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Regulatory and effector cell responses to Plasmodium vivax, the most common human
malaria parasite outside Africa, remain understudied in naturally infected popula-
tions. Here, we describe peripheral CD4+ T- and B-cell populations during and shortly
after an uncomplicated P. vivax infection in 38 continuously exposed adult Amazo-
nians. Consistent with previous observations, we found an increased frequency in
CD4*CD45RA-CD25%FoxP3* T regulatory cells that express the inhibitory molecule CTLA-
4 during the acute infection, with a sustained expansion of CD21-CD27- atypical mem-
ory cells within the CD19*" B-cell compartment. Both Th1l- and Th2-type subsets of
CXCR5+ICOSMPD-1+ circulating T follicular helper (cTfh) cells, which are thought to con-
tribute to antibody production, were induced during P. vivax infection, with a positive cor-
relation between overall cTtfh cell frequency and IgG antibody titers to the P. vivax blood-
stage antigen MSP1,9. We identified significant changes in cell populations that had not
been described in human malaria, such as an increased frequency of CTLA-4* T follic-
ular regulatory cells that antagonize Tfh cells, and a decreased frequency of circulating
CD24hCD27+ B regulatory cells in response to acute infection. In conclusion, we disclose a
complex immunoregulatory network that is critical to understand how naturally acquired
immunity develops in P. vivax malaria.

Keywords: CTLA-4 - Memory B cells - Plasmodium vivax - T follicular helper (Tfh) cells - T
follicular regulatory (Tfr) cells

Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Despite several decades of control efforts and attempts at

elimination, malaria remains a major global public health chal-
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e-mail: sbboscardin@usp.br; muferrei@usp.br mostly among African children [1, 2]. Plasmodium falciparum
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is the most prevalent and virulent malaria parasite that infects
humans, while P vivax is the most widespread species and pre-
dominates outside Africa. Nearly 3.3 billion people are currently
at risk of infection with P vivax worldwide and as many as 14.3
million cases are estimated to occur each year [1].

There are several commonalities between the immune
responses elicited by human being and experimental murine
malaria. Broadly speaking, an early interferon (IFN)-y response
can limit parasite multiplication during the early phase of infec-
tion, but cytokines such as interleukin (IL)-10 and transforming
growth factor (TGF)-B, released by regulatory T cells (Tregs) and
other cell populations, are required to prevent further inflamma-
tion and extensive organ damage once parasitemia is under con-
trol. Indeed, IL-10-mediated downregulation of T helper (Th) cell
responses and CTLA-4 (CD152)-mediated inhibition of costimu-
lation by APCs are major regulatory mechanisms in experimental
malaria [3]. CD4 T follicular helper (Tfh) cells play a key role in
antibody-mediated protective immunity. They are characterized
by the expression of surface molecules C-X-C motif chemokine
receptor type 5 (CXCR5 or CD185) and inducible costimulator
(ICOS), IL-21 secretion and regulation by the master transcription
factor B-cell lymphoma 6 (Bcl-6). CXCR5 expression allows Tfh
cells to access lymphoid follicles of the germinal center and direct
the production of long-lasting antibodies by providing costimula-
tion to B cells in order to promote class switch recombination,
somatic hypermutation, and affinity maturation of antibodies,
while ICOS regulates the differentiation of Tfh cells through vari-
ous signaling pathways. In addition, Tth cells drive B-cell prolifer-
ation by producing IL-21 [4], and those expressing programmed
cell death protein 1 (PD-1) are more polarized and highly func-
tional than those negative for PD-1, resembling Tth cells from ger-
minal centers (GCs) [5]. Different studies have also shown that
the Tfh cell compartment is quite heterogeneous, as these cells are
able to secrete cytokines characteristic of other subsets of helper
T cells [6]. Furthermore, Tfh cell subsets can also be subdivided
according to the expression of the chemokine receptors CXCR3
and CCR6 into Th1 (CXCR3"CCR67), Th2 (CXCR3~CCR67), and
Th17 (CXCR3~CCR6™) [7, 8]. During Plasmodium falciparum
infection in children, Tfh cells that exhibited a Thl phenotype
were activated primarily, and this activation was not correlated
with anti-Plasmodium antibody responses [9]. On the other hand,
a more recent article by Chan et al. showed that the activation
of Tfh cells with a Th2 profile was strongly associated with the
functional breadth and magnitude of anti-Plasmodium falciparum
antibodies [7]. Malaria also induces the expansion of atypical
CD19tCD10°CD21°CD27" memory B cells that may or may not
be functionally impaired [10]. Tfh functions are antagonized by
specialized T regulatory cells that co-express forkhead box P3
(FoxP3) and CXCR5, known as T follicular regulatory (Tfr) cells,
through mechanisms that include CTLA-4-mediated inhibition of
B cells and reduced inflammatory cytokine production by Tfh cells
following antigenic exposure [11]. IL-10-producing regulatory B
cells (Bregs) and plasmablasts (CD27™CD38%) can also dampen
T-cell driven immune responses. Bregs comprise two main sub-
sets: CD24%CD38M transitional B cells and CD24MCD27+ cells

© 2023 Wiley-VCH GmbH

Eur. J. Immunol. 2023;0:2350372

that are the human equivalent of murine B10 cells [12]. How Tfr
and Breg cell subsets respond to human malaria remains little
studied [13].

Some critical differences between rodent malaria models—for
example, slowly multiplying parasites with tropism for immature
red blood cells (RBCs), such as P yoelii XNL, compared to fast-
growing parasites with no clear preference for young RBCs, such
as P chabaudi AS—may affect immune responses [4]. Not sur-
prisingly, humans also vary in their responses to different malaria
parasite species [14]. For example, high levels of proinflamma-
tory cytokines are typically found in both P, falciparum and P vivax
infections, but IL-10 is consistently expressed at much higher lev-
els in patients with symptomatic P vivax infection, compared to P
falciparum [15].

Plasmodium vivax and P, falciparum differ in key biological fea-
tures that are directly relevant to the development of immunity.
First, P vivax invades only young CD71* RBCs called reticulocytes,
which account for 1-2% of circulating RBCs in healthy adults
[16]; in contrast, P falciparum can infect and multiply within vir-
tually any RBC, either immature or mature. The limited availabil-
ity of suitable host cells restricts blood-stage multiplication of P
vivax and protects naive hosts from overwhelming parasitemia,
as in the P yoelii XNL infection model in mice. Second, the vast
majority of RBCs harboring late developmental stages of P fal-
ciparum (trophozoites and schizonts) are tightly adhered to the
endothelium of capillaries and venules in the brain, spleen, lung,
and other organs. Cytoadherence, mediated by P falciparum vari-
ant antigens exported to the host cell surface that are targeted by
protective antibodies, disrupts blood flow and causes endothelial
cell disfunction and local inflammation—the hallmarks of severe
malaria [17]. Although cytoadherence can also occur in P vivax
infections [18, 19], at levels 10-fold lower than those observed for
P falciparum schizont-infected RBCs [18], it is seldom associated
with severe organ damage. Third, P vivax originates latent intra-
hepatic stages that persist for weeks or months and cause para-
site relapses when activated. As a result, vivax malaria patients
may experience repeated bouts of blood-stage infection, weeks
or months apart, following an infectious mosquito bite [20].
Relapses can favor the faster development of immunity to P vivax
blood stages, compared to P falciparum, in human populations
similarly exposed to primary infections with both species [21, 22].

