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ABSTRACT

Immunity to malaria is mediated by antibodies that block parasite replication to limit parasite burden and prevent disease.
Cytophilic antibodies have been consistently shown to be associated with protection, and recent work has improved our un-
derstanding of the direct and Fc-mediated mechanisms of protective antibodies. Antibodies also have important roles in vac-
cine-mediated immunity. Antibody induction is driven by the specialized CD4" T cells, T-follicular helper (Tfh) cells, which
function within the germinal centre to drive B-cell activation and antibody induction. In humans, circulating Tfh cells can be
identified in peripheral blood and are differentiated into subsets that appear to have pathogen/vaccination-specific roles in an-
tibody induction. Tfh cell responses are essential for protective immunity from Plasmodium infection in murine models of ma-
laria. Our understanding of the activation of Tfh cells during human malaria infection and the importance of different Tfh cell
subsets in antibody development is still emerging. This review will discuss our current knowledge of Tth cell activation and de-
velopment in malaria, and the potential avenues and pitfalls of targeting Tth cells to improve malaria vaccines.
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malaria vaccine with >75% efficacy by 2030 [4]. To reach this goal, it
is essential to improve our understanding of the mechanisms that
mediate protection from malaria and identify strategies to target
these mechanisms to improve vaccine efficacy in at-risk
populations.

INTRODUCTION

Despite gains in disease control over the last 20 years, malaria
remains a disease of global importance responsible for ~500000
deaths and >200 million cases annually [1]. Alarmingly, reduction in
malaria incidence has stagnated in the last 5 years, and the inci-
dence is expected to rise following disruption to malaria control pro-
grammes due to the COVID-19 pandemic [2]. Malaria control
programmes are hampered by the lack of a highly efficacious ma-
laria vaccine. To date, the most advanced malaria vaccine, RTS,S,
which targets sporozoite stage parasites that invade the liver, has

ANTIBODIES AS KEY MEDIATORS OF
NATURALLY ACQUIRED AND VACCINE-INDUCED
IMMUNITY TO MALARIA

only 55.8% efficacy in children (aged 5-17 months) and 31.3% efficacy
in infants (aged ~12 weeks) in the year following vaccination [3]. The
World Health Organization has set the goal for the development of a

The key role of antibodies in protective immunity to malaria
has been known since the 1960s. Seminal studies that trans-
ferred immunoglobulin (Ig) from malaria immune adults to
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children with malaria resulted in parasite clearance and disease
resolution [5, 6]. While antibodies targeting malaria rarely in-
duce sterilizing protection from infection, high levels of anti-
bodies are thought to block parasite replication to prevent
disease. Recently, gains have been made in our understanding
of the specific mechanisms, types and functions of antibodies
that mediate protection; these findings have been reviewed by a
number of groups [7-10]. Cytophilic antibodies (IgG1 and IgG3
subclasses in humans, IgG2a/b in mice), which fix complement
and bind Fc receptors (FcRs) to mediate cellular functions, are
strongly associated with protection from malaria in human co-
hort studies. Data also support a role for malaria-specific IgM in
protective immunity to malaria [11-18]. Cytophilic functional
antibodies appear to be important in protection across all para-
site stages. For example, complement-fixing antibodies against
blood [19, 20] and hepatocyte stages are strongly associated
with protection [21], and complement-fixing antibodies are also
essential for blocking transmission stages within mosquitos
[22-25]. Cytophilic antibodies are also important mediators of
vaccine immunity induced by RTS,S [10, 26], whole sporozoite
vaccine strategies [27-30], and blood-stage vaccines [31-33], and
are associated with transmission-blocking activity induced by
experimental transmission-blocking vaccines in humans [34].

AGE AND MALARIA EXPOSURE MODULATE
ANTIBODY INDUCTION

Compared to many other infectious diseases, antibody develop-
ment to malaria is relatively slow, with individuals experiencing
multiple parasite infections before protective antibody levels
are achieved. As such, in naturally exposed populations, anti-
malarial antibodies increase with age and exposure and are
consistently higher in adults and in populations in areas of high
malaria transmission [8]. In these areas of high malaria trans-
mission, age and exposure to malaria are co-linear, thus de-tan-
gling the impact of each factor specifically is difficult in cohort
studies. However, evidence suggests that age is an independent
factor in antibody acquisition; modelling studies indicate that
in high-transmission areas, antiparasitic immunity which is
thought to be driven by antibodies, is driven by age and expo-
sure independently [35]. Further, epidemiology studies of ma-
laria naive populations moving into malaria-endemic areas,
show that adults acquire protection from symptomatic malaria
infection and develop antimalarial antibodies more rapidly
than children with the same malaria exposure histories [36, 37].
Age/exposure can also influence the types of antibodies that de-
velop in response to infection [38-41]. For example, in naturally
exposed populations, antibodies to merozoite surface protein 2
(MSP2) are polarized to IgGl subclasses in infants and then
switch to IgG3 dominant responses with increasing age [40, 41].
This switch in polarization to IgG3 is influenced by both age and
exposure independently [39]. While increasing malaria expo-
sure is associated with higher antibody levels, repeated malaria
infection also drives changes to multiple aspects of the immune
responses [42], which together may slow the acquisition of pro-
tective antibodies [43].

Age and exposure also influence the induction of vaccine-in-
duced antibodies. Data from a Phase 3 trial showed that RTS,S
vaccine efficacy was associated with age and exposure; efficacy
was higher in vaccinated children aged 5-17 months compared
to 6- to 12-week-old infants, and also was higher in low trans-
mission compared to high transmission study sites [3]. These
differences in efficacy are reflected by differences in vaccine-

induced antibodies, with lower induced antibodies in infants
compared to children, and reduced vaccine-induced antibodies
in those with prior exposure [26, 44]. Induction of functional
complement-fixing antibodies following RTS,S vaccination has
also been shown to be age and exposure dependent in a Phase
IIb RTS,S vaccine trial [45]. Age and exposure modulation of
antibodies and vaccine efficacy have also been reported for
whole sporozoite vaccines; the first study to assess Plasmodium
falciparum sporozoite (PfSPZ) vaccine in various age groups
reported higher antibody responses in Tanzanian infants com-
pared to Tanzanian adults [46]. These infant antibody responses
were comparable to those of malaria naive US adults who re-
ceived the same immunization regimen, consistent with ham-
pered vaccine responsiveness due to prior malaria exposure
[46]. Consistent with this hypothesis, comparison of responses
between malaria-exposed adults to US malaria-naive adults
showed whole sporozoite vaccination-induced lower antibodies
and resulted in lower efficacy in exposed individuals who re-
ceived the same immunization regimen [46-48]. Together data
show that age/exposure impacts on antibody acquisition are
likely important mediators of vaccine-induced efficacy.
Understanding the specific mechanisms underlying age and ex-
posure differences is important in identifying strategies to de-
velop improved vaccines.

T-FOLLICULAR HELPER CELLS AS THE
CORNERSTONE OF ANTIBODY DEVELOPMENT

The discovery of T-follicular helper (Tfh) cells was first made in
human tonsils when researchers noted a subset of CD4"* T cells
with high expression of CXCRS, a B cell-zone homing marker
[49, 50]. Tth cells were found to be potent inducers of antibody
production, a role once expected to be fulfilled by T-helper 2
(Th2) cells [51]. Tfh cells were eventually cemented as a distinct
subset of CD4" T cells, specialized in providing help to B cells,
when Bcl6 was discovered as the lineage-defining factor [52-54].
Tfh cells are responsible for activating B cells within germinal
centres (GCs) to generate high-affinity antibodies and memory
B cell (MBC) responses including long-lived plasma cells which
maintain circulating antibodies required for protection in multi-
ple disease settings, including malaria. Due to the difficulty of
studying Tfh cells in the context of the GC in humans, much of
their development has been defined in mice [52-57]. The differ-
entiation and regulation of Tfh cells have been extensively
reviewed elsewhere [58-60].

While Tth cells are conventionally defined by the expression
of Bcl6, CXCR5 and PD-1, many other molecules have been de-
scribed to mark Tfh cells including but not limited to ICOS, SAP,
CD40 ligand, TCF-1 and PSGL1 [58]. Tfh cells also co-express
markers of other CD4" T cell lineages, often adopting character-
istics of T-helper 1 (Th1), Th2, T-helper 17 (Th17) and T regula-
tory (Treg) cells. This finding was further emphasized when
researchers detected the presence of circulating Tfh (cTfh) cells
in human peripheral blood and noted that cTfh cells were pre-
sent in distinct subsets, each with a unique phenotype and
function which resemble the characteristics of the related CD4*
T-helper lineage [61-63]. Th1-cTth cells (CXCR3* CCR6™) express
Tbet and produce IFNy, while Th2-cTfh cells (CXCR3™ CCR6™) ex-
press GATA3 and produce Th2-related cytokines such as IL-4
and IL-5. Th17-cTfh cells express RORyt and produce IL-17, and
commonly defined as CXCR3~ CCR6". In vitro co-culture of naive
B cells with subsets of cTth cells have determined both Th2-
cTfth and Th17-cTfh to be efficient helpers of naive B cells,



inducing them to differentiate into Ig-producing plasmablasts,
whereas Th1-cTfh cells lacked this capacity [61]. However, a
separate study found that Th1-cTtfh cells were the predominant
cTfh subset detected following seasonal influenza vaccination,
and Thil-cTfh cells were the most efficient subset to induce
MBC differentiation [64]. Recently, Th13-Tfh/cTfh cells have
been detected in both mice and humans to promote IgE produc-
tion in response to allergens, emphasizing the highly heteroge-
neous nature of Tfh cells [65].

The relative importance of different Tth cell subsets in anti-
body induction appears to be specific to the disease, pathogen
or vaccine context. Th1-cTfh cells have been associated with
antibody induction following infection with multiple viruses
such as Human Immunodeficiency Virus (HIV) [66, 67], hepatitis
C virus [68] and SARS-CoV-2 [69, 70], as well as vaccination to in-
fluenza, which predominantly boosts memory responses [64,
71]. Both Th2-cTfh and Th17-cTfh cells were positively corre-
lated with the frequency of blood plasmablasts in autoimmune
diseases [61, 72]. Th2-cTth cells have also been implicated with
antibody production in malaria [73], while antibody responses
in Ebola and HIV were correlated with Th17-cTfh cells [74, 75].
More work is required to precisely elucidate the functional rele-
vance of each Tfh subset in various disease settings. It is cur-
rently unclear how Tfh cells differentiate into such highly
heterogeneous states. However, data have suggested that spe-
cific factors can be targeted to manipulate Tfh subset develop-
ment, with a recent study in systemic lupus erythematosus
identifying ETS1 as a specific repressor of Th2-Tfh cells [76].

