII). Reactivity index values (RIs) were
determined by using plasma of acutely infected subjects (PV; n = 31) compared to malaria naive healthy controls (HC;
n = 16). (A) IgM reactivity index (RI) against PvCSP and PvDBPIL. (B) IgG reactivity index (RI) against PvCSP and
PvDBPIL. (C) IgG subclass (IgG1-4) responses against PvCSP and PvDBPIIL Percentages of seropositivity of antibody
responses were indicated on the top of scatter plot. Dashed line represents cut-off values for seropositivity (RI = 1)
calculated from mean of RI + 2SD of healthy control samples (n = 16). Statistical testing was performed by Mann-
Whitney rank test for comparing two non-parametric groups; * p<0.05, ** p<0.005, **** p<0.0001.

https://doi.org/10.1371/journal.pntd.0012625.g003

22) and 23% (5/22) of subjects showed negative PvCSP- and PvDBPII-specific MBCs (52
Table). All subjects had positive TT-specific MBCs (mean [SD], 38.26 [19.3]) and total IgG
MBCs (mean [SD], 190.55 [73.2]), not significantly different than HCs (mean [SD], 161
[50.78] for total IgG MBCs and 40 [16.22] for TT-specific MBCs) (S4 Fig).
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Fig 4. Correlation analysis of cTfh cell subset responses and anti-P. vivax antibodies. Shown are Spearman’s p and significance adjusted for
multiple testing using the Holm method. * p<0.05; ** p<0.01; *** p<0.001. Spearman p>0.60 and adjusted p-value<0.01 are indicative of a strong
positive and highly significant correlation. The coloring of cells represents the sign of correlation: blue gradient for positive correlation and red
gradient for negative correlation. The size of background squares represents degree of correlation corresponding to the values shown in each cell.

https://doi.org/10.1371/journal.pntd.0012625.g004

The distribution of memory cTfh cell subsets was altered while the effector
phase was mainly represented in cTfth2 and cTth17 cells
Our data showed the development of P. vivax-specific MBCs during acute infection. To exam-

ine whether memory cTth cells were generated in these subjects, samples from 31 subjects
were phenotyped to determine the frequencies of memory cTth cell subsets (central, effector,
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Fig 5. Memory B cell responses against PvCSP and PvDBPII in P. vivax infected subjects. Spot forming units (SFUs) per 10°
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infected subjects (n = 31). The black dot represents positive P. vivax antigen-specific MBC response. The positive response of
antigen-specific MBCs was defined as spot-forming cells (SFCs) with 2-fold higher total number of spots relative to negative
control.

https://doi.org/10.1371/journal.pntd.0012625.g005

TEMRA and naive). During acute malaria, the phenotypes of memory cTth cell subsets were
altered compared to HCs; the predominant subsets found were central memory (CM) and
effector memory (EM) cells. The ratio of EM versus CM cells in total cTth cells was increased
in acute P. vivax subjects (EM/CM = 1.02) compared to the HC ratio (EM/CM = 0.74) (Fig 6A
and 6B). The memory cell distributions differed among cTth cell subsets in infected subjects
with cTth2 cells being predominantly by EM cells, while cTth1 and ¢Tth17 cells being predom-
inantly by CM cells. A significant increase in EM/CM ratio was shown in cTth2 compared to
HCs (Fig 6B). At 60 days post-infection, follow-up responses in 13 individuals showed that
most P. vivax subjects had persistent effector phenotypes, with cTth2-EM 69% (9/13) and
cTth17-EM cells 46% (6/13) greater than baseline HCs. Significant elevation of cTth1-EM cell
was detected compared to Day 14 (p-value<0.05) (Fig 6C). The frequency of CM cells in
cTthl and cTth2 subsets was lower than the threshold values in HCs at Day 60, while 3 subjects
showed higher cTth17 cells than baseline HC:s. (Fig 6C).
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https://doi.org/10.1371/journal.pntd.0012625.g006

The cTfh17-EM cells were positively related to atypical MBCs, while CM
cells in cTfh2 and cTth17 were associated with P. vivax-specific MBCs and
IgM levels

Alterations of memory cTth cell subsets from CM to EM phenotypes were mainly presented in
cTth2 during acute P. vivax infection. Thus, we analyzed the relationships of these EM cells
with MBC subsets, P. vivax-specific MBC and antibody responses. The frequency of
cTth17-EM cells was positively correlated with activated and atypical MBCs with CD40 over-
expression (p = 0.5, p<0.05 and p = 0.44, p<0.05) (Fig 7A). Next, we assessed whether the
changing proportion of memory cTth cell phenotypes during acute infection was correlated
with P. vivax-specific MBCs and/or antibody responses. The cTth2-CM cells were found to be
positively correlated with the numbers of PvDBPII-specific MBCs (p = 0.43, p<0.05) and
PvCSP-specific MBCs (p = 0.41, p<0.05), as well as anti-PvDBPII IgM levels (p = 0.55,
p<0.01). Moreover, there were positive correlations between the frequency of cTth17-CM and
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Fig 7. Correlation analysis of memory cTfh cells with anti-P. vivax humoral immunity. (A) Correlation of memory cTth cells and MBC subsets with
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p<0.001. Spearman p>0.60 and adjusted p-value<0.01 are indicative of a strong positive

and highly significant correlation. The coloring of cells represents the sign of correlation: blue gradient for positive correlation and red gradient for negative
correlation. The size of background squares represents degree of correlation corresponding to the values shown in each cell.

