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1  | INTRODUCTION

Malaria is a killer disease caused by infection with species of the 

protozoan parasite, Plasmodium. The most deadly of these parasites 

is Plasmodium falciparum, for which the estimates of morbidity and 

mortality in Africa were 219 million and 435 000, respectively, in 

2017.1 Although several control methods have been employed with 

substantial success, malaria continues to place a heavy burden on 

the health systems and economies of the countries affected. Experts 

agree on the need for the development and subsequent deployment 

of an effective vaccine, which would be the most cost‐effective 

means of disease control and could even lead to elimination of ma‐

laria. However, despite decades of research in malaria vaccine de‐

velopment, a highly effective vaccine remains elusive. RTS,S/AS01, 

the most advanced malaria vaccine so far, has 30% efficacy of short‐

lived protection.2

A better understanding of the host immune response to ma‐

laria, and particularly how to induce and maintain protective levels 

of circulating antibodies, would be highly valuable for producing 

effective vaccines which provide long‐lasting protection from ma‐

laria. Through extensive studies of humoral responses to immuniza‐

tion with model antigens and in acute viral infections, it is generally 
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Summary
B‐cell and antibody responses to Plasmodium spp., the parasite that causes malaria, 

are critical for control of parasitemia and associated immunopathology. Antibodies 

also provide protection to reinfection. Long‐lasting B‐cell memory has been shown to 

occur in response to Plasmodium spp. in experimental model infections, and in human 

malaria. However, there are reports that antibody responses to several malaria an‐

tigens in young children living with malaria are not similarly long‐lived, suggesting 

a dysfunction in the maintenance of circulating antibodies. Some studies attribute 

this to the expansion of atypical memory B cells (AMB), which express multiple in‐

hibitory receptors and activation markers, and are hyporesponsive to B‐cell receptor 

(BCR) restimulation in vitro. AMB are also expanded in other chronic infections such 

as tuberculosis, hepatitis B and C, and HIV, as well as in autoimmunity and old age, 

highlighting the importance of understanding their role in immunity. Whether AMB 

are dysfunctional remains controversial, as there are also studies in other infections 

showing that AMB can produce isotype‐switched antibodies and in mouse can con‐

tribute to protection against infection. In light of these controversies, we review the 

most recent literature on either side of the debate and challenge some of the cur‐

rently held views regarding B‐cell responses to Plasmodium infections.
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accepted that there are two types of long‐lived pathogen‐specific 

cells of the B‐cell lineage commonly persisting in the memory pool: 

long‐lived plasma cells, which secrete specific antibodies, in some 

cases for life; and memory B cells, which confer rapid and enhanced 

responses to secondary pathogen challenge. Follicular helper T‐cell 

(Tfh) and germinal center (GC) B‐cell responses are essential to gen‐

erate isotype‐switched long‐lived plasma cells and memory B cells3 

(Figure 1A). An understanding of whether and how the immune re‐

sponse is compromised, and of the true longevity of the memory 

compartments in Plasmodium infection is necessary for successful 

vaccine development.