Along with heterogeneous subset differentiation, recent
seminal studies in mice have employed adoptive transfer and
longitudinal cellular tracking to clearly establish that Tfh cells
generate memory and are linearly derived from their effector
progenitors [56, 77-79]. An important observation noted by
these studies was that memory Tfh cells tend to downregulate
many Tfh-associated molecules. CXCR5 appears to be the rare
exception and is maintained in the memory state and is there-
fore the most reliable marker known thus far to identify mem-
ory Tfh cells. Nevertheless, the advent of technological
advances of transcriptomic and epigenomic approaches are im-
proving our resolution for studying memory Tfh cells [77, 78].
Using the microarray technique, folate receptor 4, a receptor for
folic acid which is often associated with CD4" Treg cells [80],
was surprisingly discovered to be upregulated in murine Tfh
cells and was retained in memory Tfh cells, albeit at a lower
level [78, 81]. Differential methylation patterns on the Gzmb
(encoding for Granzyme B) locus were also found to contribute
in preserving the lineage commitment in memory Tfh versus
Th1 cells [77]. In humans, researchers have classified cTth cells
as both memory [61, 62, 64, 82] and recently-activated GC Tfh
cells that have exited lymphoid tissues into the circulation [73,
83]. Recently, elegant studies have confirmed that blood cTfh
are directly related to Tfh cells within lymph nodes and circu-
late via thoracic duct lymph [84]. Importantly, ICOS™ CD38"
cTth cells were enriched for GC Tfh transcriptional and epige-
netic signatures, highlighting that activated Ttfh in the periph-
ery expressing ICOS and CD38 likely represent recently egressed
Tfh cells [84]. These findings are supported by other T cell recep-
tor (TCR) clonal analyses reporting significant clonal overlap be-
tween cTfh cells and tonsillar GC Tfh populations [83, 85].
Perhaps the most consistent idea from these studies is that Tth
cells can traffic in and out lymphoid sites, both during an active
GC reaction and also as a circulating pool of memory cells. This
concept has been confirmed in studies of seasonal influenza
vaccine where cTfh have been shown to be reactivated
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following vaccination with memory populations cycling be-
tween ICOS" CD38" (activated) and ICOS™ CD38™ (resting) states
[82]. There remain large gaps in our understanding of the devel-
opment and heterogeneity of Tth cells, the role of Tfh cell sub-
sets in antibody induction in different disease contexts and the
development and role of Tfh memory cells in protection from
diseases. However, data hint that Tfh cells exist in a plastic
state where they can be malleable to the type of stimuli they are
exposed to, making them extremely useful tools for skewing an-
tibody production in a targeted manner.

LESSONS LEARNT FROM MOUSE STUDIES OF
MALARIA

In recent years, researchers have utilized experimental malaria
models to delineate the factors crucial for Tfh responses during
malaria. Several mouse models have been used to explore GC
reactions during blood-stage infection, including non-lethal
Plasmodium chabaudi chabaudi AS (P. chabaudi), non-lethal P. yoelii
17XNL (P. yoelii) and P. berghei ANKA (P. berghei). Of these, both
P. chabaudi and P. yoelli are most widely used to study antibody-
dependent mechanisms during malaria since B cell responses
were shown to be crucial for either the complete resolution
of parasitaemia or the survival of mice in these two models
[86-88]. On the other hand, P. berghei induces a lethal infection
that cannot be controlled by antibodies in wild-type mice [89]. It
is also difficult to study GC reactions in P. berghei-infected mice
as they would normally succumb to the infection before GC
responses could occur, unless intervened with cures such as an-
timalarial drugs [90]. Here, we will focus on reconciling data
from studies employing P. chabaudi and P. yoelli to understand
Tfh and subsequent GC B cell responses and antibody
induction.

Although Bcl6 has been recognized to be the lineage-deter-
mining transcription factor for Tfh cells in viral infection as
early as 2009 [52], it has only recently been determined that
CD4" T cell-intrinsic Bcl6 signalling is also required for the in-
duction of Tfh responses in malaria [91]. Deletion of Bcl6 in
CD4" T cells abrogated Tfh (CXCR5" PD-1" and CXCR5" Bcl6™)
responses, and resulted in reduced numbers of GC B cells in the
P. chabaudi model. Although IgM induction was not affected, the
production of all parasite-specific IgG responses (IgG1, IgG2b,
IgG2c, IgG3) failed in the absence of Bcl6-expressing CD4" T
cells. While Bcl6 is required for both the generation and differ-
entiation of Tfh cells, ICOS only comes into play later when it
helps promote the interaction of Tfh and B cells at the GC to
maintain long-term Tfh cell responses [92]. Indeed, early Tfth
cell differentiation was not impacted by the absence of ICOS
during P. chabaudi infection. Other co-stimulatory molecules are
also essential in Ttfh cell development in malaria, with complex
cross-talk between different co-stimulatory and co-inhibitory
molecules
[88, 93]. For example, using the P. yoelii model, Tth cell responses
were augmented by combinatorial blockade of PD-L1 and Lag3
[88], but abrogated by the coordinate ligation of 0OX40 and PD-1
blockade [93]. In agreement to Bcl6’s essential role for Tfh cell
responses in P. chabaudi [91], the downregulation of Bcl6 in Tfh
cells due to combined stimulation of OX40 and PD-1 blockade
also led to an impaired GC response during P. yoelii infection
[93]. Importantly, all these studies demonstrated a correlation
between Tth cells and GC B cell and antibody responses. When
Tfh cell responses were improved, parasite-specific IgG titres in-
creased. In some instances, passive transfer of serum from mice
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with better Tfh cell responses also conferred better protection
(88, 92].

Tfh cell development during malaria is also modulated by
cytokines. Generation of Tfh cells in mice depends on IL-6 and
IL-21 [94, 95]. However, it is important to note that IL-6 and IL-21
work redundantly and only the combined absence of both cyto-
kines suppress Ttfh cell differentiation. In murine malaria, both
of these cytokines were similarly shown to support various
aspects of GC development [96, 97]. GC B cell responses, anti-
body-secreting cells and production of parasite-specific anti-
bodies were all reduced in IL-217~ mice during P. chabaudi
infection [96]. Interestingly, Tfh cell responses were normal in
these mice and it was speculated to be due to compensatory
effects by IL-6. This highlights that IL-21 signalling in B cells is
also crucial for optimal humoral immunity in malaria, in agree-
ment with previous reports demonstrating the role of B cell-in-
trinsic IL-21 for plasma cell differentiation in vitro and GC B cell
proliferation in vivo [98, 99]. In the absence of IL-6, GC B cell
responses were disrupted in both the P. chabaudi and P. yoelii
models [97]. Accordingly, parasite-specific antibodies were also
reduced in IL-6~~ mice. The lack of IL-6 only modestly affected
Tfh cells by reducing the levels of ICOS expression in both ma-
laria models. Collectively, data from these two reports support
the idea that IL-6 and IL-21 play redundant roles in supporting
Tfh cells during malaria, but are both independently important
for supporting subsequent GC B cell responses. However, it is
unknown how these findings in mice can be extrapolated to hu-
man infection, as IL-6 appears not to be required for induction
of Tfh cells in humans. IL-12 has instead been implicated to in-
duce expression of various Tfh markers in human CD4" T cells
[100, 101]. In vitro differentiation of human Tfh cells can be
achieved by culturing CD4" T cells in the presence of IL-12 and
TGFB or activin-A, but the same conditions failed to induce mu-
rine Ttfh cells in vitro [101, 102].

Another cytokine signalling pathway that has been gaining
traction for regulating Tfh cell responses in malaria is the Type I
interferon (IFN) signalling pathway. Several groups have now
reported that Tfh cells and Tfh-mediated GC responses were
compromised by Type I IFN signalling during malaria, in both
the P. yoelli and P. chabaudi models [103, 104]. Sebina et al. illus-
trated that the effects of Type I IFN signalling on Ttfh cells pro-
ceeded via conventional dendritic cells to limit ICOS expression
on Tfh cells, leading to decreased GC B cell responses, parasite-
specific antibodies and control of parasite growth [103].
Interestingly, the Tfh cell-suppressive nature of Type I IFN sig-
nalling observed by the Butler group was determined to be due
to Type 1 regulatory (IFNy/IL-10 producing T cells; Tr1)-intrinsic
Type I IFN signalling [104], indicating that there may be multiple
mechanisms in how Type I IFN signalling modulates Tfh cell
responses in malaria. Interferon regulatory factor 3 (IRF3), one
of the upstream molecules of Type I IFN signalling pathway was
also shown to suppress Tfh cells [105]. Using a competitive
mixed bone marrow chimera approach, IRF3 was revealed to act
in B cells to limit GC B cell responses which then obstructed
support for Tfh cells. In the absence of IRF3, parasite-specific
antibodies (IgM, 1gG1, 1gG2b, IgG2c, IgG3) were increased in both
the P. chabaudi and P. yoelii models, again correlating improved
Tfh cell responses with better humoral immunity in malaria.