https://doi.org/10.1371/journal.pntd.0012625.g007

both PvCSP-specific MBCs (p = 0.58, p<0.001) and anti-PvDBPII IgM levels (p = 0.38,
p<0.05) (Fig 7B). Positive correlations between EM cells in each cTth subset were found in
neither P. vivax-specific MBCs nor antibody responses in our P. vivax subjects (Fig 7B).

Kinetic responses of cTth subsets and humoral immunity in P. vivax

patients

To gain a better understanding of the association between cTth cell subsets and MBCs that
lead to the production of antibodies during P. vivax infection, we observed kinetic responses
in 13 P. vivax subjects at two time points during the recovery phase (Days 14 and 60). At day
60 post-infection, 92.3% (12/13) and 92.3% (12/13) of subjects maintained the frequency of
cTth2 and cTfth17 cells above baseline values (cTth2; median 50.0 [IQR 46.30-62.0], cTth17;
median 5.8 [IQR 5.14-7.1]) (Fig 8A). Among ICOS™ cells, a significant reduction was found in
ICOS* cTth2 cells (Day 14, median 16.90 [IQR 12.15-25.25] vs. Day 60, median 7.4 [IQR
5.16-14.95], p-value<0.0005). Even though some subjects had frequencies below cut-off, there
was no significant decrease in overall frequency of ICOS™ ¢Tth1 nor ICOS" cTth17: ICOS*
cTthl (Day 14, median 13.80 [IQR 10.13-20.90] vs. Day 60, median 12.5 [IQR 2.88-18.55])
and ICOS™ cTth17 (Day 14, median 13.8 [IQR 7.15-20.95] vs. Day 60, median 5.8 [IQR 0.0-

28.85]) (Fig 8A). In follow-up of MBC subsets at 60 days post-infection, the frequency of acti-
vated MBCs (85%, 11/13) and atypical MBCs (100%, 13/13) were consistently increased above
the baseline values of HCs (Fig 8B). At day 60 post-infection, significant decreases were
observed in IgM and IgG responses to PvCSP and PvDBPII antigens. Four subjects (30.7%, 4/
13) maintained positive IgM responses to PvCSP and three (23%, 3/13) to PvDBPII. For IgG
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Fig 8. Kinetics of cTfh subsets, MBC subsets and antibodies after recovery from P. vivax infection. Kinetics study
was performed in P. vivax subjects (n = 13). (A) Kinetics of cTth subsets (cTth1, cTth2 and c¢Tth17) and ICOS
expression at Day 14 and Day 60 after recovery. (B) Kinetics of MBC subsets (activated and atypical MBCs). (C)
Kinetics of reactivity index (RI) of total IgM and IgG specific to PvCSP and PvDBPII at Day 14 and Day 60 post-
infection. Dashed line represents cut-off values calculated from median of frequencies for cTfh subsets and MBC
subset populations detected in HCs (n = 7), and the cut-off value of positive reactivity index (RI = 1) for antibody
response. Statistical testing was performed by Wilcoxon matched-pairs signed rank test: *** p<0.0005.

https://doi.org/10.1371/journal.pntd.0012625.g008

responses, three subjects (23%, 3/13) were positive for PvCSP and two (15.3%, 2/13) for
PvDBPII (Fig 8C).