Protozoan parasites, such as Plasmodium, have complex life cy‐

cles and, in many cases, different cellular forms within the vertebrate 

host. The vast majority of protozoan parasites give rise to long‐lasting, 

and in some cases, lifelong, chronic infections, dramatically shaped 

by sophisticated immune evasion mechanisms which include a com‐

plex and diverse antigenic repertoire. Thus, protozoan parasites rep‐

resent a substantial challenge to the immune system. Mechanisms 

that regulate B‐cell responses to Plasmodium species have gained 

increasing attention in recent years. It is now well‐established that B 

cells and antibodies are critical to control Plasmodium infection and 

to provide immunity to reinfection.4‐10 Plasmodium‐specific antibod‐

ies, in particular of the IgG subclasses, act by inhibiting Plasmodium 

replication and cell invasion, opsonizing extracellular forms as well as 

infected red blood cells for their destruction by phagocytic cells, and 

promoting lysis by the complement.11‐13

In contrast, Plasmodium infections trigger a series of tempo‐

rary yet striking events that can potentially alter Plasmodium‐spe‐

cific B‐cell responses. These include pronounced inflammation14 

polyclonal B‐cell activation and hypergammaglobulinemia,15‐17 al‐

terations in splenic and bone marrow microarchitecture,18‐20 and 

alteration in hematopoiesis.21,22 Moreover, a series of field studies 

have suggested that B cell responses to Plasmodium spp. might be 

dysfunctional, with poor acquisition of long‐lasting B‐cell responses 

and accumulation of “exhausted” B cells.23‐25 An intriguing subset 

of B cells expressing the transcription factor T‐bet, termed AMB, is 

expanded in subjects exposed to Plasmodium infection.23 B cells with 

similar phenotypical characteristics have been observed in response 

to other infections,23,26‐28 autoimmunity,29 and aging.30 Whether 

T‐bet+ AMB cells contribute to protection from infection or rather 

represent a dysfunctional B‐cell subset that leads to parasite per‐

sistence and pathology remains a focus of intense debate.

Here, we will review and challenge some currently held views 

regarding B‐cell responses to malaria, with a focus on the longevity 

of the circulating antibody response and potential roles of AMB in 

Plasmodium infection in humans and mice.

1.1 | Are B‐cell responses to malaria short‐lived?

Immunological memory refers to long‐lived immunity sustained 

in the absence of pathogen re‐exposure. The B‐cell response to a 

pathogen presents three distinct phases (Figure 1B): (a) Expansion 

and activation: encounter with the pathogen results in the activation 

and extensive proliferation of B cells, leading to several fold increase 

in the frequency of pathogen‐specific B cells as well as the produc‐

tion of pathogen‐specific antibodies by plasmablasts and short‐lived 

plasma cells; (b) Contraction: as the pathogen load is controlled by 

the immune response or curtailed by drug treatment, both the fre‐

quency of pathogen‐specific B cells and the titer of pathogen‐spe‐

cific antibodies drop significantly, (c) Memory: following pathogen 

clearance, a subset of pathogen‐specific long‐lived plasma cells and 

memory B cells survive the contraction phase; the former continue 

to produce pathogen‐specific antibodies, sustaining their circulat‐

ing levels above background; the later recirculate through blood and 

secondary lymphoid organs readily armed for a second encounter 

with the same pathogen which initiated the response. Subsequent 

encounters with the same pathogen have a cumulative effect, result‐

ing in increased precursor frequency of pathogen‐specific memory 

B cells with each round of exposure. Due to increased frequencies, 

reduced activation threshold, as well as isotype switching and affin‐

ity maturation resulting from GC reactions, the response of memory 

B cells is typically faster and of greater magnitude compared with 

F I G U R E  1   Pathogen‐specific B‐cell responses. (A) Schematic 

representation of the germinal center (GC) B‐cell response, which 

results in the generation of two arms of B‐cell memory, long‐lived 

plasma cells and memory B cells. (B) Schematic representation 

of the kinetics of B‐cell responses to pathogens, showing the 

expansion/activation phase (1), the contraction phase (2), and 

the memory phase (3). FDC: follicular dendritic cell; Tfh: follicular 

helper T cell
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that of naive B cells, and results in faster and greater production of 