An important question raised by these studies is the rela-
tionship between IFNy and Tfh cells. IFNy has been traditionally
defined as a classical Thl cytokine and hence often thought
to be antagonistic to Tfh cells, however recent data suggest
that this relationship may be more complex. First, Tfh
cells have been observed to produce IFNy alongside

IL-21 during murine malaria [106, 107]. This suggests heteroge-
neity or plasticity in Tfh cells generated during Plasmodium in-
fection, in line with the observations in human malaria patients
[108]. More importantly, various reports illustrated that IFNy
blockade alone only resulted in modest changes to Ttfh cells in
malaria. In an attempt to enhance Tfh cell functionality, Zander
et al. discovered that IFNy and IL-10 cooperate to impede Tfh
cell, GC B cell and antibody responses, however Tfh cell sup-
pression by either cytokine were minimal when examined inde-
pendently [104]. In a separate study, the authors also observed
that administration of OX40 agonist alone promoted Th1l cell
responses alongside Tfh cells, highlighting that increased levels
of IFNy may not always be detrimental [93]. It was only during
excessive IFNy production due to combined OX40 ligation and
PD-1 blockade that Tfh cell responses were impaired. This was
also mirrored in a number of other studies where Tfh cell
responses were either unaffected or could still be boosted si-
multaneously as improved Thl cell responses were seen [92,
103]. In a study with P. berghei, pro-inflammatory conditions
during severe malaria stunted Tfh cell development by inducing
expression of Tbet and CXCR3 on Tfh cells [90]. Interestingly,
when the authors tried to lift the suppression of Tfh cells by ad-
ministering anti-IFNy blocking antibody alone, the effect was
minimal. The differentiation of Tfh cells was only restored with
the co-blockade of IFNy and TNFa. Therefore, these data remain
consistent with the idea that Thl or IFNy responses can limit
Tfh cells in malaria, however also serve to emphasize that the
levels of IFNy and/or co-operation with other molecules will
need to be taken into context. Indeed, others have suggested
that the Th1 and Tfh cells can exist as a continuum, where the
balance between Bcl6, STAT3, Blimp-1 and Tbet expression in
CD4" T cells determine the predominant Th subset in effector
CD4" T cells in malaria [106, 109]. However, studies using sin-
gle-cell RNA sequencing (scRNAseq) showed that transgenic
Plasmodium-specific CD4" T cells bifurcated into two separate
lineages, Th1 and Tth in vivo [110]. We also recently extended on
that study to demonstrate that the transition of these
Plasmodium-specific CD4" T cells from Th1 and Tth effector cells
to lineage-committed memory cells occurred with minimal lin-
eage plasticity in vivo [111]. Nevertheless, the expression of cer-
tain classical Thl and Tfh molecules were indeed shared
between the two cell fates in both studies (e.g. Ifng, Tbx21, Cxcr3)
[110, 111]. Interestingly, there was substantial transcriptomic
and epigenomic coalescence between the two memory lineages
during the transition from effector to memory, but the lineage
distinction between memory Th1 and Tth cells could be consid-
erably improved by allowing memory cells to develop in the ab-
sence of a persisting Plasmodium infection [111]. Additionally,
the functional quality of these memory cells was also enhanced
when developed in a non-persistent infection. While memory
Tfh-specific recall responses were not assessed here, this work
nonetheless revealed that memory Tfh cells arise from effector
Tfh cell precursors in malaria. Both Thil-like and Tfh-like mem-
ory cells in mice have been reported to recall Tfh cell functions
upon secondary challenge of Plasmodium, implying that memory
CD4" T cells exhibit functional overlap during recall responses
[112]. It remains unknown what level of lineage persistence is
retained in memory Tfh cells upon re-infection, with limited
reports hinting at the multipotency of memory Tfh cells in other
infection models [113].

Other more global factors may also be important in Tfh cell
development in malaria. Recently, changes in cellular metabo-
lism and microbiome composition have been recognized to be
important factors in influencing immune responses across



many disease settings. Plasmodium-specific CD4" T cells were
noted to undergo dramatic changes in their cellular metabolism
as they differentiated into effector Th1l and Tfh cells [110]. Of
note, several metabolic-related molecules such as P2rx7 (encod-
ing P2X7) and Entpdl (encoding CD39) were found to correlate
with Thl and Tfh cell bifurcation in malaria. Subsequently, it
was shown that P2X7, a receptor for extracellular ATP, was in-
deed activated in CD4" T cells during malaria following the rup-
ture of infected erythrocytes [114]. P2X7 activation favoured Th1
over Tfh cells and the deletion of P2X7 improved levels of serum
IL-21, GC reactions, as well as parasite-specific Ig levels, indicat-
ing a role for P2X7 in fine-tuning the balance between Th1 and
Tfh cells, both of which are required for optimal control of
Plasmodium parasites. Exacerbated production of glucocorticoids
due to sleep deprivation has also been recently revealed to com-
promise Tfh cells and subsequent antibody responses during
P. yoelii infection [115]. Additionally, gut microbiota can affect a
range of physiologic functions, including CD4" T helper cells
[116]. One such example is seen in how gut commensal seg-
mented filamentous bacteria drove differentiation and egress of
Tfh cells from the Peyer’s patches into systemic lymphoid sites,
leading to exacerbated GC and autoantibody responses respon-
sible for gut-distal autoimmune arthritis [117]. To date, there
are only limited studies of the role of gut microbiota in CD4" T
cell responses in malaria. Villarino et al. first showed that differ-
ences in gut microbiota composition determined the severity of
malaria in mice, and that disease resistance was associated
with an elevated humoral response, providing the first hint be-
tween Tfh cells and gut microbiota in malaria [118]. This was
then confirmed by the same group recently, where gut micro-
biota was shown to temper with various GC responses, includ-
ing Tfh cells, plasmablasts and GC B cells during malaria [119].
While the exact mechanisms for how gut microbiota act to con-
trol Tth cells and related GC responses remain to be determined,
an interesting finding from this study was that the B cell recep-
tor repertoires of malaria-resistant mice were more diverse
than those of the susceptible mice, suggesting that GC pro-
cesses such as somatic hypermutation and the breadth of circu-
lating Plasmodium-specific antibodies can be modulated by gut
microbiota composition.

LESSON LEARNT FROM HUMAN STUDIES OF
MALARIA

While the central role of Tfh cells in antibody development in
malaria has been clearly demonstrated in animal models, to date
relatively few studies have specifically investigated Tfh cells dur-
ing human malaria. In Malian children (age 6-12), P. falciparum
malaria robustly activated cTfh cells, with increased expression
of ICOS, HLA-DR, CD38 and Ki67 detected within cTfh cells during
malaria compared to post-treatment [108]. However, cTfh cell ac-
tivation was restricted to Th1-cTfh subsets (CXCR3™") both in vivo
during malaria, and in vitro following P. falciparum parasite stimu-
lation of peripheral blood mononuclear cells (PBMCs) from ex-
posed children [108]. As shown in malaria-naive adults [61], Th1-
cTfh cells in malaria-exposed children had reduced capacity to
activate naive B cells compared to Th2/Th17-cTfh subsets [108].
Indeed, while antimalaria IgG responses increased in Malian chil-
dren after a malaria episode, the increase in breath and magni-
tude of the antibody response was not associated with Th1-cTfh
cell activation. Instead, the inflammatory IFNy cytokine milieu
during malaria and Th1-cTfh cells activated by parasite simula-
tion have been implicated in the induction of Tbet* ‘atypical’
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MBC responses [120], which have been previously thought to
have exhausted phenotypes and contribute to slow acquisition of
immunity [121-124]. Consistent with these findings, is our recent
data linking Th2-cTfh cell activation with functional antibody de-
velopment during experimental P. falciparum blood-stage infec-
tion in Australian adults [73]. Within this experimental infection
model, Th2- (CXCR3~ CCR6") and Th1-cTfh (CXCR3"CCR6") sub-
sets were activated with different kinetics. Th2-cTth cell activa-
tion peaked 8 days after inoculation (time of parasite treatment),
and then Th1-cTth cells were activated after parasite treatment
by Day 15. Importantly, only Th2-cTfh cell activation was associ-
ated with the induction of functional antimalarial antibodies.
Furthermore, while atypical MBC responses were not investigated
in this cohort, Thl-cTfh cell activation was associated with
plasma cell induction following treatment [73]. The majority of
these induced plasma cells are thought to be short-lived and
have been shown to act as a nutrient sink to the detriment of GC
B cell activation and MBC development [125]. Data are supported
by a previous study of P. vivax malaria in Brazilian adults which
showed a positive association between Th2-cTfh cells and anti-
malarial antibodies which was strongest in patients with multi-
ple prior malaria infections [126]. Together data support a
positive role of Th2-cTth cell activation in antibody development
in malaria, and suggest that Th1-cTfh cell responses may hamper
immunity via multiple immunoregulatory pathways.

However, other data suggest multiple potential supportive
roles of Th1-Tfh subsets in antibody development and induc-
tion of protective immunity. While ‘atypical’ MBCs have been
thought of as detrimental to the development of protective im-
munity [121-124], recent data have shown that ‘atypical’ MBCs
can mount a rapid recall response and give rise to antibody-pro-
ducing cells, implicating a role for atypical MBCs in protection
[127]. Further, atypical MBCs have the highest levels of IgG3 ex-
pression of all MBC subsets [120]. IgG3 antibodies have the high-
est capacity to fix complement and are consistently associated
with protection from malaria in human cohort studies, as such
the activation of atypical MBCs by Th1-Tfh may be essential in
the development of cytophilic and protective responses.
Consistent with this hypothesis, IFNy is responsible for isotype
switching to cytophilic subclasses (IgG2a/c in mice and IgG1/3 in
humans) [128, 129]. Indeed, recent studies in ehrlichial murine
models have shown that IL-21 and IFNy from Th1-Tfh cells were
specifically required to induce Tbet" B cells and class switching
to cytophilic IgG2c [130] and Tbet expression in B cells is re-
quired for IgG2a/c switching in viral infection [131]. Moreover,
while Th1-cTfh cells have inferior capacity to activate naive B
cells, they have higher capacity to activate MBCs in vitro [64] and
are consistently associated with the activation of MBC
responses following influenza vaccination [64, 71]. As such,
Th1-Tfh may become more important in re-activation of mem-
ory responses as immunity develops.

Due to the paucity of studies on Tfh cells during human ma-
laria, our understanding of specific mechanisms of Tfh cell de-
velopment, the impact of age and exposure, Tfh cell memory
and recall responses, and links to antibody production remains
limited. Type I IFN signalling has been shown to be an impor-
tant driver of Trl cell responses in human malaria infection
[132] and parasite-specific Trl cells dominate CD4" T cell
responses in malaria [133-135]. However, to date, no studies
have investigated the impact of Trl cells on Tfh cell develop-
ment during malaria in humans, despite an important agonistic
role of IFNy and IL-10 on Tfh during murine Plasmodium infec-
tion [104]. Further, there is limited data regarding the longitudi-
nal development of Tfh cell subsets and Tfh cell memory.
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Within P. vivax malaria-infected adults, the total magnitude of
activated cTfh increased with the number of prior malaria epi-
sodes suggesting prior exposure boosts existing memory Tfh
cell responses. However, subset distribution of activated cTfh
cells was not reported across different exposure histories [126],
and it remains unknown whether the subsets distribution of
cTfh cells changes with repeated malaria infection. Of particular
note, to date, all studies of Tfh in human malaria have relied on
peripheral blood sampling, and none has investigated Tth cells
within GCs directly. The use of peripheral samples to under-
stand human responses to infection and vaccination has been
extensively used in the field, largely due to the difficulty in
obtaining samples from lymphoid tissue. Despite the utility of
peripheral blood sampling, studies that take advantage of sam-
pling from lymphoid tissues, such as via ultra-sound guided
fine needle aspiration [136], are powerful approaches to revolu-
tionize our understanding of antibody development. For exam-
ple, recent studies of GC B cells in humans collected via serial
sampling with fine-needle aspiration following influenza vacci-
nation, have shown that vaccination induces recall memory
responses which are cross-reactive to multiple influenza
strains, and also activates naive B cells which predominantly
encode strain-specific antibodies [137]. GCs within the spleen
are also essential sites of immune activation of malaria with
the spleen considered the main lymphoid organ involved in the
development of immunity to malaria, and also independently
as an important site for clearance of blood-stage parasites [138].
However, malaria causes disruption of splenic architecture in
both murine [90, 139-142] and non-human primate (NHP) mod-
els [143], and in humans [144]. Murine studies have suggested
that these changes to splenic architecture may only have mini-
mal impact on parasite-induced [140] or vaccine-driven anti-
body responses [139]. However, there are multiple important
differences between mice and human spleens [145] and it is
possible that malaria-driven disruption to splenic architecture
negatively impacts antibody development in humans.
Investigating these issues will require creative studies that
overcome multiple logistical challenges in acquiring splenic
samples from malaria exposed and malaria-infected individu-
als. Alternatively, the use of recently developed methods to gen-
erate lymphoid organoids in vitro may provide insights
regarding the impact of Plasmodium parasites on human GC and
antibody development [146].