Compared with P falciparum, immunity to P vivax remains
understudied in naturally exposed populations [14]. To address
this knowledge gap, we carried out a detailed analysis of effec-
tor and regulatory cell populations, including Treg, Tfr, and Breg
cells, circulating in the peripheral blood during and shortly after
a P vivax infection.

Results
Characteristics of the study population

We analyzed peripheral blood mononuclear cells (PBMCs),
plasma, and whole blood from 38 patients aged >18 years with
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Figure 1. Expression of CTLA-4 on CD4 T regulatory cells and T follicular regulatory cells in response to Plasmodium vivax infection. PBMCs from
P. vivax infected adult patients (n = 38) were phenotyped by flow cytometry before (acute-phase sample, AC) and 28 days after starting curative
chloroquine-primaquine treatment (convalescence sample, CV). Gating strategy is shown in Supporting information Fig. S6. (A) Representative
density plots with the frequency of CD4"CD45RA~CD25"FoxP3" Treg cells (left), CD4"CD45RA~CD25*FoxP3*CXCR5" Tfr cells (center), and Treg or
Tfr cells that express CTLA-4 (right). Scatterplots show the percentages of Treg cells (B) within CD4"CD45RA~ memory cells and Tfr cells (C) within
CD4"CD45RA~CD25"FoxP3", the percentages of Treg and Tfr cells that express CTLA-4 (D and E) and the median fluorescence intensity (MFI) of
CTLA-4 staining on Treg and Tfr cells (F and G). Horizontal gray lines in scatterplots indicate median values for AC and CV patients. Horizontal
dotted lines indicate median values for apparently healthy uninfected controls with similar age and sex distribution who were either malaria-
exposed (EX; n = 40) or malaria-naive (UE; n = 20). p Values for paired comparisons between AC and CV using the Wilcoxon signed rank test are
indicated. See Supporting information Fig. S1 and Supporting information Table S2 for comparisons between patient and control groups.
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symptomatic but uncomplicated P vivax malaria, sampled before
(acute phase, AC) and 28 days after starting treatment with
chloroquine-primaquine (convalescence, CV). The median PCR-
determined baseline parasitemia was 1361 (interquartile range,
381-2623) parasites/uL. Controls with similar age and sex dis-
tribution were 40 apparently healthy malaria-exposed but non-
infected (EX), who had remained free of laboratory-confirmed
malaria within the past 6 months, and 20 malaria-unexposed (UE)
individuals (Supporting information Table S1). Consistent with
previous studies (e.g., [15, 23]), we found transiently decreased
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white blood cell, lymphocyte, monocyte, and platelet counts in AC
patients, compared to CV patients and EX and UE controls (Sup-
porting information Table S1).

Increased expression of CTLA-4 on Treg and Tfr cells
In line with previous observations [15, 24, 25], we found a tran-

sient expansion of CD4TCD45RA~CD251FoxP3™' Tregs (Fig. 1A)
in P vivax malaria patients, compared with EX controls (Fig. 1B
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and Supporting information Fig. S1A; Supporting information
Table S2). Tregs accounted for nearly 2% of antigen-experienced
CD4™" T cells in AC patients. Moreover, the frequency and expres-
sion levels, measured as median fluorescence intensity (MFI), of
the key inhibitory molecule CTLA-4 increased in circulating Tregs
during the acute infection (Fig. 1D and F and Supporting informa-
tion Fig. S1A; Supporting information Table S2; see also [15]).
CTLA-4 MFIs correlated positively with parasite density (rs =
0.4213, p = 0.0084, data not shown).

We next focused on CD4TCD45RA~CD25" cells that express
both CXCR5 and FoxP3, consistent with the Tfr cell phenotype
that modulates antigen-specific antibody responses [11]. Cir-
culating Tfr cells did not increase in frequency in response to
infection; CXCR5*' cells comprised approximately 2% of the
CD4"CD45RA-CD25"FoxP3™ pool in the peripheral blood of
adults during and shortly after P vivax infection (Fig. 1C and Sup-
porting information Fig. S1B). However, we observed an increase
in the proportions of CTLA-4" Tfr cells, with the median levels
of CTLA-4 expression by Tfr cells increased by 60-75% during
the acute infection compared to EX and UE controls (Fig. 1E and
G and Supporting information Fig. S1B; Supporting informa-
tion Table S2). Moreover, Tfr cells from AC patients expressed
significantly higher levels of the costimulatory molecule ICOS,
compared to UE controls (Supporting information Table S2).
These data suggest that the CTLA-4™ Tfr cell population may
be a significant, yet understudied, modulator of antigen-specific
antibody responses elicited by human malaria. Whether CTLA-4
blockade (e.g., with monoclonal antibodies) will affect the ability
of Tfr to modulate B-cell proliferation and antibody production
remains to be determined.

Th2 polarization of antigen-experienced CD4" T cells

Next, we examined the CD45ROTCD45RA~ or memory CD4"
T-cell compartment, which has previously been characterized
in other conditions, including in P falciparum infected patients
[7, 9]. This cell subset expanded in CV patients, compared to
AC patients, but we found no significant differences when CV
patients were compared with EX and UE controls (Fig. 2A and
Supporting information Fig. S2A; Supporting information Table
S3). Within the memory CD4*" T-cell compartment, similar pro-
portions of CXCR5" and CXCR5~ cells were found in AC ver-
sus CV patients (Fig. 2B and Supporting information Fig. S2B
and C). Importantly, memory CD4" T cells were Th2-biased
during the infection, with frequencies of the double-negative
CCR67CXCR3~ (Th2) phenotype increased by 30-65% within
the CXCR5™ (Fig. 2C and Supporting information Fig. S2D) and
CXCR5~ memory CD4" T-cell compartments (Fig. 2D and Sup-
porting information Fig. S2E) compared to EX and UE controls
(Supporting information Table S3). Simultaneously, there were
sustained or transient changes in Thl, Th17, and Th17/Thl
(double-positive) memory CD4™ T-cell frequencies. These data
suggest that, under relatively high transmission levels prevail-
ing in our study site [26], P vivax infection in adults selectively
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induces the expansion of Th2-type antigen-experienced CD4"
T cells.