antibodies of switched isotypes and increased affinity.31

While phases 1 and 2 can typically last for weeks to months, the 

memory phase can last for years to decades and even for life in the 

absence of pathogen re‐exposure.32,33 Long‐term immunity is a fea‐

ture of many systemic infections such as mumps, polio, yellow fever, 

smallpox, measles, and rubella.32,34 Studies showed that detectable 

antibody titers to smallpox could be sustained for over 75 years after 

a single vaccination,35,36 and smallpox‐specific memory B cells could 

be detected in the blood of vaccinees up to 60 years postvaccina‐

tion.37 Amanna and colleagues performed a longitudinal analysis of 

antibody titers and memory B‐cell frequencies specific for viral an‐

tigens (vaccinia, measles, mumps, rubella, varicella–zoster virus, and 

Epstein–Barr virus) and nonreplicating antigens (tetanus and diph‐

theria).32 Both antibody responses and memory B‐cell responses 

were remarkably stable and long‐lived, with antibody responses 

half‐lives ranging from an estimated 50 years for varicella–zoster 

virus to more than 200 years for other viruses such as measles and 

mumps.32 Similar longevity of virus‐specific B‐cell memory was ob‐

served to natural exposure, as demonstrated by the identification of 

memory B cells specific for the 1918 pandemic strain of influenza 

virus circulating in the blood of survivors 90 years after primary ex‐

posure.33 In comparison, antibody responses to tetanus and diph‐

theria showed a shorter half‐life (11‐27 years) but still lasting at least 

a decade, and even over 50 years in some diphtheria cases.32,35,38

Plasmodium infection, with its complex life cycle, antigenic vari‐

ation/polymorphism, and its ability to establish chronic infection 

could well influence development and longevity of B‐cell responses, 

and might not necessarily reflect the kinetics observed after acute 

viral or bacterial infections or vaccination. In fact, immunity to 

Plasmodium parasites is acquired much less efficiently than in most 

viral and bacterial infections, where a single infection is enough 

(sometimes) for life‐long protection.39

Plasmodium parasites present two very distinctive stages in 

the mammalian host (Figure 2A). An initial pre‐erythrocytic or liver 

stage, during which Plasmodium sporozoites invade hepatocytes. 

The liver stage can last between 2 and 7 days,40 depending on the 

parasite and host species, and does not lead to clinical disease. The 

liver stage is followed by a more prolonged erythrocytic stage in 

which Plasmodium merozoites invade red blood cells, giving rise to 

a continuous cycle of invasion, replication, and cell destruction fol‐

lowed by more invasion, leading to clinical manifestations which in 

some cases can be severe or even lethal. As mentioned, Plasmodium‐

specific antibodies confer protection from Plasmodium blood‐stage 

infection in both human and mice.41 However, in humans, the pres‐

ence of Plasmodium‐specific antibodies alone seems not sufficient to 

prevent reinfection.

In areas of stable transmission, Plasmodium‐associated life‐

threatening disease is very much restricted to young children under 

5 years of age and pregnant women.41,42 Immunity to these severe 

clinical manifestations is acquired rapidly, generally after one or two 

infections, and appears to be maintained in the absence of boosting 

by reinfection.43 In contrast, immunity to infection and non‐severe 

disease takes several years to develop and requires continuous ex‐

posure to the parasite. These observations prompted the hypothesis 

that B‐cell responses to Plasmodium parasites might be dysfunc‐

tional or suboptimal, and that generation of long‐lasting humoral 

memory to the parasite might be defective. In support of this, a se‐

ries of field studies showed that titers of Plasmodium‐specific anti‐

bodies drop rapidly after acute infection.44‐47 Moreover, persistent 

infection seems to be required to maintain high titers of Plasmodium‐

specific antibodies, as reduction of transmission due to insecticide 

spraying or antimalarial treatment leads to a general reduction of 

Plasmodium‐specific antibodies, albeit not to reach background 

levels from naive populations. These field studies have an intrinsic 

limitation in that the source of antibodies cannot be unequivocally 

determined. Circulating antibodies can be produced either by short‐

lived activated plasmablasts/plasma cells or from long‐lived plasma 

cells as part of a memory response. Thus, a decline in circulating an‐

tibodies does not necessarily represent a defect in long‐lived plasma 

cells. Measurements of the duration of antibody responses are fur‐

ther confounded by likely constant re‐exposure to the parasite in 

endemic areas. In order to control for these confounding factors, we 

resorted to study the different compartments of the B‐cell response 

F I G U R E  2   Plasmodium infection. (A) Schematic representation 

of pre‐erythrocytic (liver) and erythrocytic (blood) stages of 

Plasmodium spp. infection in the mammalian host. (B) Schematic 

representation of the course of erythrocytic P. chabaudi infection in 

C57BL/6 mice
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to Plasmodium using mouse models of infection. We have exploited 