TARGETING TFH CELLS BY VACCINATION TO
IMPROVE EFFICACY

Due to the central importance of Tfh cells in antibody develop-
ment, targeting this CD4" T cell subset has been proposed as an av-
enue to improve vaccine efficacy [147], including in malaria [7].
Encouragingly, despite our limited understanding of Tfh cells in
human malaria infection and vaccination, recent studies have sug-
gested that optimized Tfh cell activation by malaria vaccines may
indeed improve efficacy in humans. In a Phase 1b clinical trial of
an experimental malaria vaccine targeting P. falciparum trophozoite
exported protein 1 antigen, vaccine adjuvanted with the TLR4 ago-
nist glucopyranosyl lipid adjuvant-stable emulsion (GLA-SE) in-
duced higher cTth cell responses compared to alhydrogel (Alum)
adjuvant vaccination [148]. Increased cTfh cell activation by the
GLA-SE vaccine was associated with increased magnitude and lon-
gevity of induced antibodies. No differences in the Th1/Th2/Th17
composition of the activated cTfh cells were detected between the
two vaccines, indicating that boosting the magnitude of the Tfh

cell response may be sufficient in increasing vaccine efficacy in
some cases. Other adjuvants have been shown to boost the magni-
tude of Tfh cells and improve antibody development. For example,
the emulsion-based adjuvant MF59 boosts Tfh cell induction and
GC formation in NHP vaccination [149], and CpG-DNA adjuvant
increases Tfh cell and antibody responses to influenza vaccination,
compared to responses to un-adjuvanted vaccines in humans
[150]. Other vaccine delivery platforms such as nanoparticles, may
also be beneficial, and have been shown to boost Tth cells and anti-
body induction to malaria antigens in mice [151], and NHP models
[152]. Similarly, mRNA vaccines encapsulated in lipid nanoparticles
induce high levels of Tfh cells and potent antibodies in mice and
NHPs [153].

More crucially, boosting specific Tth cell subsets that are in-
volved in antimalarial antibody induction may be important.
Studies have shown that co-administration of RTS,S vaccine (
adjuvanted with ASO1B a liposome-based vaccine adjuvant sys-
tem containing 3-O-desacyl-4’-monophosphoryl lipid A and sa-
ponin QS-21 which acts as a TLR4 agonist), with a viral vectored
vaccine platform consisting of chimpanzee adenovirus serotype
63 and modified vaccinia virus Ankara, resulted in a Th1-cTth cell
bias, lower antibody induction, reduced inhibition of parasites
and decreased vaccine efficacy in humans [154]. This finding is
consistent with our data linking Th2-cTth cell activation with an-
timalarial antibody development [73] and also supported by a re-
cent observation that Th2-cTfh skewed responses correlated with
improved antibody production when the malaria vaccine candi-
date antigen PfRHS was delivered using protein adjuvanted with
AS01B [155]. These findings highlight the need for a clear under-
standing of how specific Tfh cell subsets induce antimalaria anti-
bodies in humans. Attempts to boost Th1-Tfh cells have been
made in HIV vaccines in NHP models, with the addition of the
Th1-chemokine interferon-induced protein-10 (a CXCR3 ligand
and inducer) to DNA vaccine regimes resulting in increased Th1-
signatures within GC Tfh cells and enhanced GC B cell responses
and induced antibodies [156]. Development of similar approaches
for other Tth cell subsets will require improved understanding of
specific mechanisms for driving Tth cell subset development and
responsiveness to vaccination.

Along with specific Tfh cell targeting adjuvants, other strategies
may also improve Tfh cell induction by vaccination. For example,
delayed fractional dosing of RTS,S vaccine improved vaccine effi-
cacy in some cases [157, 158], and improved efficacy of Tfh cell
responses have recently been implicated in fractional dose regime
[159]. While the specific mechanisms underpinning improved effi-
cacy in delayed fractional dosing are unknown, antigen concentra-
tions and availability may be important [160]. Optimized spacing
between vaccine doses has also been shown to enhance GC Tth
cell and B cell responses in HIV vaccines in NHP models [161, 162].
Additionally, the mode of vaccine delivery may also impact Tfh
cell activation , with subcutaneous vaccination of a nanoparticle in
NHP models inducing 10-fold higher Tfh cell and B cell response
within draining lymph node GCs compared to intramuscular vacci-
nation [163].

APPLYING TFH TARGETING VACCINES TO
AT-RISK POPULATIONS

While multiple avenues for improving Tfh cell responses in vac-
cination have been identified, applying these strategies to
at-risk populations may be met with additional challenges. Tfh
cell responsiveness to vaccination is known to be reduced in
aged populations [164, 165], but to date Tfh cell responsiveness



in infants and children compared to adults has only been stud-
ied in limited settings. Age-driven increases to the frequency of
cTfh cells have been identified in malaria-exposed children and
associated with RTS, S vaccine antibody induction [166]. In
mice, neonates have reduced Tfh cell induction following OVA-
alum immunization compared to adults [167], and preferentially
differentiated into short-lived pre-Tfh effector cells in
responses to tetanus-alum vaccination [168]. Both environmen-
tal and T cell-intrinsic factors appear to influence these age-de-
pendent changes to Tfh cell responsiveness [169]. However,
specific adjuvants appear to overcome these age-dependent
responses to vaccination, with CpG [168, 169], R848 [170], CAF01
[171] and MF59 [172, 173] adjuvant vaccines all enhancing neo-
natal responses to adult levels in animal models. In contrast, in
some models of vaccination, neonatal Tfh cell responses appear
to be higher than adults, e.g. HIV-envelope immunization in
macaques [174]. Indeed, antibody induction in humans follow-
ing MF59-adjuvanted HIV envelope vaccines is higher in infants
compared to adults [175]. Similarly, vaccination with live-atten-
uated influenza vaccines in humans results in higher Tfh cell
responses, and antibody induction in children compared to
adults [176]. To rationally design Tfh-targeting malaria vaccines
for infant and children populations, improved understanding of
the mechanisms underpinning different Tfh cell responses to
specific vaccines across age groups is needed.

RTS,S vaccine efficacy is reduced in areas of high malaria
transmission, suggesting that malaria-driven changes to
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immune systems may be important. In Malian children, Tfh cell
activation following parasite stimulation of PBMCs is restricted
to Thl-cTth subsets [108], in contrast to malaria-naive adults
where all cTfh cell subsets are activated by parasite stimulation
in vitro [73]. This may suggest that malaria exposure drives
changes to the ability of Tfh cells to respond to stimulation,
however, whether this impacts responsiveness to vaccination is
unknown. Similarly, malaria drives parasite-specific Tr1 cells,
which dominate the response in malaria-exposed children
[133-135]. Given that Trl-derived IFNy and IL-10 cytokines nega-
tively regulated Tfh cell responses in mice models of malaria
[104], overcoming or blocking parasite-specific Tr1 cells in ma-
laria-exposed children may be required to optimize vaccine re-
sponsiveness. Host-directed therapies or immune check point
blockade may be one such approach to overcome malaria-
driven CD4" T cell imprinting. This concept has been explored
in P. yoelii-infected mice, where blockade of PDL-1, LAG-3 and
CTLA-4 enhanced Tfh cell responses and production of func-
tional antibodies by B cells resulting in rapid control of parasite
burden and accelerated parasite clearance [88, 177]. Given the
heterogeneity human Trl responses, blocking a single target
may only offer small modulation of immune responses.
However, Type I IFN signalling has been identified as key medi-
ators of Trlresponses in both rodent and human malaria [103,
104, 132, 178, 179], and targeting Type I IFN signalling can im-
prove effector T cell responses in animal models of other para-
sitic infections [180]. Whether such approaches can boost

Atypical

Q3
Functional
antibodies

Th17-Tfh

Figure 1: Tfh cells in antibody malaria development in humans and key questions. Subsets of Tfh cells (Th1-cTfh, Th2-cTfh and Th17-cTfh) are present in clinical and
experimental malaria settings. In high-transmission settings, Plasmodium infection in children induces pro-inflammatory cytokine production (IFNy, TNFz, IL-18, IL-12)
which drives Th1-cTfh responses [108, 120]. Plasmodium infection in humans and mice activates Type I interferon (IFN) signalling [103, 104, 132], which signals through
murine dendritic cells (DCs) [103] or Type 1 regulatory (Tr1) cells [104] to suppress Tfh and subsequent antibody responses. It remains unknown whether Type I IFN sig-
nalling via DCs and Tr1 cells are important negative regulators of Tfh development during human infection (Q1). Preferential activation of Th1-cTfh cells in children
from malaria-endemic regions is associated with atypical MBC responses [108, 120]. However, it is unclear whether Th1-Tfh and atypical MBCs have positive or nega-
tive roles in protective immunity (Q2). We have shown that Th2-cTfh cell activation in malaria-naive adults undergoing volunteer infection with Plasmodium parasites
is positively correlated with high levels of functional antibody responses [73]. Whether Th2-Tfh cells also drive functional antibody development in children during
natural exposure (Q3), and their role in MBC development is unknown (Q4). Also, it is not yet known if Tfh subsets retain plasticity after differentiation and during
memory recall responses (Q5). Together, while Tth cells are an attractive target to boost vaccine efficacy, specific knowledge on how to best boost Tfh to improve vac-
cine antibody induction is unknown, and translation of these approaches to the field may face additional challenges (Q6). Solid line: data shown in humans; Dotted
line: data not yet shown in humans. iRBC—infected red blood cells. Key gaps in the field are highlighted in the grey box. Image created using BioRender.com.