Discussion

For malaria vaccines to be protective requires that they induce long-term antibody and MBC
responses. Tth cells play a role in driving activated B cells into GCs for generation of high-
affinity antibodies, MBCs and long-lived plasma cells (LLPCs) [20]. Given the several known
subsets or phenotypes of Tth cells (Tth1, Tth2 and Tth17), more details of the function of each
Tth cell subset for helping B cell activation and generation of humoral immunity are required.
Here, the response of cTth cells to P. vivax infection was demonstrated in low malaria trans-
mission areas of Thailand, with very few of our subjects having a history of prior infection,
based on records of malaria clinics. We found that activation of cTth cells by P. vivax infection
led to altered proportions of Tth cell subsets towards Tth2 cells (CXCR3"CCR6") in circulating
blood. An expansion of this cTth2 cell phenotype (by 58% of subjects as shown by ICOS over-
expression) was similar to findings in a Brazilian study of P. vivax infections that showed an
increased frequency of ICOS™PD1*CXCR5*CD4" cTfh2 cells in the memory CD4" T cells
population [16]. However, these results contrasted with those of a study by Figueiredo and col-
leagues that showed no alteration in the proportion of cTth cells within memory CD4" T cells
during acute illness [16]. To gain more knowledge of the relationship between cTth2 cells and
humoral immunity, we determined correlations between cTth cells, MBC subsets and antibod-
ies. In 31 P. vivax subjects, 71 and 61% were seropositive for anti-PvCSP and -PvDBPII IgG
antibodies, while 61 and 35% were positive for anti-PvCSP and anti-PvDBPII IgM antibodies,
respectively. The percentage of ICOS™ cTth2 cells was positively correlated between frequency
of plasmablasts/plasma cells (p = 0.48) and anti-PvDBPII-IgM and IgG titers (p = 0.43, and p =
0.44, respectively). The data represented here demonstrated that P. vivax infection altered the
proportions of cTth cell subsets toward cTth2, and the activation of this cell subset was corre-
lated with development of antibody responses. However, our observation also found that there
was a decreased frequency of cTth1 cells. Significantly increased frequency of ICOS™ cTthl
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was positively related to anti-PvDBPII IgM levels. This result might be explained by the migra-
tion of activated ICOS™ cTth1 cells from circulating blood to peripheral tissues or lymphoid
organs upon P. vivax infection. It will be interesting to observe the function of cTth1 in induc-
ing IgM responses in future studies.

An expansion of atypical MBCs was detected in both P. falciparum and P. vivax patients
[26,27]. However, it is unclear whether these cells require interaction with Tth cells as part of
the mechanism producing anti-malarial antibodies. There is limited data in this domain of
human malaria. In our study, P. vivax subjects who had increased cTth2 cells showed high fre-
quency of activated (CD21°CD277) and atypical (CD21°CD27") MBCs in their CD19" B cell
populations. There were positive correlations between the frequency of cTth2 cells and atypical
MBCs (p = 0.36) and anti-PvCSP 1gG4 levels (p = 0.36). However, cTthl and c¢Tfh17 subsets
did not show correlation to atypical MBCs. Our data support the previous studies in function
of cTth cells for helping atypical MBCs differentiation into antibody-secreting cells. A study of
P. falciparum infections showed that atypical MBCs differentiated into ASCs when co-cultured
with autologous Tth cells from malaria-exposed individuals [28]. In addition, a recent study in
P. vivax malaria subjects demonstrated a synergistic effect of several molecular signals (IFN-y,
IL-21 and TLR7/8 ligands) in promoting the differentiation of atypical MBCs into ASCs and
antibody production [26]. Together, these data indicate that there is cooperation between Tth
cells and atypical MBCs in producing anti-malarial antibodies. Future studies will need to
assess the ability of Tth2 cell subset to drive malaria-specific atypical MBCs development and
differentiation into ASCs, likely required for malaria vaccine efficacy.

Alterations in the distribution of cTth cell subsets were described in both falciparum and
vivax malaria [11,14,16-18,29]. The cTth1 cell phenotype is more prevalent in subjects who
live in high malaria transmission areas. P. falciparum-infected Malian children have an
increase in CXCR3" Tfh1 cells [17], while other P. falciparum-infected children have high lev-
els of cTth1 cells (CXCR3"CCR6) [14]. P. vivax infections are associated with elevation of
CXCR3"PD-1"T-bet" Tth cells [19]. In contrast, human volunteers with experimental P. fal-
ciparum infections [11] and patients with symptomatic P. vivax infections [15], as well as sub-
jects in this study all had expansions of cTth2 cells. The differences in Tth subset responses in
malaria might be explained by several host and parasite factors. First, host age may have an
effect. One report of acute P. falciparum infections stated that cTth cells in adults were higher
than those in children [14]. Here, our study determined the frequency of cTth subsets in P.
vivax infected adults (>18 years old) and the result found no correlations between frequencies
of each cTth subset and age. Second, the duration of parasite infection may have an effect. A
previous study of cTth cell kinetics in subjects of an experimental human challenge with P. fal-
ciparum showed that cTfh2 cells were increased at peak parasitemia, while cTth1 cells were
markedly increased at day 14 after P. falciparum parasite inoculation [11]. In natural P. vivax
infections, cTth2 cells were increased and cTfh1 cells decreased during symptomatic malaria.
However, in these subjects, alterations in these two subsets persisted after two months. Third,
parasite density and/or transmission setting may have an effect. A study reported the positive
correlation between activation and proliferation of cTth2 and parasitemia in natural P. falcipa-
rum infection [14]. In P. vivax infection, it was demonstrated that the number of malaria epi-
sodes was positively correlated with Tth frequency [16]. In the present study, cTth2 cell
expansion and parasite density in P. vivax-infected individuals were not correlated (p = 0.04).
Fourth, the cytokine condition during malaria infections may have an impact. Inflammatory
environments and cytokine milieu can induce Tth cells to differentiate into different subsets as
it was shown in acute falciparum malaria that IFN-y cytokine responses preferentially activated
CXCR3" Tth cells [17]. Here, the increased frequency of cTth2 (CXCR3 CCR6’) cells in acute
vivax malaria might be induced by IL-4-producing T helper 2 (Th2) cells, as they have been
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shown to function in Tth2 cell differentiation in other infection models [14,21,30]. Further
analyses of cytokine secretion profiles of each subset of cTth and Th cells would be beneficial
for better understanding the mechanisms by which P. vivax infection leads to polarization of
cTth cells.