Plasmodium chabaudi infections in mice, which present a series of 

advantages. In particular, similar to human Plasmodium infections, 

P. chabaudi erythrocytic infections in mice give rise to an acute 

phase of infection followed by a distinctive chronic persistent infec‐

tion with subpatent parasitemia which can last for up to 3 months, 

thus allowing to study the impact of low‐grade chronic infection on 

the B‐cell response (Figure 2B). Using this model, we showed that 

long‐lived plasma cells that secrete anti‐Plasmodium antibodies are 

generated and maintained in the later stages of malaria infections, 

and that these cells are maintained independently of the low‐grade 

chronic infection.48 In the same study, using in vitro cultures and 

ELISpot, we showed that a distinctive P. chabaudi‐specific memory 

B‐cell pool survives for a very prolonged period following complete 

parasite elimination.48 More recently, we confirmed this result using 

ex vivo flow cytometry in combination with natural mosquito trans‐

mission.49 Thus, a single Plasmodium infection in mice leads to the 

generation of long‐lived plasma cells and memory B cells specific to 

a dominant Plasmodium blood‐stage antigen, which are maintained 

above naive background level for very prolonged periods of time 

(presumably for life in mice) independently of the presence of a 

chronic infection.

These results in mice not necessarily contradict with the results 

observed in studies of human malaria. As described in Figure 1B, 

the B‐cell response goes through a dramatic expansion phase shortly 

after infection, followed by a contraction phase once clearance of 

the pathogen has begun. Thus, the drop of Plasmodium‐specific 

antibodies after the acute infection observed in some field studies 

might not necessarily be evidence of poor B‐cell longevity, but rather 

part of a contraction phase characteristic of short‐lived effector re‐

sponses following reduction in parasite load or exposure to new an‐

tigenic variants (Figure 1B). In agreement with this, we have shown 

that Plasmodium‐specific antibody titers drop rapidly by several fold 

after P. chabaudi infection in mice, but are then sustained above 

background level for several months.48,50 Moreover, Plasmodium‐

specific antibody levels after reinfection display kinetics consistent 

with secondary antibody responses.48,50 Evidence of rapid boosting 

of antibody titers in response to Plasmodium re‐exposure has been 

largely documented in areas of seasonal malaria transmission, after 

outbreaks and in travelers.47,51‐56 This is strongly indicative of sec‐

ondary B cell responses driven by memory B cells. Moreover, al‐

though clinical immunity wanes in the absence of exposure, it has 

been documented that individuals, who are no longer exposed, ex‐

perience significantly milder forms of the disease and lower levels 

of parasitemia when compared to fully naive individuals.57‐59 Thus, 

immunological memory might indeed provide some level of protec‐

tion. One possible interpretation of these data is that memory B cells 

contribute to protection from life‐threatening symptoms, while clin‐

ical immunity to infection might be largely conferred by short‐lived 

recently activated antibody‐producing cells sustained by persistent 

infection and constant re‐exposure. In contrast, the mechanisms 

that control severe disease might be entirely independent of B‐cell 

responses and antibodies. Immunity to severe symptoms might be 

related to a change in the type of immune response, such as a re‐

duction in inflammatory responses or a switch away from a strong 

Th1 response, as we have shown in mouse models.60 In contrast, 

elimination of infection (mild or asymptomatic malaria) might require 

antibody responses to all variant forms, something we might expect 

to take time to develop.