8 | Oxford Open Immunology, 2021, Vol. 2, No. 1

malaria responsiveness to vaccination is unknown [181]. Along
with malaria-driven changes to Tfh and CD4" T cells, other
confounding factors may also need consideration in Tfh cell-
targeted therapies. For example, anaemia has been linked to
RTS, S responsiveness in children [166] and low serum iron
impairs plasmablast generation in vitro and responsiveness to
vaccination including Tfh cell activation in animal models [182].
Together, data highlight that multiple challenges remain in de-
signing Ttfh cell-targeted vaccine platforms for malaria in at-risk
populations.

CONCLUSIONS AND FUTURE DIRECTIONS

As the cornerstone of antibody development, Tfh cells are at-
tractive targets for improving vaccine efficacy. In order to do so
for malaria vaccines, it is essential that we improve our under-
standing of the mechanism of Tfh cell biology and function in
malaria infection and vaccination. While much has been learnt
from animal models, further studies are required in humans to
inform the development of Tfh cell target vaccines (Fig. 1).
Specifically, it is essential that we strengthen our understand-
ing of the factors mediating Tfh cell activation in malaria, the
role of specific Tfh cell subsets in antibody induction and lon-
gevity in children, and how age and malaria exposure impact
Tfh cell development and responsiveness to vaccination.
Specific longitudinal studies of individuals with multiple rounds
of malaria infection are required to understand the develop-
ment and plasticity of Tfh cell subsets with repeat infections
and roles of specific Tfh cell subsets in activating naive and
MBCs during malaria infection. Although large key knowledge
gaps remain, encouraging results investigating links between
Tfh cell boosting vaccines strategies and antibody development
in human malaria vaccines, highlight the potential of Tfh cell
targeting and provide encouragement for future vaccine
development.

CONFLICT OF INTEREST STATEMENT

No conflicts to declare.

DATA AVAILABILITY STATEMENT

There is no data associated with this review article.

REFERENCES

1. WHO. World Malaria Report 2019. Geneva: World Health
Organization, 2019. Licence: CC BY-NC-SA 3.0 IGO.

2. Rogerson §J, Beeson JG, Laman M et al. Identifying and com-
bating the impacts of COVID-19 on malaria. BMC Med 2020;
18:239.

3. Rts SCTP. Efficacy and safety of RTS,S/AS01 malaria vaccine
with or without a booster dose in infants and children in
Africa: final results of a phase 3, individually randomised,
controlled trial. Lancet 2015;386:31-45.

4. Moorthy VS, Newman RD, Okwo-Bele JM. Malaria vaccine
technology roadmap. Lancet 2013;382:1700-1.

5. Sabchareon A, Burnouf T, Ouattara D et al. Parasitologic and
clinical human response to immunoglobulin administration
in falciparum malaria. AmJ Trop Med Hyg 1991;45:297-308.

6. Cohen S, Mc GI, Carrington S. Gamma-globulin and acquired
immunity to human malaria. Nature 1961;192:733-7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Beeson JG, Kurtovic L, Dobano C et al. Challenges and strategies
for developing efficacious and long-lasting malaria vaccines.
Sci Transl Med 2019;11. doi:10.1126/scitranslmed.aau1458.
Gonzales SJ, Reyes RA, Braddom AE et al. Naturally acquired
humoral immunity against Plasmodium falciparum ma-
laria. Front Immunol 2020;11:594653.

Moormann AM, Nixon CE, Forconi CS. Immune effector
mechanisms in malaria: An update focusing on human im-
munity. Parasite Immunol 2019;41:e12628.

Kurtovic L, Atre T, Feng G et al. Multi-functional antibodies
are induced by the RTS,S malaria vaccine and associated
with protection in a phase I/IlIa trial. ] Infect Dis 2020. doi:
10.1093/infdis/jiaal144.

Oyong DA, Wilson DW, Barber BE et al. Induction and kinet-
ics of complement-fixing antibodies against Plasmodium vi-
vax merozoite surface protein 3alpha and relationship with
immunoglobulin G subclasses and immunoglobulin M.
J Infect Dis 2019;220:1950-61.

Dodoo D, Aikins A, Kusi KA et al. Cohort study of the associa-
tion of antibody levels to AMA1, MSP119, MSP3 and GLURP
with protection from clinical malaria in Ghanaian children.
Malar ] 2008;7:142.

Richards JS, Stanisic DI, Fowkes FJ et al. Association between
naturally acquired antibodies to erythrocyte-binding anti-
gens of Plasmodium falciparum and protection from ma-
laria and high-density parasitemia. Clin Infect Dis 2010;51:
e50-60.

Adu B, Cherif MK, Bosomprah S et al. Antibody levels against
GLURP R2, MSP1 block 2 hybrid and AS202.11 and the risk of
malaria in children living in hyperendemic (Burkina Faso)
and hypo-endemic (Ghana) areas. Malar ] 2016;15:123.
Arama C, Skinner J, Doumtabe D et al. Genetic resistance to
malaria is associated with greater enhancement of immu-
noglobulin (Ig)M than IgG responses to a broad array of
Plasmodium falciparum antigens. Open Forum Infect Dis 2015;
2:0fv118.

Boyle MJ, Chan JA, Handayuni I et al. IgM in human immu-
nity to Plasmodium falciparum malaria. Sci Adv 2019;5:
eaax4489.

Hopp CS, Sekar P, Diouf A et al. Plasmodium falciparum-
specific IgM B cells dominate in children, expand with ma-
laria, and produce functional IgM. J Exp Med 2021;218. doi:
10.1084/jem.20200901.

Thouvenel CD, Fontana MF, Netland ] et al. Multimeric anti-
bodies from antigen-specific human IgM+ memory B cells
restrict Plasmodium parasites. ] Exp Med 2021;218. doi:
10.1084/jem.20200942.

Boyle MJ, Reiling L, Feng G et al. Human antibodies fix com-
plement to inhibit Plasmodium falciparum invasion of
erythrocytes and are associated with protection against ma-
laria. Immunity 2015;42:580-90.

Reiling L, Boyle MJ, White MT et al. Targets of complement-
fixing antibodies in protective immunity against malaria in
children. Nat Commun 2019;10:610.

Kurtovic L, Behet MC, Feng G et al. Human antibodies acti-
vate complement against Plasmodium falciparum sporo-
zoites, and are associated with protection against malaria in
children. BMC Med 2018;16:61.

Williamson KC, Keister DB, Muratova O et al. Recombinant
Pfs230, a Plasmodium falciparum gametocyte protein, indu-
ces antisera that reduce the infectivity of Plasmodium fal-
ciparum to mosquitoes. Mol Biochem Parasitol 1995;75:33-42.
Read D, Lensen AH, Begarnie S et al. Transmission-blocking
antibodies against multiple, non-variant target epitopes of



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

the Plasmodium falciparum gamete surface antigen Pfs230
are all complement-fixing. Parasite Immunol 1994;16:511-9.
Healer J, McGuinness D, Hopcroft P et al. Complement-medi-
ated lysis of Plasmodium falciparum gametes by malaria-im-
mune human sera is associated with antibodies to the
gamete surface antigen Pfs230. Infect Immun 1997;65:3017-23.
Roeffen W, Beckers PJ, Teelen K et al. Plasmodium falcipa-
rum: a comparison of the activity of Pfs230-specific antibod-
ies in an assay of transmission-blocking immunity and
specific competition ELISAs. Exp Parasitol 1995;80:15-26.
White MT, Verity R, Griffin JT et al. Immunogenicity of the
RTS,S/AS01 malaria vaccine and implications for duration of
vaccine efficacy: secondary analysis of data from a phase 3
randomised controlled trial. Lancet Infect Dis 2015;15:1450-8.
Seder RA, Chang LJ, Enama ME et al. Protection against ma-
laria by intravenous immunization with a nonreplicating
sporozoite vaccine. Science 2013;341:1359-65.

Epstein JE, Paolino KM, Richie TL et al. Protection against
Plasmodium falciparum malaria by PfSPZ accine. JCI Insight
2017;2:e89154.

Zenklusen I, Jongo S, Abdulla S et al. Immunization of ma-
laria-preexposed volunteers with PfSPZ vaccine elicits long-
lived IgM invasion-inhibitory and complement-fixing anti-
bodies. ] Infect Dis 2018;217:1569-78.

Behet MC, Kurtovic L, van Gemert GJ et al. The complement
system contributes to functional antibody-mediated
responses induced by immunization with Plasmodium fal-
ciparum malaria sporozoites. Infect Immun 2018;86. doi:
10.1128/IA1.00920-17.

Feng G, Boyle MJ, Cross N et al. Human immunization with a
polymorphic malaria vaccine candidate induced antibodies
to conserved epitopes that promote functional antibodies to
multiple parasite strains. J Infect Dis 2018;218:35-43.

Genton B, Betuela I, Felger I et al. A recombinant blood-stage
malaria vaccine reduces Plasmodium falciparum density and
exerts selective pressure on parasite populations in a phase
1-2b trial in Papua New Guinea. ] Infect Dis 2002;185:820-7.
Fluck C, Smith T, Beck HP et al. Strain-specific humoral re-
sponse to a polymorphic malaria vaccine. Infect Immun 2004;
72:6300-5.

Talaat KR, Ellis RD, Hurd ] et al. Safety and immunogenicity
of Pfs25-EPA/Alhydrogel(R), a transmission blocking vaccine
against Plasmodium falciparum: an open label study in ma-
laria naive adults. PLoS One 2016;11:e0163144.
Rodriguez-Barraquer I, Arinaitwe E, Jagannathan P et al.
Quantification of anti-parasite and anti-disease immunity
to malaria as a function of age and exposure. Elife 2018;7.
doi:10.7554/eLife.35832.

Baird JK, Jones TR, Danudirgo EW et al. Age-dependent ac-
quired protection against Plasmodium falciparum in people
having two years exposure to hyperendemic malaria. Am ]
Trop Med Hyg 1991;45:65-76.

Baird JK, Purnomo, Basri H et al. Age-specific prevalence of
Plasmodium falciparum among six populations with limited
histories of exposure to endemic malaria. AmJ Trop Med Hyg
1993;49:707-19.