The development of malaria-specific MBCs following natural infections has been reported
[10,24]. However, understanding the persistence of MBCs after infection requires further
knowledge to explain: (i) whether malaria infections trigger generation of long-lived MBCs,
and (ii) if Tth cells are required to promote this persistence. In this study, we demonstrated the
development of P. vivax-specific MBCs during acute P. vivax infections. Among 31 P. vivax-
infected subjects, 15 (48%) and 25 (81%) subjects produced PvCSP- and PvDBPII-specific
MBCs, respectively. These data indicate that a blood-stage (PvDBPII) antigen is more immu-
nogenic in the induction of MBCs development than a sporozoite (PvCSP) antigen. Relating
the development of P. vivax-specific MBCs to cTth cell subsets, the present study found posi-
tive correlations among frequency of cTth2-CM, P. vivax-specific MBCs and anti-PvDBPII
IgM titers. The direct relationship between c¢Tth2-CM and MBCs indicated that P. vivax infec-
tions altered cTfh2 responses (as shown by the expansion and activation of cTth2 cells), and
that interactions between Tth and activated B cells led to development of CM cells (in cTth2
cells) and P. vivax-specific MBCs. It will be of interest in future studies to investigate the gener-
ation of P. vivax-specific memory Tth2 cells and the role of Tth2 cells in supporting persistence
of MBCs and/or LLPCs, as well as to observe the stimuli and signals which induce Tth2-CM
cells to differentiate into EM cells. Such observations should be helpful in refining malaria vac-
cine development strategies.

Here, we observed the distributions of memory Tth cell phenotypes. An alteration of CM to
EM phenotype was detected in P. vivax patients compared to HCs. The ratio of cTth-EM/
cTth-CM increased. This finding was in contrast to those observed in human volunteers with
experimental P. falciparum infection who had increased EM and decreased CM Th1-cTth phe-
notypes [11]. For the predominant responses of CM phenotype in cTth17 subset, our data was
similar to the previous studies in P. falciparum malaria-naive adults and Malian children
[11,17]. Adding to the knowledge of cTth17 cell function involved in malaria MBC responses,
our data revealed positive correlations among cTth17-CM, P. vivax-specific MBCs and anti-
PvDBPII IgM levels. Also, cTth17-EM cells were positively correlated to CD40" classical and
atypical MBCs. A possible explanation of these findings is that P. vivax infection induced
cTth17 cell responses. Accordingly, CM cells in this cTth subset were differentiated into effec-
tor memory cells upon parasite antigen or cytokine triggering during infection. The cytokines
(IL-17,IL-21, IL-22 and TNF-0) produced by ¢Tth17-EM cells could drive classical and atypi-
cal MBC activation. These MBCs could differentiate into plasma cells for antibody production
[31]. In contrast, no interaction between cTfh2-EM and humoral immunity was observed in
this study, suggesting that the different stimuli were involved in the generation of the effector
phase of cTth2 and cTth17 cells. Deep investigations are needed to better understand the
mechanisms of P. vivax-induced memory cTth17 development and the differentiation of EM
cells in this cTth cells subset, as well as its function in helping B cells produce antibodies
against P. vivax.

It should be noted that there were several limitations in this study. A positive correlation
between cTth2 and atypical MBCs and its interaction in development of antibodies needs to be
confirmed by assessing the frequency of P. vivax antigen-specific atypical MBCs in infected
individuals, as previously reported in P. falciparum subjects [32]. This study had a small sam-
ple size and the number of follow-up time points was limited. A larger sample size and
increased durability of post-infection monitoring should help gain better understanding of the
functions of each Tth cell subset in helping development of durable antibody and MBC
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response to malaria. Of note, P. vivax subjects in 60-day cohort study were monitored clinical
malaria weekly, whereas parasite density was not detected, thus these cohort subjects could not
define asymptomatic malaria. Most of our P. vivax subjects had no history of prior infection,
based on the record at malaria clinics. Thus, our study could not demonstrate the correlation
between cTth subsets and the number of prior infection or re-infection. In kinetic study of
cTth cells, MBCs and antibody responses, we did not detect P. vivax specific MBCs in individ-
ual subjects at Day 14 and Day 60 post-infection. Our data could not address an association
between cTth2 cells and durability of PvCSP or PvDBPII-specific MBC response. More knowl-
edge of function of cTth2 cells in providing help to germinal center (GC) B cells and MBC dif-
fentiation is needed to support the presence of long-lived PvDBPII-specific MBCs up to 3
years after infection [24]. In addition, cytokine measurement was not performed in this study;
characterization of cytokine profiles secreted from each subset of cTth cells and helper T cells
of P. vivax-infected individuals would be helpful in explaining the polarization of cTth cells by
P. vivax infection. Here we utilized two promising vaccine candidates (pre-erythrocytic PvCSP
and blood-stage PvDBPII) to assess possible correlations between antibody levels and fre-
quency of cTth cell subsets. To advance PvCSP- and PvDBPII-based vaccine design, demon-
stration of functional antibodies against these two antigens and their association with cTth cell
responses would be very helpful.