Changes in circulating Tfh subsets during P. vivax
infection

Circulating CD4" CXCR5" T cells were assumed to be the
peripheral counterpart of the germinal center Tfh population,
although they downregulate Bcl6 expression upon leaving lym-
phoid tissue [8]. In our study, the circulating (c)Tfh cell pool
was defined as CD4*CD45RA~CD45RO*CXCR5FICOSMPD-1+, as
this phenotype was described as the most closely related to
bona fide GC Tth cells [5]. cTfh cells (ICOSMPD-1+) expanded
threefold during acute infection and accounted for nearly 5%
of the CD4TCD45RA~CD45ROTCXCR5™ cell compartment in AC
patients (Fig. 3A and Supporting information Fig. S3A). The
magnitude of cTfh expansion correlated positively with baseline
parasite density (r; = 0.633, p < 0.0001, data not shown). In
addition, AC patients differed from EX and UE controls in their
relative distribution of cTfh cell subsets (Supporting informa-
tion Fig. S3B; Supporting information Table S4). The frequen-
cies of Thl (CCR6-CXCR3") and Th2 (CCR6 CXCR37) cTfh
cells increased by >30% in response to infection, with sustained
decreases in Th17 (CCR6TCXCR3~) cTfth cells and Th17/Thl
(CCR61CXCR3%) cTth cells (Fig. 3B, upper panel). The pheno-
typically ill-defined CXCR5"ICOS*PD1" and CXCR51ICOS*PD1~
subsets of memory CD4" T cells did not expand during the
infection (Fig. 3A and Supporting information Fig. S3A; Sup-
porting information Table S4). However, the Th2-biased pools
of CXCR5TICOS*PD1+ and CXCR5TICOSTPD1~ cells were over-
represented in AC patients, with lower proportions of Thl and
Th17/Thl1 cells, compared to EX and UE controls (Fig. 3B, middle
and lower panels, and Supporting information Fig. S3B). These
results indicate that, under relatively high malaria transmission
levels, the less functional Th1 subset [9] and the more functional
Th2 subset of cTth cells [7] are simultaneously induced during P
vivax infection in adults.

Antibody titers to the blood-stage antigen MSP1,
correlate with cTfh frequency

We measured naturally acquired IgG antibodies to the api-
cal membrane antigen 1 ectodomain (AMAlect) and to the C-
terminal 19 kDa region of merozoite surface protein 1 (MSP149),
two vaccine-candidate P vivax blood-stage antigens. Sustained
antibody titers to both antigens were found in most patients
(Fig. 4A and B); indeed, the majority of patients recognized
AMAlect and MSP1y9 (Fig. 4C and D). Baseline antibody titers
to MSP1y¢ (rs = 0.3471, p = 0.0328), but not to AMAlect (rs =
0.3026, p = 0.0648), correlated positively and significantly with
the frequency of cTfh cells (Fig. 4E and F). Among EX controls,
who were free of malaria within the past 6 months, antibody
titers were substantially lower (Fig. 4A and B). Therefore, titers of
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Figure 2. Expression of CXCRS5, CXCR3, and CCR6 in the memory CD45RO*CD45RA~ CD4" T cell compartment in response to Plasmodium vivax
infection. PBMCs from P. vivax infected adult patients (n = 38) were phenotyped by flow cytometry before (acute-phase sample, AC) and 28 days

after starting curative chloroquine-primaquine treatment (convalescence

sample, CV). Gating strategy is shown in Supporting information Fig.

S7. (A) Representative density plots (left) and scatterplots (right) showing the percentage of CD4" T cells with the CD45RO"CD45RA~ memory
phenotype. (B) Representative density plots (left) and scatterplots (right) showing the percentages of memory CD45RO*CD45RA~ CD4" T cells that
express or not CXCRS5. Representative density plots (left) and scatter plots (right) showing the percentages of CD45RO* CD45RA~CXCR5™" activated
memory CD4" T cells (C) and CD45RO"CD45RA~CXCR5~ memory CD4*" T cells (D) with the Th1l (CCR6-CXCR3"), Th2 (CCR6-CXCR3~), double-

positive of Th17/Th1 (CCR6TCXCR3*), and Th17 (CCR6*CXCR3~) phenotyp

es. Horizontal gray lines in scatterplots indicate median values for AC

and CV patients. Horizontal dotted lines indicate median values for apparently healthy uninfected controls with similar age and sex distribution
who were either malaria-exposed (EX; n = 40) or malaria-naive (UE; n = 20). p Values for paired comparisons between AC and CV using the Wilcoxon
signed rank test are indicated. See Supporting information Fig. S2 and Table S3 for comparisons between patient and control groups.

specific antibody responses are directly proportional to the fre-
quency of cTth cells during P vivax infection and decay within the
following months in the absence of reinfection.

Sustained expansion of atypical memory B cells

We next evaluated the B-cell compartment in malaria patients. We
confirmed some of the previously described changes in the CD19

© 2023 Wiley-VCH GmbH

B-cell compartment in response to P vivax infection [27-29].
We observed sustained expansions of the CD21~CD27" activated
memory B-cell and CD21~CD27~ atypical memory B-cell pools,
as well as transient increases in the proportion of total CD19* B
cells, and CD20~CD21~ plasma cells, with a decreased proportion
of CD217CD27~ naive B cells during the convalescence (Fig. 5A
and B and Supporting information Fig. S4A and B; Supporting
information Table S5). There was a transient decrease in the pro-
portion of classical memory CD21*CD277 B cells, with no change
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Figure 3. Expression of CXCR3 and CCR6 in circulating follicular helper T cells (cTfh) during Plasmodium vivax infection. PBMCs from P. vivax-
infected adult patients (n = 38) were phenotyped by flow cytometry before (acute-phase sample, AC) and 28 days after starting curative
chloroquine-primaquine treatment (convalescence sample, CV). Gating strategy is shown in Supporting information Fig. S7. (A) Represen-
tative density plots (left) and scatterplots (right) showing the frequency of cTfh (ICOSMPD-1+) cells, ICOS*PD1+ cells, and ICOS*PD1~ cells
within the CD4*CD45RA~CD45RO*TCXCRS5*' population. (B) Representative density plots (left) and scatterplots (right) showing the percentages of
CD4+CD45RA~ CD45RO* CXCR5+ICOSMPD-1+ (cTth cells) cells (upper panel), CD4*CD45RA~ CD45RO*CXCR5+ICOSTPD1+ cells (middle panel), and
CD4"CD45RA~CD45RO"CXCR57ICOS*PD1~ cells (lower panel) with the Th1l (CCR6~CXCR3"), Th2 (CCR6~CXCR3~), double-positive of Th17/Thl
(CCR6TCXCR3"), and Th17 (CCR6"CXCR3~) phenotypes. Horizontal gray lines in scatterplots indicate median values for AC and CV patients. Hor-
izontal dotted lines indicate median values for apparently healthy uninfected controls with similar age and sex distribution who were either
malaria-exposed (EX; n = 40) or malaria-naive (UE; n = 20). p Values for paired comparisons between AC and CV using the Wilcoxon signed rank
test are indicated. See Supporting information Fig. S3 and Table S4 for comparisons between patient and control groups.

in the frequency of CD19*CD10*" immature B cells (Fig. 5A and
Supporting information Fig. S4A; Supporting information Table
S5). Significant changes during the infection were also found in
the B-cell subsets defined by CD24 and CD38 expression levels
[30], namely, a decreased frequency of CD24"CD38"° B cells and

© 2023 Wiley-VCH GmbH

an increased frequency of CD24°CD38'" B cells (Fig. 5C and Sup-
porting information Fig. S4C). The proportion of CD24°CD38M
cells was similar between AC and CV patients, and elevated in AC
(but not CV) patients compared with EX control (Fig. 5C and Sup-
porting information Fig. S4C; Supporting information Table S5).