Noland GS, Jansen P, Vulule JM et al. Effect of transmission
intensity and age on subclass antibody responses to
Plasmodium falciparum pre-erythrocytic and blood-stage
antigens. Acta Trop 2015;142:47-56.

Tongren JE, Drakeley CJ, McDonald SL et al. Target antigen,
age, and duration of antigen exposure independently regu-
late immunoglobulin G subclass switching in malaria. Infect
Immun 2006;74:257-64.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Soonetal. | 9

Duah NO, Miles DJ, Whittle HC et al. Acquisition of antibody
isotypes against Plasmodium falciparum blood stage anti-
gens in a birth cohort. Parasite Immunol 2010;32:125-34.
Taylor RR, Allen SJ, Greenwood BM et al. IgG3 antibodies to
Plasmodium falciparum merozoite surface protein 2 (MSP2):
increasing prevalence with age and association with clinical
immunity to malaria. Am] Trop Med Hyg 1998;58:406-13.
Bediako Y, Adams R, Reid AJ et al. Repeated clinical malaria
episodes are associated with modification of the immune
system in children. BMC Med 2019;17:60.

Montes de Oca M, Good MF, McCarthy JS et al. The impact of
established immunoregulatory networks on vaccine efficacy
and the development of immunity to malaria. ] Immunol
2016;197:4518-26.

Rts SCTP. Efficacy and safety of the RTS,S/AS01 malaria vac-
cine during 18 months after vaccination: a phase 3 random-
ized, controlled trial in children and young infants at 11
African sites. PLoS Med 2014;11:e1001685.

Kurtovic L, Agius PA, Feng G et al. Induction and decay of
functional complement-fixing antibodies by the RTS,S ma-
laria vaccine in children, and a negative impact of malaria
exposure. BMC Med 2019;17:45.

Jongo SA, Church LWP, Mtoro AT et al. Safety and differential
antibody and T-cell responses to the Plasmodium falcipa-
rum sporozoite malaria vaccine, PfSPZ vaccine, by age in
Tanzanian adults, adolescents, children, and infants. Am J
Trop Med Hyg 2019;100:1433-44.

Jongo SA, Shekalaghe SA, Church LWP et al. Safety, immuno-
genicity, and protective efficacy against controlled human
malaria infection of Plasmodium falciparum sporozoite vac-
cine in Tanzanian adults. Am] Trop Med Hyg 2018;99:338-49.
Olotu A, Urbano V, Hamad A et al. Advancing global health
through development and clinical trials partnerships: a ran-
domized, placebo-controlled, double-blind assessment of
safety, tolerability, and immunogenicity of PfSPZ vaccine for
malaria in healthy equatoguinean men. Am J Trop Med Hyg
2018;98:308-18.

Breitfeld D, Ohl L, Kremmer E et al. Follicular B helper T cells
express CXC chemokine receptor 5, localize to B cell follicles,
and support immunoglobulin production. J] Exp Med 2000;
192:1545-52.

Schaerli P, Willimann K, Lang AB et al. CXC chemokine re-
ceptor 5 expression defines follicular homing T cells with B
cell helper function. ] Exp Med 2000;192:1553-62.

Mosmann TR, Cherwinski H, Bond MW et al. Two types of
murine helper T cell clone. I. Definition according to profiles
of lymphokine activities and secreted proteins. ] Immunol
1986;136:2348-57.

Johnston RJ, Poholek AC, DiToro D et al. Bcl6 and Blimp-1 are
reciprocal and antagonistic regulators of T follicular helper
cell differentiation. Science 2009;325:1006-10.

YuD, Rao S, Tsai LM et al. The transcriptional repressor Bcl-6
directs T follicular helper cell lineage commitment.
Immunity 2009;31:457-68.

Nurieva RI, Chung Y, Martinez GJ et al. Bcl6 mediates the de-
velopment of T follicular helper cells. Science 2009;325:1001-5.
Choi YS, Kageyama R, Eto D et al. ICOS receptor instructs T
follicular helper cell versus effector cell differentiation via
induction of the transcriptional repressor Bcl6. Immunity
2011;34:932-46.

Pepper M, Pagan AJ, Igyarto BZ et al. Opposing signals from
the Bcl6 transcription factor and the interleukin-2 receptor
generate T helper 1 central and effector memory cells.
Immunity 2011;35:583-95.



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

10 | Oxford Open Immunology, 2021, Vol. 2, No. 1

DiToro D, Winstead CJ, Pham D et al. Differential IL-2
expression defines developmental fates of follicular
versus nonfollicular helper T cells. Science 2018;361. doi:
10.1126/science.aa02933.

Crotty S. T follicular helper cell biology: a decade of discov-
ery and diseases. Immunity 2019;50:1132-43.

Vinuesa CG, Linterman MA, Yu D et al. Follicular helper T
cells. Annu Rev Immunol 2016;34:335-68.

Crotty S. T follicular helper cell differentiation, function,
and roles in disease. Immunity 2014;41:529-42.

Morita R, Schmitt N, Bentebibel SE et al. Human blood
CXCR5(+)CD4(+) T cells are counterparts of T follicular cells
and contain specific subsets that differentially support anti-
body secretion. Immunity 2011;34:108-21.

Locci M, Havenar-Daughton C, Landais E et al. Human circu-
lating PD-1+CXCR3-CXCR5+ memory Tfh cells are highly
functional and correlate with broadly neutralizing HIV anti-
body responses. Immunity 2013;39:758-69.

Schmitt N, Bentebibel SE, Ueno H. Phenotype and functions
of memory Ttfh cells in human blood. Trends Immunol 2014;
35:436-42.

Bentebibel SE, Lopez S, Obermoser G et al. Induction of
ICOS+CXCR3+CXCR5+ TH cells correlates with antibody
responses to influenza vaccination. Sci Transl Med 2013;5:
176ra32.

Gowthaman U, Chen JS, Zhang B et al. Identification of a T
follicular helper cell subset that drives anaphylactic IgE.
Science 2019;365. doi:10.1126/science.aaw6433.

Martin-Gayo E, Cronin J, Hickman T et al. Circulating
CXCR5(+)CXCR3(+)PD-1(lo) Tfh-like cells in HIV-1 control-
lers with neutralizing antibody breadth. JCI Insight 2017;2:
e89574.

Baiyegunhi O, Ndlovu B, Ogunshola F et al. Frequencies of
circulating Th1-biased T follicular helper cells in acute HIV-
1 infection correlate with the development of HIV-specific
antibody responses and lower set point viral load. J Virol
2018;92. doi:10.1128/JV1.00659-18.

Zhang ], Liu W, Wen B et al. Circulating CXCR3(+) Tth cells
positively correlate with neutralizing antibody responses in
HCV-infected patients. Sci Rep 2019;9:10090.

Gong F, Dai Y, Zheng T et al. Peripheral CD4+ T cell subsets
and antibody response in COVID-19 convalescent individu-
als. J Clin Invest 2020;130:6588-99.

Juno JA, Tan HX, Lee WS et al. Humoral and circulating follic-
ular helper T cell responses in recovered patients with
COVID-19. Nat Med 2020;26:1428-34.

Koutsakos M, Wheatley AK, Loh L et al. Circulating TFH cells,
serological memory, and tissue compartmentalization
shape human influenza-specific B cell immunity. Sci Transl
Med 2018;10. doi:10.1126/scitranslmed.aan8405.

Forcade E, Kim HT, Cutler C et al. Circulating T follicular
helper cells with increased function during chronic graft-
versus-host disease. Blood 2016;127:2489-97.

Chan JA, Loughland JR, de Labastida Rivera F et al. Th2-like T
follicular helper cells promote functional antibody produc-
tion during Plasmodium falciparum infection. Cell Rep Med
2020;1:100157.

Farooq F, Beck K, Paolino KM et al. Circulating follicular T
helper cells and cytokine profile in humans following
vaccination with the rVSV-ZEBOV Ebola vaccine. Sci Rep
2016;6:27944.

Boswell KL, Paris R, Boritz E et al. Loss of circulating CD4 T
cells with B cell helper function during chronic HIV infec-
tion. PLoS Pathog 2014;10:e1003853.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Kim CJ, Lee CG, Jung JY et al. The transcription factor Ets1
suppresses T follicular helper type 2 cell differentiation to
halt the onset of systemic lupus erythematosus. Immunity
2018;49:1034-48.e8.

Hale JS, Youngblood B, Latner DR et al. Distinct memory
CD4+ T cells with commitment to T follicular helper- and T
helper 1-cell lineages are generated after acute viral infec-
tion. Immunity 2013;38:805-17.

Marshall HD, Chandele A, Jung YW et al. Differential expres-
sion of Ly6C and T-bet distinguish effector and memory Th1
CD4(+) cell properties during viral infection. Immunity 2011,
35:633-46.

Tubo NJ, Fife BT, Pagan AJ et al. Most microbe-specific naive
CD4(+) T cells produce memory cells during infection.
Science 2016;351:511-14.

Liang SC, Moskalenko M, Van Roey M et al. Depletion of regu-
latory T cells by targeting folate receptor 4 enhances the po-
tency of a GM-CSF-secreting tumor cell immunotherapy.
Clin Immunol 2013;148:287-98.

Iyer SS, Latner DR, Zilliox MJ et al. Identification of novel
markers for mouse CD4(+) T follicular helper cells. Eur J
Immunol 2013;43:3219-32.

Herati RS, Muselman A, Vella L et al. Successive annual influ-
enza vaccination induces a recurrent oligoclonotypic mem-
ory response in circulating T follicular helper cells. Sci
Immunol 2017;2. d0i:10.1126/sciimmunol.aag2152.

Heit A, Schmitz F, Gerdts S et al. Vaccination establishes
clonal relatives of germinal center T cells in the blood of
humans. ] Exp Med 2017;214:2139-52.

Vella LA, Buggert M, Manne S et al. T follicular helper cells in
human efferent lymph retain lymphoid characteristics.
J Clin Invest 2019;129:3185-200.

Brenna E, Davydov AN, Ladell K et al. CD4(+) T follicular helper
cells in human tonsils and blood are clonally convergent but di-
vergent from non-Tfh CD4(+) cells. Cell Rep 2020;30:137-52 e5.
Stephens R, Culleton RL, Lamb TJ. The contribution of
Plasmodium chabaudi to our understanding of malaria.
Trends Parasitol 2012;28:73-82.

van der Heyde HC, Huszar D, Woodhouse C et al. The resolu-
tion of acute malaria in a definitive model of B cell defi-
ciency, the JHD mouse. ] Immunol 1994;152:4557-62.