Constant re‐exposure in areas of high transmission is a major 

confounder in estimating the longevity of B‐cell responses. Thus, 

evaluating Plasmodium‐specific B‐cell responses in historically in‐

fected individuals, but who are no longer exposed to malaria might 

be the most insightful way to measure longevity. In a study of adult 

Swedish residents who had traveled to malaria endemic areas, 

Plasmodium‐specific memory B cells were detected in 80% of these 

individuals. These responses were maintained for prolonged peri‐

ods of time, lasting up to 16 years in the absence of re‐exposure to 

parasites in some cases. On the other hand, only 30% of travelers 

showed Plasmodium‐specific antibodies above naive levels; some 

displayed Plasmodium‐specific antibodies after at least a decade in 

the absence of re‐exposure.61 In other studies, migrants from en‐

demic areas residing in Spain for long periods (>5 years) without 

continuous malaria exposure presented seropositivity of 32%‐98% 

for erythrocytic antigens,55 while 88% of migrants residing in France 

showed Plasmodium‐specific antibodies, in some cases for up to 

4 years in the absence of re‐exposure.62 In studies of malaria out‐

breaks in Madagascar followed by drastic reductions in transmission, 

Migot et al showed that most exposed individuals maintained P. fal‐

ciparum and P. vivax‐specific antibody and memory B cell responses 

above naive levels for as long as 3‐8 years.52,53 In a study of subjects 

briefly exposed to a Plasmodium vivax malaria outbreak in Brazil, out‐

side of the area in which malaria was endemic, Plasmodium‐specific 

antibody titers remained positive in 47% of cases after 7 years.63 

In a study of adults with previous exposure living in an area of ex‐

tremely low malaria transmission in Thailand, Wipasa and colleagues 

documented P. falciparum and P. vivax‐specific antibody titers and 

memory B cells which persisted for more than 7 years in the absence 

of re‐exposure.64 Several other studies have documented stable 

Plasmodium‐specific memory B cell56,65‐68 and antibody levels69‐72 in 

non‐re‐exposed adults. Moreover, the magnitude and longevity of 

Plasmodium‐specific memory B‐cell responses was shown to be simi‐

lar to the responses to other classic vaccine antigens such as diphthe‐

ria and tetanus toxoid,64,65,73,74 suggesting that the immune system 

can indeed mount memory B‐cell responses to Plasmodium antigens 

to the same extent as to other antigens. Most of these studies have 

been carried out with adults. However, it seems that previously ex‐

posed children who had documented P. falciparum infections several 

years ago, but minimal exposure since, maintain Plasmodium‐specific 

memory B cells at similar levels as compared to those of persistently 

exposed children living in a separate but nearby endemic area.75

In contrast, several field studies, including ours, have shown 

that Plasmodium‐specific antibody responses can be substantially 

shorter‐lived than their cognate memory B‐cell responses, particu‐

larly in children.46,47,61,75 Moreover, in some cases, Plasmodium‐spe‐

cific antibody responses were shown to be considerably shorter 
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than tetanus toxoid in the same individuals.46,47,56 This would either 

suggest that while memory B cells can be long‐lived, there might be 

specific problems in the maintenance of their cognate plasma cells, 

or that antibodies specific to Plasmodium antigens are mostly gener‐

ated by short‐lived plasma cells not resident in survival niches such 

as the bone marrow. Similar results have been reported in HIV and 

HBV, where antigen‐specific memory B cells were found in circula‐

tion in the absence of their corresponding antibodies in contempora‐

neous plasma.76 The molecular and cellular basis for this observation 

is unclear. However, there are two schools of thought on the mech‐

anisms for long‐term maintenance of plasma cells: (a) they could be 

intrinsically long‐lived or (b) are prone to decaying over time but 

replenished from the circulating memory B‐cell pool. In the latter 

case, it has been argued that this could be mediated by restimula‐

tion of memory B cells by either antigen retained in the system, or 

polyclonal stimulants including T cell cytokines and TLR ligands (by‐

stander activation).46,77 In addition, environmental factors such as 

nutritional status and co‐infections can impact longevity of the hu‐

moral response. In this sense, pre‐established long‐lived plasma cells 

seem to be in constant competition for their survival niches with 

newly recruited plasma cells77 and co‐infections with Plasmodium 

parasites and viruses seems to alter humoral responses to both 

viral78 and Plasmodium79 antigens.

Age seems to be another important factor affecting longevity 

of the humoral response, as adults seem to make better long‐lived 

antibody responses to Plasmodium antigens than children.44,45,80 

However, it is not clear yet if maturity of the immune system, rounds 

of re‐exposure, or a combination of both can explain this phenom‐

enon. Finally, low‐transmission regions seem to favor the devel‐

opment of long‐term humoral immunity to malaria.64,65,72,81 Thus, 

Plasmodium‐specific memory B cells seem to have a longevity similar 

to that of memory B cells specific to other antigens. On the other 

hand, Plasmodium‐specific antibody responses may be shorter lived. 

However, this is not a universal finding,62,64,65,74,82,83 and is proba‐

bly influenced by age of the host, nature of the antigen, intensity of 

transmission in specific regions, and natural host‐to‐host variations. 

Identifying the mechanisms that favor the generation of long‐lived 

plasma cells and consequently long‐lived antibody responses to 

Plasmodium parasites can critically contribute to the development of 

long‐lived protective malaria vaccines, and therefore should receive 

major attention.