www.eji-journal.eu

85UB017 SUOWIWIOD BAITeER1D 3|qedl|dde sy Aq pausenob e sapiie YO ‘88N J0 S9|NI Joy AReiq1 T 3UIIUO AB|1AN UO (SUORIPUD-pUe-SWULSY /W0 A8 | IMAReIq 1 jeu JUo//Sd1y) SUORIPUOD pue SLie | U1 88s *[£202/90/92] Uo AkeiqiTaulluo A8]IM ‘eods!2Q @AON 8pepseAIN A] 22€0G€202 1B/200T OT/I0p/woo™As | ImAReiqjul|uo//Sdny WOy papeoiumod ‘0 ‘THTYTZST



Eur. J. Immunol. 2023;0:2350372

Immunity to infection 7 of 1

A AMA1ect C AMA1ect E
*kkk
Kdkdkk ik
*kkk
dkkk
— Fedkodkek
s e 12, —* x 25, = =
\—'?, N - - an r=0.3026 p=0.0648
= — @ 10 ™ ©©
25 L 009 o = o® 816%  947%  47.5% @ 20 ® N
P cesse o000 ] D 8 o _© = ®
3 2 0o’ 815
< 4 @nes @D m ; [ ] =
<§( —mmmm- - EEEEE £ F 10 * .
= ° e ° 4 °
< s a® 0000 EEN 3] BN e ° o —
g @® o [H e 5 /3/:/5 ade
.
10) ° EEEE A § S s .
52 - A 0
AC oY EX UE EX UE 2 o SO U
n=38 n=38 n=40 n=20 n=38 n=38 n=40 n=20 IgG anti-AMA1ect titer (Log)
B MSP1,, D MSP1,g F
*kkk
*kkk *kkk
dkkk dkkk
S, Fkkk *okkk
(=) *
S8 e . i 25r=0.3471 p=0.0328
= —~16] ®®_@ o000
o ® ©009° - Zid o® 763% 9a7% 275% 20 «
E5 omw g x . 0
o O 12 ° 4 2 .
= —SWIP— -S> n E 10 .... OO 8 15
a4y e L] 2 g °° ®e l,g .
= o
g Prv 00 mmmm  AAA % . .0‘. ooggo - o 19 H . H
Z 3| esses A S 4le® " 0 .
© n As x , . ; ] 5 i .
% 2 o 0 . S—
AC Ccv EX UE AC CVv EX UE 2 3 . 4 . 5 6
n=38 n=38 n=40 n=20 n=38 n=38 n=40 n=20 IgG anti-MSP1,g titer (Log)

Figure 4. Antibody titers to the blood-stage antigens AMAlect and MSP149 during Plasmodium vivax infection. Plasma samples from P. vivax infected
adult patients (n = 38) were obtained before (AC) and 28 days after starting curative chloroquine-primaquine treatment (CV). Titers of anti-AMA1lect

(A) and anti-MSP1,4 (B) IgG antibodies measured by ELISA were log-trans

formed for display. Reactivity indices of samples tested at 1:600 dilution

(for AMA1lect) (C) and 1:3000 dilution (for MSP149) (D); positive samples have a reactivity index > 1. Horizontal gray lines in scatterplots indicate
median values for AC, CV, EX, and UE patients; apparently healthy uninfected controls with similar age and sex distribution who were either
malaria-exposed (EX; n = 40) or malaria-naive (UE; n = 20). n = number of individuals analyzed in each group; percentages of antibody-positives are
indicated. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. AC and CV were compared by Wilcoxon test, and three groups (AC, EX and UE or CV, EX and
UE) were compared by Kruskal-Wallis test with Dunn’s multiple comparisons test. Spearman correlation between specific IgG titers to AMA1lect (E)

and MSP14g (F) and the proportion (%) of cTfh cells.

Our data confirm the expansion of atypical memory B cells dur-
ing acute malaria [27, 29], which persists after parasite clearance
[29].

Circulating CD24"CD27+ Breg cells and IL-10 sources
during P. vivax infection

IL-10 producing Breg cells are critical for modulating infection
and reducing pathology in experimental murine malaria [31—
33], but whether this applies to human malaria remains unclear
[34]. We first examined the two major Breg cell subsets in the
peripheral circulation of humans, namely, CD24"CD27+ B10-
related cells and CD24MCD38M immature transitional cells [12].
There was a 25-40% reduction in the frequency of CD24"CD27+
Bregs in AC patients, compared to CV, EX, and UE individuals
(Fig. 5D and Supporting information Fig. S4D; Supporting infor-

© 2023 Wiley-VCH GmbH

mation Table S5), but no change in the CD24MCD38" Breg pool
(Fig. 5C and Supporting information Fig. S4C; Supporting infor-
mation Table S5). We next measured the proportion of B cells that
produced IL-10 following ex vivo stimulation with lipopolysac-
charide (LPS), phorbol 12-myristate 13-acetate (PMA), and ion-
omycin. Approximately 2% of circulating CD19% B cells pro-
duced IL-10 when stimulated, with no significant differences
when compared to the groups of participants (Fig. 6A and Sup-
porting information Fig. S5A; Supporting information Table S6).
However, the percentages of IL-10-producing CD24"CD27" Breg
cells, CD24"CD38M Breg cells, CD24"CD38"° memory B cells,
and CD24°CD38" plasma cells were significantly increased in
AC patients compared to CV patients, and also to EX controls in
most cases (Fig. 6A and Supporting information Fig. S5A; Sup-
porting information Table S6). In contrast, the proportion of IL-
10-producing CD24'°CD38° B cells was approximately 10% lower
in AC versus CV patients (Fig. 6A). We therefore show that P vivax

www.eji-journal.eu

‘tﬁVTZST

85US01 7 SUOWLID 91RO 8|qeoljdde auy Aq peusenob ake s VO ‘s J0 sajnJ 10j ARIq1TaUIUQ AB]IA UO (SUOTHPUOD-PUE-SWB)LI0Y A8 | I AReIq 1 pUT|UO//SANL) SUOTPUOD PUe SWLB | 8U)88S *[£202/90/92] U0 Akeiqiauliuo A8]IM ‘eoasiaa eAoN spepsieAluN Aq zZ£0SE20 18/200T 0T/I0p/woo A | im Aleiq i puljuo//sdny wolj papeojumod ‘0



W 8 of 15 Natdlia S. Ferreira et al.