Supporting information

§1 Table. Demographic information of P. vivax subjects and malaria naive healthy donors
recruited in this study.
(DOCX)

$2 Table. The association of cTth2 expansion with PvCSP- and PvDBPII-specific MBC
responses.
(DOCX)

S1 Fig. Gating strategy for phenotyping cTth cells and memory cTth phenotypes. cTth cells
were distinguished by CXCR5 and PD-1. For cTth cell subsets were distinguished by CXCR3
and CCR6 as cTth1 (CXCR3"CCR6), cTth2 (CXCR3 CCR6'), and cTth17 (CXCR3 CCR6"). For
cTth cells activation based on ICOS* molecule. Memory cTth cell subsets were distinguished by
CCR7 and CD45RA from total cTth population as central memory (CM) (CCR7"CD45RA"),
effector memory (EM) (CCR7 CD45RA"), terminally differentiated effector (TEMRA)

(CCR7 CD45RA"), and naive (CCR7"CD45RA") in P. vivax infected individual (PV).

(TIF)

S2 Fig. Gating strategy for phenotyping memory B cell subsets. Memory B cell subsets were
distinguished by CD21 and CD27 as activated MBCs (CD21 CD27"), atypical MBCs
(CD21°CD27), classical MBCs (CD21*CD27"), and naive B cells (CD21"CD27"). Co-stimula-
tory molecules (CXCR5, IL-21R and CD40) for classical MBC subset were determined in P.
vivax infected individual (PV).

(TIF)

S3 Fig. Correlation between age and percentage of cTfh and subsets (cTthl, cTfth2 and
cTth17). The correlation was performed by Spearman correlation. Straight line represents
trend of correlation. Spearman p and p-value for each correlation were indicated.

(TIF)

$4 Fig. Tetanus toxoid-specific and total IgG MBC ELISPOT results. (A) Numbers of teta-
nus toxoid (TT) specific- and total IgG spot forming units (SFUs) in million PBMCs of P.
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vivax infected subjects (PV, n = 31) in comparison with healthy control subjects (HC, n = 16).
The height of bar represents average number of SFUs and error bar represents standard devia-
tion (SD). (B) Representative ELISPOT results showing spot forming units of total IgG MBCs
and MBCs specific to tetanus toxoid, PvCSP and PvDBPII of wells without stimulation and
wells after stimulation with R848 and IL-2.

(TIF)

S1 File. Minimal dataset for Figs 1-8 of this study.
(XLSX)

Acknowledgments

We are grateful to all subjects and the staff of malaria clinics in Chumphon and Ranong Prov-
inces, Thailand, for blood sample collection.

Author Contributions
Conceptualization: Pongsakorn Thawornpan, Zulfa Zahra Salsabila, Patchanee Chootong.

Formal analysis: Pongsakorn Thawornpan, Zulfa Zahra Salsabila, Piyawan Kochayoo, Tipa-
nan Khunsri, Chayapat Malee, Kittikorn Wangriatisak, Chaniya Leepiyasakulchai.

Investigation: Pongsakorn Thawornpan, Zulfa Zahra Salsabila, Chayapat Malee.
Resources: Francis Babila Ntumngia, John H. Adams, Patchanee Chootong.

Writing - original draft: Pongsakorn Thawornpan, Zulfa Zahra Salsabila, Patchanee
Chootong.

Writing - review & editing: Pongsakorn Thawornpan, Zulfa Zahra Salsabila, Patchanee
Chootong.

References
1. WHO. World Malaria Report 2023. World Health Organization: 2023.

2. Duffy PE, Patrick Gorres J. Malaria vaccines since 2000: progress, priorities, products. npj Vaccines.
2020; 5(1):48. https://doi.org/10.1038/s41541-020-0196-3 PMID: 32566259.

3. Stanisic D, Good M. Malaria Vaccines: Progress to Date. BioDrugs. 2023; 37. https://doi.org/10.1007/
$40259-023-00623-4 PMID: 37728713.