1.2 | Are atypical memory B cells “memory,” 
“effector,” anergic, protective or pathogenic?

An intriguing subset of B cells expressing the transcription factor 

T‐bet, termed AMB, has been shown to be expanded in blood of 

subjects exposed to Plasmodium infection.23 B cells with similar phe‐

notypical characteristics have been observed in response to several 

other chronic infections including HCV, HIV, Mycobacterium tubercu‐

losis, Toxoplasma gondii, and Leishmania infantum.28,84‐86 Moreover, 

their involvement in immune responses seems to go beyond infec‐

tions, as B‐cell subsets with very similar phenotypes have been 

shown to be expanded with age,30,87 and suggested to be a driving 

force in autoimmune disorders.88 As these B cells have been identi‐

fied independently by different research groups working in differ‐

ent fields, they have received a variety of alternative denominations, 

including “exhausted memory B cells,” “tissue‐like memory B cells,” 

“age‐associated B cells,” “double negative B cells,” and “T‐bet+” or 

“CD11c+T‐bet+ B cells.” In this review, we will use the denomination 

they were originally given in the field of malaria: AMB. Whether T‐

bet+ AMB contribute to protection from malaria infection, or rather 

represent a dysfunctional B‐cell subset that leads to parasite persis‐

tence and pathology, remains a focus of intense debate.

AMB were first described in the context of malaria by Weiss 

and colleagues over 10 years ago.23 These cells showed a very sim‐

ilar phenotype to a FCRL4+ B‐cell subset that was described to be 

expanded in the blood of HIV‐infected individuals with high viral 

loads.26 More recently, malaria‐associated AMB were shown to pref‐

erentially express FCRL5 and FCRL3 but not FCRL4 as previously 

thought.24,89 Similar to HIV, high‐circulating antigen load (parasite‐

mia) seemed to favor the accumulation of this atypical B‐cell subset 

in malaria, thus suggesting chronic persistent infection may drive 

the expansion and accumulation of this B‐cell subset in peripheral 

blood.23 In the context of HIV, AMB were termed “exhausted” tis‐

sue‐like memory B cells, due to their similarity to a memory B‐cell 

subset found in human tonsillar tissues.90 In addition to FCRL5 and 

FCRL3, these cells express relatively high levels of other potentially 

inhibitory receptors including, CD22, CD85j, CD85k, LAIR‐1, CD72, 

and PD‐1, and show a trafficking receptor expression pattern con‐

sistent with a profile of migration to inflamed tissues, which includes 

CD11b, CD11c, and CXCR3. AMB are antigen‐experienced, class‐

switched B cells, which lack the expression of GC markers. Further 

studies demonstrated the expression of the transcription factor T‐

bet and the cytokine IFNγ by these cells, also characteristic of Th1 

CD4+ T cells.84,91,92 Although they received the “memory” denomi‐

nation, AMB do not express CD21 or the hallmark human memory 

B‐cell marker CD27, and have a substantially shorter life span than 

classical CD27+ memory B cells.26

Comparison of B‐cell profiles from children living in a rural com‐

munity of P. falciparum transmission with those of age‐matched chil‐

dren living under similar conditions in a nearby community where P. 

falciparum transmission ceased over 5 years prior to the study shows 

that increases in AMB are driven by P. falciparum exposure, and not 

influenced by other factors commonly associated with malaria, such 

as coinfections and malnutrition.25 Moreover, temporary expansion 

of AMB in blood has been documented in response to human con‐

trolled malaria infections.93,94 The appearance of AMB is strongly as‐

sociated with high parasitemias or high exposure to the parasite, as 

individuals living in areas of high malaria transmission present higher 

frequencies of AMB than those in areas of moderate transmission.89 

Similarly, repetitive Plasmodium episodes result in higher frequen‐

cies of AMB,92 and AMB frequencies are greater in children with 

persistent asymptomatic P. falciparum parasitemia compared with 

parasite‐free children.23 Conversely, AMB frequencies decline as 

parasitemias are reduced or eliminated and when there is no further 
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exposure61,74,95,96 supporting the view that the presence of a signif‐

icant level of parasitemia over a period of time is necessary for the 

induction and maintenance of AMB cells.