Eur. J. Immunol. 2023;0:2350372

Gated on
AC CD19*CD20* _ AC  Gated on CD19*
N 40 P=0.0041 60~ P<0.0001 A
1054 17.2% "’sj
2 30 ) 2 U
238 380
T o ‘@ M ° %o
] -t $7 |l s ]
@ o
25| *0® 0% 8 %20--% 8%
o] 3 € _g_ % - 1S ~ °£ 0; »
1 61.6% I O T = . 3
Wy —_— S N TeTTY T N T
) ' AC cv AC cv o
Gated on 7]
Ccv CD19*CD20* CV  Gatedoncp1er &
304 P=0.1646 2
w18.1% 23.9% 0] 3
%) [e]
i
8 cg Lo ~
g 3 T3 *
<t ® 5 Co e 8 10° 4
c>n x € & Z
~ Q o X
a . & g 1.1%
] 50.9% 8 §
0 10° 10t |::5 ’ ! :7 " 1&’ :u" 1:75
CD21 PE/Cy7 CD21 PE/Cy7
AC - AC  Gated on cD19*
Gated on CD19 g0, P<0.0001 15 P=0.6385
t o z A ] 14%
18% 45% | o &
L]
104 : § 60 . o Eg o] -
[3) <
= L] N
10° § 8 S 10°4 ) 50~ P <0.0001 .
1 X QiS50 (-: g’ 3 g 40 :
q = - °3 o o 0,0
G'QA’“' i i = 0 T T & ol oo T T . fﬁ\'l 30 .". c)oo%
AC cv 8 o S e
()
CV Gated on CD19* CV Gated on (:[)]_9+ (;:)7 201 RS EX
1004 P<0.0001 154 p=0.2330 153 06° 00
10°4 10° 21.4%| 5 10 )
23.7% 5.9% s 2 =
" a S ° 'y
-2} _é') go —
§ 10° § § . 00 g 0
@ 11%| © o ° @
8 o S 2 N o3
S 160% . 5
F; " \LI)’ u‘:‘ |c’:5 A'C C’V ! (lz-‘ HIJ’ ulr‘ 1(;5
CD38 PerCP CD24 BV605

Figure 5. Characterization of B-cell compartment and circulating CD24"CD27+ B regulatory cells in response to Plasmodium vivax infection. PBMCs
from P. vivax-infected adult patients (n = 38) were phenotyped by flow cytometry before (acute-phase sample, AC) and 28 days after starting curative
chloroquine-primaquine treatment (convalescence sample, CV). Gating strategy is shown in Supporting information Fig. S8. Representative density
plots (left) and scatterplots (right) showing the percentages of CD21-CD27* activated memory cells, CD21*CD27* classic memory cells, CD21~CD27~
atypical memory cells, and CD21*CD27~ naive cells within the CD19*CD20" B-cell population (A) and circulating CD20~CD21~ plasma cells within
the CD19* B-cell population (B). Representative density plots (left) and scatterplots (right) showing the percentages of CD24"MCD3gl°, CD24hCD3gh
regulatory B cells, CD241°CD38!°, and CD24°CD38 (C), and CD24MCD27+ regulatory B cells, within the CD19" B-cell population (D). Horizontal
gray lines in scatterplots indicate median values for AC and CV patients. Horizontal dotted lines indicate median values for apparently healthy
uninfected controls with similar age and sex distribution who were either malaria-exposed (EX; n = 40) or malaria-naive (UE; n = 20). p Values for
paired comparisons between AC and CV using the Wilcoxon signed rank test are indicated. See Supporting information Fig. S4 and Supporting
information Table S5 for comparisons between patient and control groups.

infection induced IL-10 production by B-cell subsets at levels com-
parable to those seen in malaria-naive controls, and significantly
higher than those in EX controls.

Decreased CD39 expression on Breg cells

During the acute infection, the expression of CD39—an ectonu-
cleosidase involved in the generation of the anti-inflammatory

© 2023 Wiley-VCH GmbH

molecule adenosine [35]—was found to be downregulated on
both subsets of circulating CD24MCD27+ Bregs (Fig. 6B and D)
and CD24MCD38" Bregs (Fig. 6C and E), compared to CV patients
and also to controls in some cases (Supporting information Fig.
S5B; Supporting information Table S7). Next, we focused on
Bregs that are able to produce IL-10 upon unspecific stimulation.
Across all groups of participants, the vast majority (>99%) of IL-
10 producing CD24"CD27+ Breg cells also expressed high lev-
els of CD39 (Supporting information Table S8). Similar results
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Figure 6. IL-10 production following unspecific B-cell stimulation ex vivo and expression of CD39 on CD24MCD27+ and CD24MCD38" Breg cells.
PBMCs from P. vivax infected adult patients (n = 38) were analyzed before (acute-phase sample, AC) and 28 days after starting curative chloroquine-
primaquine treatment (convalescence sample, CV). (A) Scatterplots (upper panel) and representative density plots (lower panel) showing the per-
centages of cells producing IL-10, upon ex vivo stimulation with LPS, PMA, and ionomycin, within the populations of CD19* B cells, CD24MCD27+
Breg cells, CD24M CD38M Breg cells, CD24MCD38l°, CD24!°CD38!°, and CD24°CD38M (from left to right). Gating strategy is shown in Supporting infor-
mation Fig. S9. Scatterplots show the percentages of cells CD24MCD27+ Breg cells and CD24MCD38M Breg cells expressing CD39 (B and C) and the
respective median fluorescence intensities (MFIs) for CD39 (D and E). The overall gating strategy is shown in Supporting information Fig. S8. Hor-
izontal gray lines in scatterplots indicate median values for AC and CV patients. Horizontal dotted lines indicate median values for apparently
healthy uninfected controls with similar age and sex distribution who were either malaria-exposed (EX; n = 40) or malaria-naive (UE; n = 20). p
Values for paired comparisons between AC and CV using the Wilcoxon signed rank test are indicated. See Supporting information Fig. S5 and Tables
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S6 and S7 for comparisons between patient and control groups.

were found for the overall population of IL-10-producing CD19" B
cells, CD24MCD38"°, CD24°CD38°, and CD24°CD38" cells, con-
sistent with an extensive overlap between IL-10-producing and
CD39" B-cell subsets. These results suggest that CD39 is specif-
ically upregulated in the Breg cells subsets that produce IL-10,
regardless of the infection status of the donors, consistent with
a regulatory phenotype for CD39" B cells [36]. There was, how-
ever, an exception: fewer IL-10-producing CD24"CD38" imma-
ture transitional Breg cells were CD39" in AC patients (median,
37%), compared to median proportions of 48% CD39" cells in
CV patients (p = 0.0044) and 50-51% in EX and UE controls (p
= 0.0002) (Supporting information Table S8).

Discussion

Here, we characterize how CD4" T- and B-cell populations
respond to P vivax infection in patients continuously exposed

© 2023 Wiley-VCH GmbH

to relatively high malaria transmission in the Amazon. Table 1
summarizes the extensive changes seen in the frequencies of
peripheral-blood cell subsets during the infection. In this table,
to identify a difference between currently (AC) or recently (CV)
infected individuals and controls, we considered primarily local,
EX control subjects. Therefore, differences between CV and EX,
even if not confirmed when comparing CV and UE, were con-
sidered as indicative of changes that persist after infection. In
the cases where changes did not show statistical difference
between groups that sustain the result, we added a question
mark.

We first examined two T regulatory cell subsets. Consis-
tent with previous observations [15, 24, 25], we found an
increased frequency of CD4 Treg cells that express CTLA-4 cir-
culating during the acute infection, which are key contributors
to Th cell downregulation in malaria patients [3, 25]. Impor-
tantly, CTLA-4 expression levels correlated positively with par-
asite density measured by quantitative PCR, consistent with a
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Table 1. Main changes observed in the frequency of circulating CD4 T regulatory (Treg) cells, T follicular regulatory (Tfr) cells, T follicular helper
(cTfh), and B cells during Plasmodium vivax infection.