4. Payne RO, Silk SE, Elias SC, Milne KH, Rawlinson TA, Llewellyn D, et al. Human vaccination against
Plasmodium vivax Duffy-binding protein induces strain-transcending antibodies. JCI Insight. 2017; 2
(12). https://doi.org/10.1172/jci.insight.93683 PMID: 28614791.

5. Malkin EM, Durbin AP, Diemert DJ, Sattabongkot J, Wu Y, Miura K, et al. Phase 1 vaccine trial of
Pvs25H: a transmission blocking vaccine for Plasmodium vivax malaria. Vaccine. 2005; 23(24):3131—
8. https://doi.org/10.1016/j.vaccine.2004.12.019 PMID: 15837212

6. Tentokam BCN, Amaratunga C, Alani NAH, MacDonald NJ, Narum DL, Salinas ND, et al. Naturally
acquired antibody response to malaria transmission blocking caccine candidate Pvs230 domain 1.
Front immunol. 2019; 10. https://doi.org/10.3389/fimmu.2019.02295 PMID: 31636633.

7. BennettJW, Yadava A, Tosh D, Sattabongkot J, Komisar J, Ware LA, et al. Phase 1/2a trial of Plasmo-
dium vivax malaria vaccine vandidate VMP001/AS01B in malaria-naive adults: safety, immunogenicity,
and efficacy. PLOS Negl Trop Dis. 2016; 10(2):e0004423. https://doi.org/10.1371/journal.pntd.
0004423 PMID: 26919472.

8. Thawornpan P, Changrob S, Kochayoo P, Wangriatisak K, Ntumngia FB, De SL, et al. Cross-reactive
inhibitory antibody and memory B cell responses to variant strains of Duffy binding protein Il at post-
Plasmodium vivax infection. PLoS One. 2022; 17(10):e0276335. https://doi.org/10.1371/journal.pone.
0276335 PMID: 36256619.

9. Young C, Brink R. The unique biology of germinal center B cells. Immunity. 2021; 54(8):1652—64.
https://doi.org/10.1016/j.immuni.2021.07.015 PMID: 34380063.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012625 October 30, 2024 19/21


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0012625.s007
https://doi.org/10.1038/s41541-020-0196-3
http://www.ncbi.nlm.nih.gov/pubmed/32566259
https://doi.org/10.1007/s40259-023-00623-4
https://doi.org/10.1007/s40259-023-00623-4
http://www.ncbi.nlm.nih.gov/pubmed/37728713
https://doi.org/10.1172/jci.insight.93683
http://www.ncbi.nlm.nih.gov/pubmed/28614791
https://doi.org/10.1016/j.vaccine.2004.12.019
http://www.ncbi.nlm.nih.gov/pubmed/15837212
https://doi.org/10.3389/fimmu.2019.02295
http://www.ncbi.nlm.nih.gov/pubmed/31636633
https://doi.org/10.1371/journal.pntd.0004423
https://doi.org/10.1371/journal.pntd.0004423
http://www.ncbi.nlm.nih.gov/pubmed/26919472
https://doi.org/10.1371/journal.pone.0276335
https://doi.org/10.1371/journal.pone.0276335
http://www.ncbi.nlm.nih.gov/pubmed/36256619
https://doi.org/10.1016/j.immuni.2021.07.015
http://www.ncbi.nlm.nih.gov/pubmed/34380063
https://doi.org/10.1371/journal.pntd.0012625

PLOS NEGLECTED TROPICAL DISEASES Tfh2 cells involved in MBCs and antibodies against P. vivax infection

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Wipasa J, Suphavilai C, Okell LC, Cook J, Corran PH, Thaikla K, et al. Long-lived antibody and B cell
memory responses to the human malaria parasites, Plasmodium falciparum and Plasmodium vivax.
PLoS Pathog. 2010; 6(2):e1000770. https://doi.org/10.1371/journal.ppat.1000770 PMID: 20174609.

Chan J-A, Loughland J, Rivera F, SheelaNair A, Andrew D, Dooley N, et al. Th2-like T follicular helper
cells promote functional antibody production during Plasmodium falciparum infection. Cell Rep Med.
2020; 1(9):100157. https://doi.org/10.1016/j.xcrm.2020.100157 PMID: 33377128.

Vinuesa CG, Linterman MA, Yu D, MacLennan ICM. Follicular helper T cells. Annu Rev Immunol. 2016;
34(1):335-68. https://doi.org/10.1146/annurev-immunol-041015-055605 PMID: 26907215.

Soon MSF, Nalubega M, Boyle MJ. T-follicular helper cells in malaria infection and roles in antibody
induction. Oxf Open Immunol. 2021; 2(1):iqab008. https://doi.org/10.1093/oxfimm/igab008 PMID:
36845571.