Butler NS, Moebius J, Pewe LL et al. Therapeutic blockade of
PD-L1 and LAG-3 rapidly clears established blood-stage
Plasmodium infection. Nat Immunol 2011;13:188-95.

Yanez DM, Manning DD, Cooley AJ et al. Participation of lym-
phocyte subpopulations in the pathogenesis of experimen-
tal murine cerebral malaria. ] Immunol 1996;157:1620-4.
Ryg-Cornejo V, loannidis L], Ly A et al. Severe malaria infec-
tions impair germinal center responses by inhibiting T fol-
licular helper cell differentiation. Cell Rep 2016;14:68-81.
Perez-Mazliah D, Nguyen MP, Hosking C et al. Follicular
helper T cells are essential for the elimination of
Plasmodium infection. EBioMedicine 2017;24:216-30.
Wikenheiser DJ, Ghosh D, Kennedy B et al. The costimula-
tory molecule ICOS regulates host Th1 and follicular Th cell
differentiation in response to Plasmodium chabaudi cha-
baudi AS infection. ] Immunol 2016;196:778-91.

Zander RA, Obeng-Adjei N, Guthmiller JJ et al. PD-1 Co-inhib-
itory and OX40 Co-stimulatory crosstalk regulates helper T
cell differentiation and anti-Plasmodium humoral immu-
nity. Cell Host Microbe 2015;17:628-41.

Choi YS, Eto D, YangJA et al. Cutting edge: STAT1 is required
for IL-6-mediated Bcl6 induction for early follicular helper
cell differentiation. ] Immunol 2013;190:3049-53.



95. Eto D, Lao C, DiToro D et al. IL-21 and IL-6 are critical for dif-
ferent aspects of B cell immunity and redundantly induce
optimal follicular helper CD4 T cell (Tfh) differentiation.
PLoS One 2011;6:e17739.

96. Perez-Mazliah D, Ng DH, Freitas do Rosario AP et al
Disruption of IL-21 signaling affects T cell-B cell interactions
and abrogates protective humoral immunity to malaria.
PLoS Pathog 2015;11:e1004715.

97. Sebina I, Fogg LG, James KR et al. IL-6 promotes CD4-+ T-cell
and B-cell activation during Plasmodium infection. Parasite
Immunol 2017. d0i:10.1111/pim.12455.

98. Ettinger R, Sims GP, Fairhurst AM et al. IL-21 induces differ-
entiation of human naive and memory B cells into antibody-
secreting plasma cells. ] Immunol 2005;175:7867-79.

99. Linterman MA, Beaton L, Yu D et al. IL-21 acts directly on B
cells to regulate Bcl-6 expression and germinal center
responses. ] Exp Med 2010;207:353-63.

100.Ma CS, Suryani S, Avery DT et al. Early commitment of naive
human CD4(+) T cells to the T follicular helper (T(FH)) cell
lineage is induced by IL-12. Immunol Cell Biol 2009;87:590-600.

101.Schmitt N, Liu Y, Bentebibel SE et al. The cytokine TGF-beta
co-opts signaling via STAT3-STAT4 to promote the differen-
tiation of human TFH cells. Nat Immunol 2014;15:856-65.

102.Locci M, Wu JE, Arumemi F et al. Activin A programs the dif-
ferentiation of human TFH cells. Nat Immunol 2016;17:
976-84.

103.Sebina I, James KR, Soon MS et al. IFNAR1-signalling
obstructs ICOS-mediated humoral immunity during non-le-
thal blood-stage Plasmodium infection. PLoS Pathog 2016;12:
€1005999.

104. Zander RA, Guthmiller JJ, Graham AC et al. Type I interferons
induce T regulatory 1 responses and restrict humoral immu-
nity during experimental malaria. PLoS Pathog 2016;12:
€1005945.

105.James KR, Soon MSF, Sebina I et al. IFN regulatory factor 3
balances Th1 and T follicular helper immunity during non-
lethal blood-stage Plasmodium infection. J Immunol 2018;
200:1443-56.

106. Carpio VH, Opata MM, Montanez ME et al. IFN-gamma and
IL-21 double producing T cells are Bcl6-independent and
survive into the memory phase in Plasmodium chabaudi in-
fection. PLoS One 2015;10:e0144654.

107.Wikenheiser DJ, Brown SL, Lee ] et al. NK1.1 expression
defines a population of CD4(+) effector T cells displaying
Th1 and Tth cell properties that support early antibody pro-
duction during Plasmodium yoelii infection. Front Immunol
2018;9:2277.

108.0beng-Adjei N, Portugal S, Tran TM et al. Circulating Th1-
cell-type Tfh cells that exhibit impaired B cell help are pref-
erentially activated during acute malaria in children. Cell
Rep 2015;13:425-39.

109. Carpio VH, Aussenac F, Puebla-Clark L et al. T helper plastic-
ity is orchestrated by STAT3, Bcl6, and Blimp-1 balancing pa-
thology and protection in malaria. iScience 2020;23:101310.

110.Lonnberg T, Svensson V, James KR et al. Single-cell RNA-seq
and computational analysis using temporal mixture model-
ling resolves Th1/Tfh fate bifurcation in malaria. Sci Immunol
2017;2. doi:10.1126/sciimmunol.aal2192.

111.Soon MSF, Lee HJ, Engel JA et al. Transcriptome dynamics of
CD4(+) T cells during malaria maps gradual transit from ef-
fector to memory. Nat Immunol 2020;21:1597-610.

112.Zander RA, Vijay R, Pack AD et al. Th1-like Plasmodium-spe-
cific memory CD4(+) T cells support humoral immunity. Cell
Rep 2017;21:1839-52.

Soonetal. | 11

113.Kunzli M, Schreiner D, Pereboom TC et al. Long-lived T follic-
ular helper cells retain plasticity and help sustain humoral
immunity. Sci Immunol 2020;5. doi:
10.1126/sciimmunol.aay5552.

114. Salles EM, Menezes MN, Siqueira R et al. P2X7 receptor drives
Th1 cell differentiation and controls the follicular helper T
cell population to protect against Plasmodium chabaudi ma-
laria. PLoS Pathog 2017;13:€1006595.

115.Fernandes ER, Barbosa ML, Amaral MP et al. Sleep distur-
bance during infection compromises Tfh differentiation and
impacts host immunity. iScience 2020;23:101599.

116.Sprouse ML, Bates NA, Felix KM et al. Impact of gut micro-
biota on gut-distal autoimmunity: a focus on T cells.
Immunology 2019;156:305-18.

117.TengF, Klinger CN, Felix KM et al. Gut microbiota drive auto-
immune arthritis by promoting differentiation and migra-
tion of Peyer’s patch T follicular helper cells. Immunity 2016;
44:875-88.

118.Villarino NF, LeCleir GR, Denny JE et al. Composition of the
gut microbiota modulates the severity of malaria. Proc Natl
Acad Sci USA 2016;113:2235-40.

119. Waide ML, Polidoro R, Powell WL et al. Gut microbiota com-
position modulates the magnitude and quality of germinal
centers during Plasmodium infections. Cell Rep 2020;33:
108503.

120.Obeng-Adjei N, Portugal S, Holla P et al. Malaria-induced in-
terferon-gamma drives the expansion of Tbethi atypical
memory B cells. PLoS Pathog 2017;13:e1006576.

121.Sullivan RT, Kim CC, Fontana MF et al. FCRL5 delineates
functionally impaired memory B cells associated with
Plasmodium falciparum exposure. PLoS Pathog 2015;11:
€1004894.

122.Portugal S, Tipton CM, Sohn H et al. Malaria-associated atyp-
ical memory B cells exhibit markedly reduced B cell receptor
signaling and effector function. Elife 2015;4. doi:
10.7554/eLife.07218.

123.Weiss GE, Crompton PD, Li S et al. Atypical memory B cells
are greatly expanded in individuals living in a malaria-en-
demic area. ] Immunol 2009;183:2176-82.

124.Hansen DS, Obeng-Adjei N, Ly A et al. Emerging concepts in
T follicular helper cell responses to malaria. Int J Parasitol
2017;47:105-10.

125.Vijay R, Guthmiller JJ, Sturtz AJ et al. Infection-induced plas-
mablasts are a nutrient sink that impairs humoral immu-
nity to malaria. Nat Immunol 2020;21:790-801.

126.Figueiredo MM, Costa PAC, Diniz SQ et al. T follicular helper
cells regulate the activation of B lymphocytes and antibody
production during Plasmodium vivax infection. PLoS Pathog
2017;13:€1006484.

127.Kim CC, Baccarella AM, Bayat A et al. FCRL5(+) memory B
cells exhibit robust recall responses. Cell Rep 2019;27:1446-60
e4.

128.Szabo §J, Kim ST, Costa GL et al. A novel transcription factor,
T-bet, directs Thl lineage commitment. Cell 2000;100:
655-69.

129.Reinhardt RL, Liang HE, Locksley RM. Cytokine-secreting fol-
licular T cells shape the antibody repertoire. Nat Immunol
2009;10:385-93.

130.Levack RC, Newell KL, Popescu M et al. CD11c(+) T-bet(+) B
cells require IL-21 and IFN-gamma from type 1 T follicular
helper cells and intrinsic Bcl-6 expression but develop nor-
mally in the absence of T-bet. ] Immunol 2020;205:1050-8.

131.Sheikh AA, Cooper L, Feng M et al. Context-dependent role
for T-bet in T follicular helper differentiation and germinal



12 | Oxford Open Immunology, 2021, Vol. 2, No. 1

center function following viral infection. Cell Rep 2019;28:
1758-72 e4.

132.Montes de Oca M, Kumar R, Rivera FL et al. Type [ interferons
regulate immune responses in humans with blood-stage
Plasmodium falciparum infection. Cell Rep 2016;17:399-412.

133.Jagannathan P, Eccles-James I, Bowen K et al. IFNgamma/IL-
10 co-producing cells dominate the CD4 response to malaria
in highly exposed children. PLoS Pathog 2014;10:e1003864-.

134.Boyle MJ, Jagannathan P, Bowen K et al. Effector phenotype
of Plasmodium falciparum-specific CD4+ T cells is influ-
enced by both age and transmission intensity in naturally
exposed populations. ] Infect Dis 2015;212:416-25.

135.Boyle MJ, Jagannathan P, Bowen K et al. The development of
Plasmodium falciparum-specific IL10 CD4 T cells and pro-
tection from malaria in children in an area of high malaria
transmission. Front Immunol 2017;8:1329.

136.Havenar-Daughton C, Newton IG, Zare SY et al. Normal hu-
man lymph node T follicular helper cells and germinal cen-
ter B cells accessed via fine needle aspirations. J Immunol
Methods 2020;479:112746.