Cell population

Phenotype

Change

CTLA-4-expressing CD4 Treg
CTLA-4-expressing Tfr
CD4 T memory cells

Th1 CD4 T memory cells
Th2 CD4 T memory cells
Th17 CD4 T memory cells
Th17/Th1 CD4 memory cells
Th1 cTfh cells

Th2 cTfh cells

Th17 cTfh cells
Th17/Th1 cTfh cells
B cells

Immature B cells

Plasma cells
Activated memory B cells

CD4"CD45RA CD25"FoxP3TCTLA-4"
CD4"CD45RA CD25"FoxP3* CXCR5TCTLA-4™
CD4"CD45RO"TCD45RA"

CD4tCD45RO+TCD45RA CCR6"CXCR3+

CD4+tCD45RO*CD45RA"CCR6™ CXCR3"

CD4+CD45RO+CD45RA CCR6TCXCR3"

CD4+CD45RO+CD45RA"CCR6TCXCR3 ™

CD4*+CD45RA CD45RO+ CXCR5+
ICOSMPD-1TCCR6"CXCR3*

CD4"CD45RA CD45ROTCXCR5+
ICOSMPD-1+CCR6"CXCR3"

CD4*+CD45RA CD45RO*+CXCR5* ICOSPPD-1+
CCR6TCXCR3"

CD4*+CD45RA CD45RO*+CXCR5* ICOShiPD-1+
CCR6TCXCR3*

CD19+

CD19*+CD10+

CD19+CD20°CD21"

CD19+CD20+CD21 CD27+

Transient increase
Transient increase
Increase during
convalescence??
Sustained decrease
Sustained increase
Transient decrease
Sustained decrease
Transient increase

Sustained increase
Sustained decrease
Sustained decrease

Transient increase

No significant change

Transient increase
Sustained increase

Classical memory B cells CD19tCD20*tCD21*tCD27* Transient decrease
Naive B cells CD19tCD20+"CD21+CD27" Transient increase
Atypical memory B cells CD19"CD20"CD21°CD27" Sustained increase
Memory B cells CD19CD24bhiCcD38le Transient decrease
Naive mature B cells CD19+CD24l°CD38le Transient increase
Plasma cells/plasmablasts CD19*CD24°CD3gh Transient increase??
Immature transitional Breg cells CD19+CD24hicD3ght No significant change

B10-related Breg cells CD19+CD24MCD27+

Transient decrease

* CV > AC, but no statistically significant difference was found between CV and EX, and between CV and UE.

® AC > EX, but AC = CV, and CV — EX and UE.

dose-response effect. Due to the limited number of cells avail-
able for immunophenotyping, we were unable to characterize
the expression of other surface inhibitory molecules (e.g., lym-
phocyte activation gene-3 [LAG-3], programmed death-1 [PD-1],
and T-cell immunoglobulin mucin-3 [TIM-3]) on Tregs. In addi-
tion, we identified for the first time in vivax malaria patients an
expansion of a distinct subset of circulating Treg cells, namely,
CD4"CD45RA~CD25"FoxP3TCXCR5™ Tfr cells expressing CTLA-
4 [37], which correlated positively with parasite density. The pri-
mary physiological role of Tfr cells is to limit the development of
autoreactive B cells and, together with Tfh cells, control germi-
nal center responses [38]. Increased frequencies of CTLA-4" Tfr
cells were also recently described in P falciparum infected febrile
African children [3]. Importantly, CTLA-4 deletion results in com-
promised effector function of Tfr cells in mice [39, 40], consis-
tent with the key role of this primary inhibitory receptor. Circu-
lating Tfr cells are thought to display an incomplete suppressive
function, compared to those within lymphoid tissues, probably
because they leave these tissues while still immature [41]. We
suggest that the relative proportion of Tfr versus Tth cells and
the expression levels of CTLA-4 on Tfr cells are key parameters to

© 2023 Wiley-VCH GmbH

understand the Tfh-B cell cooperation in human malaria. How-
ever, their role in malaria immunity still remains unknown and
requires further studies.

We describe a Th2 bias in circulating memory CD4* T cells,
but an expansion of both Thl and Th2 subpopulations only in
CXCRS5*ICOSMPD-1* cTth cells within the memory CD4* T cell
pool of vivax malaria patients. It is important to emphasize that
other populations of CD4" T cells expressing CXCR5 (ICOSTPD-
1" and ICOSTPD-17), observed in our study, did not show expan-
sion of Th1 cells during P vivax infection; this means that con-
sidering Tth cells only by the expression of CXCR5 can change
the results when populations of some cells are evaluated. Not
surprisingly, the cTfh cell expansion during acute infection cor-
related positively with the titers of anti-MSP1;¢ antibodies (this
study) and the cumulative exposure to malaria [27]. However, the
Th1 polarization of cTth cell responses described in P falciparum
infected African children [9] and P vivax infected Amazonian
adults [27] was not confirmed in the present study. Moreover,
cTth cell frequencies did not correlate with the titer or breadth
of specific malaria antibody response in African children [9].
Importantly, Th1l-biased cTth cells are often seen as a hallmark
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of poor naturally acquired antibody responses in human malaria
[13]. For example, Thl-restricted cTth responses are linked to the
development of atypical memory B cells in children with P, falci-
parum malaria [42], which also occur in increased frequencies in
P vivax infection ([27, 29]; this study).

Factors such as age, malaria exposure, and the duration of
infection can differentially modulate the expansion of Th1-, Th2-,
and Th17-type cTfh cells in response to P falciparum infection [7,
43, 44]. First, an early Th2 bias in the cTfh pool is seen at peak
parasitemia in experimental human challenge with P falciparum,
followed by a markedly increased proportion of Th1 cTfh cells one
week after treatment [7]. Moreover, ex vivo stimulation of PBMCs
from malaria-naive donors with P falciparum infected red blood
cells recapitulates the activation of both Th1l and Th2 subsets of
cTth cells [7]. These findings suggest that individual and contex-
tual factors are likely to modulate the Th1/Th2 balance of cTfh
cells over the course of human malaria, with clear implications
for antibody-mediated protection triggered by natural infection or
vaccines. However, understanding how antigen-specific Tth cells
differentiate and function in human malaria remains an elusive
goal, as these cells do not circulate in the peripheral blood and
secrete small quantities of cytokines [38].

Breg cells are key regulators of inflammation and pathol-
ogy in experimental murine malaria [31-33]. Here, we pro-
vide the first characterization of circulating Breg cells in
human malaria, showing a decreased frequency of B10-related
Breg cells (CD24MCD27+) and no significant change in the
CD19*CD24"CD38M Breg population. These Breg cell phe-
notypes may play different immunoregulatory roles [12].
CD24MCD27* Breg cells are able to suppress effector CD4* T
cells [45], while CD24MCD38" Breg cells were shown to be
able to convert CD4TCD25~ T cells into Treg cells [46]. Breg
cells are thought to promote the differentiation of Tfr and Treg
cells with suppressive capacity (since they express CTLA4) in
the secondary lymphoid organs. Moreover, after ex vivo stimu-
lation we found only a modest increase in IL-10 production by
CD19+CD24MCD27+ and CD19*CD24MCD38M cells circulating
during acute P vivax infection. We therefore suggest that periph-
eral blood Breg cell subsets are unlikely to be a major source
of IL-10, but Bregs can still play a key role in regulating T-cell
driven immune responses in vivax malaria in secondary lymphoid
organs.