Oyong DA, Loughland JR, Soon MSF, Chan J-A, Andrew D, Wines BD, et al. Adults with Plasmodium
falciparum malaria have higher magnitude and quality of circulating T-follicular helper cells compared to
children. EBioMedicine. 2022; 75(103784). https://doi.org/10.1016/j.ebiom.2021.103784 PMID:
34968760.

Ferreira NS, Lima NF, Sulczewski FB, Soares IS, Ferreira MU, Boscardin SB. Plasmodium vivax infec-
tion alters the peripheral immunoregulatory network of CD4 T follicular cells and B cells. Eur J Immunol.
2023; 53(8):2350372. https://doi.org/10.1002/eji.202350372 PMID: 37160134.

Figueiredo MM, Costa PAC, Diniz SQ, Henriques PM, Kano FS, Tada MS, et al. T follicular helper cells
regulate the activation of B lymphocytes and antibody production during Plasmodium vivax infection.
PLoS Pathog. 2017; 13(7):e1006484. https://doi.org/10.1371/journal.ppat.1006484 PMID: 28700710.

Obeng-Adjei N, Portugal S, Tran Tuan M, Yazew Takele B, Skinner J, Li S, et al. Circulating Th1-cell-
type Tth cells that exhibit impaired B cell help are preferentially activated during acute malaria in chil-
dren. Cell Rep. 2015; 13(2):425-39. https://doi.org/10.1016/j.celrep.2015.09.004 PMID: 26440897

Chan J-A, Loughland JR, de la Parte L, Okano S, Ssewanyana |, Nalubega M, et al. Age-dependent
changes in circulating Tfh cells influence development of functional malaria antibodies in children. Nat
Commun. 2022; 13(1):4159. https://doi.org/10.1038/s41467-022-31880-6 PMID: 35851033.

loannidis L, Pietrzak H, Ly A, Utami R, Eriksson E, Studniberg S, et al. High dimensional mass cytome-
try identifies T cell and B cell signatures predicting reduced risk of Plasmodium vivax malaria. JCI
Insight. 2021; 6(14):148086. https://doi.org/10.1172/jci.insight. 148086 PMID: 34128836.

Crotty S. Follicular helper CD4 T cells (TFH). Annu Rev Immunol. 2011; 29(1):621-63. https://doi.org/
10.1146/annurev-immunol-031210-101400 PMID: 21314428.

Olatunde AC, Hale JS, Lamb TJ. Cytokine-skewed Tfh 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.

Snounou G, Viriyakosol S, Xin Ping Z, Jarra W, Pinheiro L, do Rosario VE, et al. High sensitivity of
detection of human malaria parasites by the use of nested polymerase chain reaction. Mol Biochem
Parasitol. 1993; 61(2):315-20. https://doi.org/10.1016/0166-6851(93)90077-b PMID: 8264734,

Thawornpan P, Nicholas J, Malee C, Kochayoo P, Wangriatisak K, Tianpothong P, et al. Longitudinal
analysis of antibody responses to Plasmodium vivax sporozoite antigens following natural infection.
PLOS Negl Trop Dis. 2024; 18(1):e0011907. https://doi.org/10.1371/journal.pntd.0011907 PMID:
38277340.

Changrob S, McHenry AM, Nyunt MH, Sattabongkot J, Han E-T, Adams JH, et al. Persistence of long-
lived memory B cells specific to Duffy binding protein in individuals exposed to Plasmodium vivax. Sci
Rep. 2018; 8(1):8347. https://doi.org/10.1038/s41598-018-26677-x PMID: 29844379,

Tashi T, Upadhye A, Kundu P, Wu C, Menant S, Soares RR, et al. Longitudinal IgG antibody responses
to Plasmodium vivax blood-stage antigens during and after acute vivax malaria in individuals living in
the Brazilian Amazon. PLOS Negl Trop Dis. 2022; 16(11):e0010773. https://doi.org/10.1371/journal.
pntd.0010773 PMID: 36417454.

Kochayoo P, Thawornpan P, Wangriatisak K, Changrob S, Leepiyasakulchai C, Khowawisetsut L, et al.
Interferon-y signal drives differentiation of T-bet™ atypical memory B cells into plasma cells following
Plasmodium vivax infection. Sci Rep. 2022; 12(1):4842. https://doi.org/10.1038/s41598-022-08976-6
PMID: 35318412.

Rivera-Correa J, Mackroth MS, Jacobs T, Schulze zur Wiesch J, Rolling T, Rodriguez A. Atypical mem-
ory B-cells are associated with Plasmodium falciparum anemia through anti-phosphatidylserine anti-
bodies. Elife. 2019; 8:€48309. https://doi.org/10.7554/eLife.48309 PMID: 31713516.