137.Turner JS, Zhou JQ, Han ] et al. Human germinal centres en-
gage memory and naive B cells after influenza vaccination.
Nature 2020;586:127-32.

138.Del Portillo HA, Ferrer M, Brugat T et al. The role of the spleen
in malaria. Cell Microbiol 2012;14:343-55.

139.Cadman ET, Abdallah AY, Voisine C et al. Alterations of
splenic architecture in malaria are induced independently
of Toll-like receptors 2, 4, and 9 or MyD88 and may affect an-
tibody affinity. Infect Immun 2008;76:3924-31.

140. Achtman AH, Stephens R, Cadman ET et al. Malaria-specific
antibody responses and parasite persistence after infection
of mice with Plasmodium chabaudi chabaudi. Parasite
Immunol 2007;29:435-44.

141.Beattie L, Engwerda CR, Wykes M et al. CD8+ T lymphocyte-
mediated loss of marginal metallophilic macrophages fol-
lowing infection with Plasmodium chabaudi chabaudi AS.
J Immunol 2006;177:2518-26.

142.Carvalho LJ, Ferreira-da-Cruz MF, Daniel-Ribeiro CT et al.
Germinal center architecture disturbance during
Plasmodium berghei ANKA infection in CBA mice. Malar ]
2007,6:59.

143. Alves FA, Pelajo-Machado M, Totino PR et al. Splenic archi-
tecture disruption and parasite-induced splenocyte activa-
tion and anergy in Plasmodium falciparum-infected Saimiri
sciureus monkeys. Malar ] 2015;14:128.

144.Urban BC, Hien TT, Day NP et al. Fatal Plasmodium falcipa-
rum malaria causes specific patterns of splenic architectural
disorganization. Infect Immun 2005;73:1986-94.

145. Lewis SM, Williams A, Eisenbarth SC. Structure and function
of the immune system in the spleen. Sci Immunol 2019;4. doi:
10.1126/sciimmunol.aau6085.

146.Wagar LE, Salahudeen A, Constantz CM et al. Modeling hu-
man adaptive immune responses with tonsil organoids. Nat
Med 2021;27:125-35.

147.Linterman MA, Hill DL. Can follicular helper T cells be tar-
geted to improve vaccine efficacy? F1000Res 2016;5. doi:
10.12688/f1000research.7388.1.

148.Hill DL, Pierson W, Bolland DJ et al. The adjuvant GLA-SE pro-
motes human Tfh cell expansion and emergence of public
TCRbeta clonotypes. ] Exp Med 2019;216:1857-73.

149.Liang F, Lindgren G, Sandgren K] et al. Vaccine priming is re-
stricted to draining lymph nodes and controlled by adju-
vant-mediated antigen uptake. Sci Transl Med 2017;9. doi:
10.1126/scitranslmed.aal2094.

150. Aljurayyan AN, Sharma R, Upile N et al. A critical role of T
follicular helper cells in human mucosal anti-influenza re-
sponse that can be enhanced by immunological adjuvant
CpG-DNA. Antiviral Res 2016;132:122-30.

151.Moon JJ, Suh H, Li AV et al. Enhancing humoral responses to
a malaria antigen with nanoparticle vaccines that expand
Tfh cells and promote germinal center induction. Proc Natl
Acad Sci USA 2012;109:1080-5.

152. Thompson EA, Ols S, Miura K et al. TLR-adjuvanted nanopar-
ticle vaccines differentially influence the quality and lon-
gevity of responses to malaria antigen Pfs25. JCI Insight 2018;
3. d0i:10.1172/jci.insight.120692.

153.Pardi N, Hogan MJ, Naradikian MS et al. Nucleoside-modified
mRNA vaccines induce potent T follicular helper and germi-
nal center B cell responses. ] Exp Med 2018;215:1571-88.

154.Bowyer G, Grobbelaar A, Rampling T et al. CXCR3(+) T follicu-
lar helper cells induced by co-administration of RTS,S/
ASO01B and viral-vectored vaccines are associated with re-
duced immunogenicity and efficacy against malaria. Front
Immunol 2018;9:1660.

155. Nielsen CM, Ogbe A, Pedroza-Pacheco I et al. Protein/AS01B
vaccination elicits stronger, more Th2-skewed antigen-spe-
cific human T follicular helper cell responses than heterolo-
gous viral vectors. Cell Rep Med 2021;2:100207.

156.Verma A, Schmidt BA, Elizaldi SR et al. Impact of Th1l CD4
follicular helper T cell skewing on antibody responses to an
HIV-1 vaccine in rhesus macaques. J Virol 2020;94. doi:
10.1128/JV1.01737-19.

157.Regules JA, Cicatelli SB, Bennett JW et al. Fractional third and
fourth dose of RTS,S/AS01 malaria candidate vaccine: a
phase 2a controlled human malaria parasite infection and
immunogenicity study. J Infect Dis 2016;214:762-71.

158.Stoute JA, Slaoui M, Heppner DG et al. A preliminary evalua-
tion of a recombinant circumsporozoite protein vaccine
against Plasmodium falciparum malaria. RTS,S Malaria
Vaccine Evaluation Group. N Engl] Med 1997;336:86-91.

159. Pallikkuth S, Chaudhury S, Lu P et al. A delayed fractionated
dose RTS,S ASO1 vaccine regimen mediates protection via
improved T follicular helper and B cell responses. Elife 2020;
9. do0i:10.7554/eLife.51889.

160. Cirelli KM, Crotty S. Germinal center enhancement by ex-
tended antigen availability. Curr Opin Immunol 2017;47:64-9.

161.Pauthner M, Havenar-Daughton C, Sok D et al. Elicitation of
robust tier 2 neutralizing antibody responses in nonhuman
primates by HIV envelope trimer immunization using opti-
mized approaches. Immunity 2017;46:1073-88 e6.

162.Havenar-Daughton C, Carnathan DG, Torrents de la Pena A
et al. Direct probing of germinal center responses reveals im-
munological features and bottlenecks for neutralizing anti-
body responses to HIV Env trimer. Cell Rep 2016;17:2195-209.

163.Havenar-Daughton C, Carnathan DG, Boopathy AV et al.
Rapid germinal center and antibody responses in non-hu-
man primates after a single nanoparticle vaccine immuni-
zation. Cell Rep 2019;29:1756-66 e8.

164.Gustafson CE, Weyand CM, Goronzy JJ. T follicular helper
cell development and functionality in immune ageing. Clin
Sci (Lond) 2018;132:1925-35.

165. Gustafson CE, Kim C, Weyand CM et al. Influence of immune
aging on vaccine responses. ] Allergy Clin Immunol 2020;145:
1309-21.

166. Hill DL, Carr EJ, Rutishauser T et al. Immune system develop-
ment varies according to age, location, and anemia in
African  children. Sci Transl Med 2020;12. doi:
10.1126/scitranslmed.aaw9522.



167.Debock 1, Jaworski K, Chadlaoui H et al. Neonatal follicular
Th cell responses are impaired and modulated by IL-4. ]
Immunol 2013;191:1231-9.

168.Mastelic-Gavillet B, Vono M, Gonzalez-Dias P et al. Neonatal
T follicular helper cells are lodged in a pre-T follicular helper
stage favoring innate over adaptive germinal center
responses. Front Immunol 2019;10:1845.

169.Mastelic B, do Rosario AP, Veldhoen M et al. IL-22 protects
against liver pathology and lethality of an experimental
blood-stage malaria infection. Front Immunol 2012;3:85.

170.Holbrook BC, D’Agostino RB Jr, Tyler Aycock S et al
Adjuvanting an inactivated influenza vaccine with conju-
gated R848 improves the level of antibody present at
6months in a nonhuman primate neonate model. Vaccine
2017;35:6137-42.

171.Vono M, Eberhardt CS, Mohr E et al. Overcoming the neonatal
limitations of inducing germinal centers through liposome-
based adjuvants including C-type lectin agonists trehalose
dibehenate or curdlan. Front Immunol 2018;9:381.

172.Granoff DM, McHugh YE, Raff HV et al. MF59 adjuvant
enhances antibody responses of infant baboons immunized
with Haemophilus influenzae type b and Neisseria meningi-
tidis group C oligosaccharide-CRM197 conjugate vaccine.
Infect Immun 1997;65:1710-5.

173.Mastelic Gavillet B, Eberhardt CS, Auderset F et al. MF59
mediates its B cell adjuvanticity by promoting T follicular
helper cells and thus germinal center responses in adult
and early life. ] Immunol 2015;194:4836-45.

174.Han Q, Bradley T, Williams WB et al. Neonatal rhesus maca-
ques have distinct immune cell transcriptional profiles

Soonetal. | 13

following HIV envelope immunization. Cell Rep 2020;30:
1553-69 e6.

175.McGuire EP, Fong Y, Toote C et al. HIV-exposed infants vacci-
nated with an MF59/recombinant gp120 vaccine have
higher-magnitude anti-V1V2 IgG responses than adults im-
munized with the same vaccine. J Virol 2018;92. doi:
10.1128/JV1.01070-17.

176.Lartey S, Zhou F, Brokstad KA et al. Live-attenuated influ-
enza vaccine induces tonsillar follicular T helper cell
responses that correlate with antibody induction. J Infect Dis
2020;221:21-32.

177.Kurup SP, Obeng-Adjei N, Anthony SM et al. Regulatory T
cells impede acute and long-term immunity to blood-stage
malaria through CTLA-4. Nat Med 2017;23:1220-5.

178.Haque A, Best SE, Montes de Oca M et al. Type I IFN signaling
in CD8-DCs impairs Thl-dependent malaria immunity. ]
Clin Invest 2014;124:2483-96.

179.Haque A, Best SE, Ammerdorffer A et al. Type I interferons
suppress CD4(+) T-cell-dependent parasite control during
blood-stage Plasmodium infection. Eur J Immunol 2011;41:
2688-98.

180.Kumar R, Bunn PT, Singh SS et al. Type I interferons suppress
anti-parasitic immunity and can be targeted to improve
treatment of visceral leishmaniasis. Cell Rep 2020;30:
2512-2525 e9.

181.Kumar R, Loughland JR, Ng SS et al. The regulation of CD4(+)
T cells during malaria. Immunol Rev 2020;293:70-87.

182.Frost N, Tan TK, Abbas M et al. Hepcidin-mediated hypofer-
remia disrupts immune responses to vaccination and infec-
tion. Med 2021;2:164-79.e12.