There are important limitations inherent to our findings. First,
we characterized CD4" T- and B-cell populations limited to the
circulating pool, as we had no access to secondary lymphoid tis-
sues from malaria patients. Moreover, these cells were cryopre-
served before immunophenotyping, and we cannot rule out the
risk of selectively losing some cell subpopulations during the
freeze/thaw cycle. Second, we obtained PBMC samples at only
two timepoints, during and shortly after P vivax infection; no
baseline cell frequency data were available for the same partic-
ipants, before infection, to causally link infection with cell popu-
lation changes. We therefore have characterized statistical asso-
ciations, rather than causal relationships between infection and
cellular responses. Third, there are limitations pertinent to the

© 2023 Wiley-VCH GmbH
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study population. We enrolled patients from the main malaria
hotspot in Brazil (annual parasite incidence [API] > 500 cases
per 1000 inhabitants), whose responses to P vivax infection may
not be directly comparable to populations exposed to substan-
tially lower transmission, such as those studied by Figueiredo
et al. [27] (API estimated at 50 cases per 1000 inhabitants).
In addition, our study participants are not exclusively exposed
to P vivax, as low-level transmission of P falciparum persists in
the area. This species accounts for 14% of the local malaria
burden [26]. Moreover, as all study participants were adults
with overt clinical manifestations of P vivax malaria at base-
line, we did not have a comparison group consisting of “clini-
cally immune” individuals, who may remain symptomless despite
being infected. Fourth, differences in the way cTth and B cells
have been phenotypically defined may undermine comparisons
between studies. For instance, here we use a strict definition of
cTfh cells (CD4tCD45RA~CD45RO*CXCR5TICOSMPD-11) that
have not been previously applied to malaria-exposed popula-
tions. In addition, we analyzed B-cell populations by consider-
ing CD21 and CD27 expression levels within the population of
CD197CD20" cells. This gating strategy is not widely used but
allows to exclude plasma cells (CD20-CD21~) that might con-
found the analysis of atypical memory B cells (CD21~CD27~) and
memory activated cells (CD21~CD277").

In conclusion, we describe how a range of peripheral-blood
CD4" T- and B-cell subsets with effector and regulatory roles
respond to P vivax infection. We identify changes associated with
human malaria in understudied cell populations, such as the
increased frequency of CTLA-4" Tfr cells and the reduced fre-
quency of B10-related Breg cells in acute-phase patients. Impor-
tantly, we challenge the notion that cTth responses are Thl-
polarized in human malaria [13, 27] and identify an expansion
of both Th1l and Th2 cTfh cells in P vivax-infected adults. Over-
all, the complex immunoregulatory network triggered by P vivax
infection in adults continuously exposed to malaria transmission,
but still susceptible to clinical malaria, comprises a wide range
of cell subsets—some of which characterized for the first time
in the peripheral blood of vivax malaria patients, such as CTLA-
4% Tfr cells and Breg cells—that may be specifically targeted by
improved vaccination strategies in the near future.

Materials and methods

Study site and population

Participants were enrolled in August-September 2017 in the town
of Mancio Lima (population: 8800), upper Jurua Valley, next to
the border with Peru. The local API was estimated at 521 malaria
cases per 1000 inhabitants in 2017, the highest for a municipal-
ity in Brazil (Ministry of Health of Brazil, 2018). Méancio Lima
receives most rainfall between November and April, but malaria
transmission occurs year-round. Plasmodium vivax accounted for
84.2% of local malaria cases and P falciparum for 14.4%; 1.4%
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were coinfections with both species [26]. The primary malaria
vector is An. darlingi, which thrives in natural breeding sites and
fish farming tanks [47].

We obtained PBMCs to characterize circulating T- and B-cell
subsets, plasma to measure antibodies, and DNA for molecular
diagnosis of malaria. To this end, we collected 76 mL pretreat-
ment, acute-phase (AC) venous blood samples from 38 partic-
ipants with single-species uncomplicated P vivax infection (age
range, 18-70 years). On-site microscopic diagnosis of malaria
was confirmed by species-specific quantitative real-time PCR that
targets the 18SrRNA gene of P falciparum and P vivax, with
a detection threshold between 1.5 and 2 parasites/pL, respec-
tively, of blood. Standard curves were prepared with serial 10-
fold dilutions of the target sequences, cloned into pGEM-T Easy
vectors (Promega, Madison, WI), to allow for quantitation of
parasite loads as number of parasites per milliliter of blood
[15].

In addition, we collected a paired convalescence (CV) blood
sample around 28 days (range, 26-30 days) after the start
of chloroquine (25 mg/kg of body weight over 3 days)—
primaquine (3.5 mg/kg over 7 days) treatment. This therapy
was highly efficacious in the study site at the time of the
study [48]. We also collected blood samples from 40 appar-
ently healthy subjects living in the same area, who reported no
laboratory-confirmed malaria attack within the past 6 months
and were negative for malaria parasites, and thus served as
malaria-exposed (EX) but noninfected controls (age range, 18-
68 years). Finally, we collected blood samples from 20 appar-
ently healthy subjects living in malaria-free Sdo Paulo city, in
Southeast Brazil, who served as malaria-unexposed (UE) con-
trols (age range, 19-56 years; Supporting information Table
S1). None of the female participants was pregnant. CV, EX, and
UE participants were negative for malaria parasites by quan-
titative real-time PCR. Full blood cell counts and hemoglobin
measurements were performed using an ABX Micros 60 auto-
mated cell counter (Horiba, Montpellier, France) (Supporting
information Table S1). Plasmas for antibody measurements were
obtained by centrifugation of heparinized blood samples, shipped
to Sdo Paulo on dry ice, and stored at —20°C until tested for
antibodies.

Peripheral-blood mononuclear cells

PBMCs were separated by gradient centrifugation with Ficoll-
Paque Plus (GE Healthcare, United Kingdom), within 10 h
of blood collection, and cryopreserved in liquid nitrogen as
described [15]. PBMCs were thawed at 37°C in a water bath,
washed in R10 medium (Gibco, Scotland), and resuspended in
RPMI 1640 medium (Gibco) supplemented with 10% (vol/vol)
inactivated fetal bovine serum (HyClone, Cytiva), 10 mM HEPES
(Gibco), 2 mM L-glutamine (Gibco), 1 mM sodium pyruvate
(Gibco), 55 mM 2-mercaptoethanol (Gibco), and a 1% (vol/vol)
solution containing 100 U/mL of penicillin, 10 mg/mL of strep-
tomycin, and 25 mg/mL of amphotericin B (Gibco). PBMCs were

© 2023 Wiley-VCH GmbH

Eur. J. Immunol. 2023;0:2350372

evaluated for viability using Trypan Blue (Sigma-Aldrich) with cell
counts in Neubauer chamber; only samples with >80% viability
were used for flow cytometry analysis.