Hopp CS, Skinner J, Anzick SL, Tipton CM, Peterson ME, Li S, et al. Atypical B cells up-regulate costi-
mulatory molecules during malaria and secrete antibodies with T follicular helper cell support. Sci Immu-
nol. 2022; 7(71):eabn1250. https://doi.org/10.1126/sciimmunol.abn1250 PMID: 35559666.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012625 October 30, 2024 20/21


https://doi.org/10.1371/journal.ppat.1000770
http://www.ncbi.nlm.nih.gov/pubmed/20174609
https://doi.org/10.1016/j.xcrm.2020.100157
http://www.ncbi.nlm.nih.gov/pubmed/33377128
https://doi.org/10.1146/annurev-immunol-041015-055605
http://www.ncbi.nlm.nih.gov/pubmed/26907215
https://doi.org/10.1093/oxfimm/iqab008
http://www.ncbi.nlm.nih.gov/pubmed/36845571
https://doi.org/10.1016/j.ebiom.2021.103784
http://www.ncbi.nlm.nih.gov/pubmed/34968760
https://doi.org/10.1002/eji.202350372
http://www.ncbi.nlm.nih.gov/pubmed/37160134
https://doi.org/10.1371/journal.ppat.1006484
http://www.ncbi.nlm.nih.gov/pubmed/28700710
https://doi.org/10.1016/j.celrep.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/26440897
https://doi.org/10.1038/s41467-022-31880-6
http://www.ncbi.nlm.nih.gov/pubmed/35851033
https://doi.org/10.1172/jci.insight.148086
http://www.ncbi.nlm.nih.gov/pubmed/34128836
https://doi.org/10.1146/annurev-immunol-031210-101400
https://doi.org/10.1146/annurev-immunol-031210-101400
http://www.ncbi.nlm.nih.gov/pubmed/21314428
https://doi.org/10.1016/j.it.2021.04.006
http://www.ncbi.nlm.nih.gov/pubmed/33972167
https://doi.org/10.1016/0166-6851%2893%2990077-b
http://www.ncbi.nlm.nih.gov/pubmed/8264734
https://doi.org/10.1371/journal.pntd.0011907
http://www.ncbi.nlm.nih.gov/pubmed/38277340
https://doi.org/10.1038/s41598-018-26677-x
http://www.ncbi.nlm.nih.gov/pubmed/29844379
https://doi.org/10.1371/journal.pntd.0010773
https://doi.org/10.1371/journal.pntd.0010773
http://www.ncbi.nlm.nih.gov/pubmed/36417454
https://doi.org/10.1038/s41598-022-08976-6
http://www.ncbi.nlm.nih.gov/pubmed/35318412
https://doi.org/10.7554/eLife.48309
http://www.ncbi.nlm.nih.gov/pubmed/31713516
https://doi.org/10.1126/sciimmunol.abn1250
http://www.ncbi.nlm.nih.gov/pubmed/35559666
https://doi.org/10.1371/journal.pntd.0012625

PLOS NEGLECTED TROPICAL DISEASES Tfh2 cells involved in MBCs and antibodies against P. vivax infection

29.

30.

31.

32.

Yap XZ, Hustin LSP, Sauerwein RW. Th1-polarized Tth cells delay naturally-acquired immunity to
malaria. Frontimmunol. 2019; 10(1096). https://doi.org/10.3389/fimmu.2019.01096 PMID: 31156642.

Zaretsky AG, Taylor JJ, King IL, Marshall FA, Mohrs M, Pearce EJ. T follicular helper cells differentiate
from Th2 cells in response to helminth antigens. J Exp Med. 2009; 206(5):991-9. https://doi.org/10.
1084/jem.20090303 PMID: 19380637.

Obeng-Adjei N, Portugal S, Holla P, Li S, Sohn H, Ambegaonkar A, et al. Malaria-induced interferon-y
drives the expansion of Tbet" atypical memory B cells. PLoS Pathog. 2017; 13(9):e1006576. https:/
doi.org/10.1371/journal.ppat. 1006576 PMID: 28953967

Reyes RA, Batugedara G, Dutta P, Reers AB, Garza R, Ssewanyana |, et al. Atypical B cells consist of
subsets with distinct functional profiles. iScience. 2023; 26(12):108496. https://doi.org/10.1016/j.isci.
2023.108496 PMID: 38098745.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012625 October 30, 2024 21/21


https://doi.org/10.3389/fimmu.2019.01096
http://www.ncbi.nlm.nih.gov/pubmed/31156642
https://doi.org/10.1084/jem.20090303
https://doi.org/10.1084/jem.20090303
http://www.ncbi.nlm.nih.gov/pubmed/19380637
https://doi.org/10.1371/journal.ppat.1006576
https://doi.org/10.1371/journal.ppat.1006576
http://www.ncbi.nlm.nih.gov/pubmed/28953967
https://doi.org/10.1016/j.isci.2023.108496
https://doi.org/10.1016/j.isci.2023.108496
http://www.ncbi.nlm.nih.gov/pubmed/38098745
https://doi.org/10.1371/journal.pntd.0012625