Monoclonal antibody panels

Four different antibody panels were used to characterize Tregs
and Tfr cells (panel 1; Supporting information Table S9; gat-
ing strategy in Supporting information Fig. S6), Tfh cell subsets
(panel 2; Supporting information Table S10; gating strategy in
Supporting information Fig. S7), B-cell subsets (panel 3; Support-
ing information Table S11; gating strategy in Supporting informa-
tion Fig. S8), and IL-10-producing B cells (panel 4; Supporting
information Table S12; gating strategy in Supporting information
Fig. S9). We titrated each antibody and selected its final dilution
for an optimal specific staining associated with a low background.

CD4 T- and B-cell phenotyping by flow cytometry

Thawed PBMC samples were centrifuged at 500 g for 8 min, and
1.5 x 10° viable cells per well were suspended in 50 WL of stain-
ing buffer (PBS with 2% fetal bovine serum) in V-bottomed 96-
well microplates (Thermo-Fisher, USA) and incubated with Fc-
receptor blocking antibodies (Fc Block, BD Biosciences) for 10
min at room temperature. Following staining with viability dye
(Live/Dead Aqua, Invitrogen), cell surface staining was carried
out with the specific antibodies listed in each panel. Cells were
incubated at room temperature in darkness for 20 min, washed
twice with staining buffer, and fixed with 1% paraformaldehyde.
For FoxP3 expression analysis (see Supporting information Table
S9 for antibodies), cells were fixed and permeabilized using the
FOXP3 Fix/Perm Buffer (BioLegend) kit, stained with anti-FoxP3
antibodies diluted in FOXP3 Perm buffer (BioLegend) for 40
min, washed, and resuspended in staining buffer. Samples were
acquired on an LSR Fortessa flow cytometer (BD Biosciences)
using the FACSDiva software (BD Biosciences), and a total of
10° events were collected in each sample. Anti-mouse (BD Comp-
Bead Anti-Mouse Ig, BD Biosciences) and anti-rat/hamster I1gG-
coated beads (BD CompBead Anti-Rat/Anti-Hamster Ig, BD Bio-
sciences) were stained with each fluorochrome separately and
used for voltage adjustment and software-based compensation,
in addition to beads (ArC Amine Reactive Compensation Bead Kkit,
Invitrogen) labeled with viability dye (Live/Dead Aqua, Invitro-
gen). Data analysis was carried out using FlowJo software version
9.9 (Tree Star, USA). Gating strategies are presented in Support-
ing information Figs. S6 (Tregs and Tfr cells), S7 (Tth cells), and
S8 (B-cell subsets). Fluorescence minus one controls were used
in all panels, for Tregs and Tfr cells (Supporting information Fig.
S10A), Tth cells (Supporting information Fig. S10B), and B-cell
subsets (Supporting information Fig. S11A) in order to control
for spectral overlap and gate positions. All experiments involving
flow cytometry were executed according to the MIATA guidelines.
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Antibody measurements

We used blood-stage P vivax antigens expressed as recombi-
nant proteins to capture IgG antibodies: (a) residues 43-487 of
the P vivax apical membrane antigen 1 ectodomain (AMAlect),
expressed in Pichia pastoris [49] and (b) the C-terminal, 19
kDa region of P vivax merozoite surface protein 1 (MSP1;g),
Belém strain, expressed in Escherichia coli [50]. Methods for
protein expression and purification have been described else-
where [49, 50]. Enzyme immunoassay (ELISA) was used to mea-
sure antigen-specific IgG antibodies. Briefly, high-binding 96-well
Costar microplates (Corning, Corning, NY) were coated with 100
ng/well of solid-phase antigen in phosphate-buffered saline for
16 h at room temperature. Duplicate plasma samples were seri-
ally diluted (eight dilutions, factor 3) starting at 1:200 (followed
by 1:600, 1:1800, etc.) for AMAlect, and 1:1000 (followed by
1:3000, 1:9000, etc.) for MSP1y9, with 100 pwL/well of each
dilution being incubate for 2 h at room temperature. Antibody
binding to solid-phase antigen was detected with peroxidase-
conjugated goat anti-human IgG (Jackson ImmunoResearch, St.
Thomas’ Place, UK). After the use of o-phenylenediamine and
hydrogen peroxide at acidic pH as a substrate, absorbance val-
ues were measured at 490 nm. Reactivity indices were calculated
as the ratio between the absorbance values of each test sample,
at 1:600 for AMA1lect and 1:3000 for MSP1;9, and the antigen-
specific cut-off value, corresponding to the average absorbance for
plasmas from 20 malaria-naive donors plus 3 standard deviations.
Positive samples were those with reactivity indice > 1. The calcu-
late antibody titers were defined as the greatest plasma dilution
giving an absorbance value above 0.1. Titers were log transformed
for display on figures.

Measurement of IL-10 production upon stimulation of
B-cell subsets

We used intracellular cytokine staining to identify the production
and accumulation of IL-10, upon stimulation with LPS followed by
PMA and ionomycin, within the endoplasmic reticulum of CD19%
cells. To this end, 1.5 x 10° PBMCs/well were cultured in dupli-
cate in U-bottomed 96-well microplates at 37°C for 19 h in the
absence (medium alone) or presence of LPS (1 png/mL). LPS-
stimulated cells were further incubated with 50 ng/mL of PMA
(Sigma-Aldrich) and 1 jg/mL of ionomycin, while nonstimulated
cells were maintained in medium alone. PBMCs were treated
with brefeldin A (BD GolgiPlug) and monensin (BD GolgiStop),
to retain cytokines within the cell, and kept for 5 h at 37°C in
a CO, incubator (total incubation, 24 h). Next, the duplicates
were merged and PBMCs were transferred to V-bottomed 96-well
microplates for cell surface and IL-10 intracellular staining with
the monoclonal antibodies listed in Supporting information Table
S12. Gating strategies are presented in Supporting information
Fig. S9 with the Fluorescence minus one controls shown in Sup-
porting information Fig. S11B.

© 2023 Wiley-VCH GmbH
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Statistical analysis

Because most continuous variables were not normally distributed,
results were summarized as medians and interquartile ranges.
The D’Agostino-Pearson normality test was performed only on
demographic and blood cell count data. Nonparametric tests were
applied to ELISA and flow cytometry results. Comparisons across
AC, EX, and UE or CV, EX, and UE participants were done with
nonparametric Kruskal-Wallis (for continuous variables not nor-
mally distributed), parametric ANOVA (for normally distributed
continuous variables), or 2 tests (for proportions). When individ-
ual Kruskal-Wallis tests or ANOVA indicated a significant differ-
ence among groups (p < 0.05, two-sided tests), Dunn’s or Tukey’s
multiple comparison tests were carried out to determine where
the differences lay. Significant differences between AC versus EX
and UE were assumed to indicate changes associated with acute
infection. To compare results from two independent participant
groups (AC vs. EX), we used the Mann-Whitney test. Paired data
(AC vs. CV) were compared with the paired t test or Wilcoxon
signed rank test for continuous variables, or McNemar tests for
proportions to test whether significant changes observed during
acute infection were sustained (i.e., AC = CV) or transient (i.e.,
AC # CV). Nonparametric correlation coefficients (1) were esti-
mated using Spearman rank correlation tests. All analyses were
performed using GraphPad Prism 7.04 (GraphPad, San Diego,
CA).
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