The important question is—can these AMB cells be induced by 

Plasmodium antigens during the infection, and differentiate into an‐

tibody‐producing cells and respond to malaria antigens the same 

way as classical memory B cells? No studies on human AMB have 

so far directly demonstrated that they differentiate into plasma 

cells, which secrete antibodies. Single‐cell antibody cloning from 

circulating AMB obtained from asymptomatic semi‐immune adults 

showed that AMB B‐cell receptors (BCR) codified for P. falciparum ‐

neutralizing antibodies, suggesting these cells could potentially con‐

tribute to the pool of P. falciparum‐ neutralizing antibodies detected 

in serum and play a protective role.97 High levels of secretory IgG 

transcripts from cloned AMB that match amino acid sequences of 

antibodies found in circulation support the idea that these cells se‐

crete antibodies in vivo.97 However, in vitro restimulation of sorted 

AMB suggests otherwise; there is reduced Ca2+ mobilization, pro‐

liferation, cytokine production, and antibody secretion in response 

to BCR cross‐linking.24,26 This has led to the hypothesis that AMB 

might represent an exhausted/dysfunctional/anergic B cell subset, 

which might not allow an effective antibody response to the parasite 

to develop and thus promoting chronic infection. However, in vitro 

assays to determine B‐cell capacity have relied on culture conditions 

developed for classical memory B cells. FCRL4+CD27‐CD21‐ AMB, 

contrary to classical memory B cells, proliferate poorly in response 

to either BCR ligation or Staphylococcus aureus stimulation, but can 

secrete high levels of immunoglobulins in response to IL‐2 and IL‐10 

or to IL‐2, IL‐10, and CD40L.90 Thus, activation requirements for 

AMB might be different from those required by classical memory 

B cells. In addition, the high expression of activation, proliferation, 

and apoptosis markers on AMB24,49,97 might render these cells more 

sensitive to the manipulation required for cell sorting and in vitro 

restimulation.

The majority of the studies of AMB in human malaria have 

been performed on peripheral blood B cells, as the only accessible 

human lymphoid tissue. B cells and other immune cells normally 

initiate their response to antigen in lymphoid organs, whereas 

the blood contains mostly cells either circulating or traffick‐

ing to lymphoid organs, and it is not known how far peripheral 

blood represents B‐cell responses in lymphoid organs. In addi‐

tion, the frequency of B cells in blood specific to any given an‐

tigen is very low, which makes difficult the investigation of their 

functional and developmental capacity. Therefore, we used our 

mouse model of mosquito‐transmitted P. chabaudi malaria to in‐

vestigate Plasmodium‐specific memory B cells. Using a transgenic 

mouse strain with high frequencies of B cells specific to the 21‐

kDa C‐terminal fragment of P. chabaudi merozoite surface protein 

1 (MSP121),49 Plasmodium‐specific AMB could be tracked. We ob‐

served the expansion in the spleen of a distinctive P. chabaudi‐

specific CD11b+CD11c+ B‐cell subset expressing similar surface 

markers as human AMB during the persistent stage of erythro‐

cytic infection. In agreement with an AMB phenotype described 

in humans, these cells were class‐switched and expressed low lev‐

els of CD21 and high levels of mouse FCRL5, CD80, and CD273, 

the last two previously shown to be expressed on mouse memory 

B cells. Transcriptome analysis of these cells compared well with 

previously published data of human AMB transcripts. In agreement 

with data on human AMB, P. chabaudi‐specific CD11b+CD11c+ 

B cells expressed high levels of Tbx21 (T‐bet), Fcrl5, Ifng, Pdcd1 

(PD1), Mki67, and class‐switched immunoglobulins, including Igha, 

Ighg1, Ighg2b, Ighg2c, and Ighg3. Moreover, similar to human AMB, 

P. chabaudi‐specific mouse AMB require parasite exposure to 

persist, as their numbers drop to background levels upon reso‐

lution of the persistent infection. P. chabaudi‐specific AMB also 

displayed high levels of the proapoptotic genes Bad, Bax, Fas, and 

Fasl, low level of the anti‐apoptotic gene Bcl2, and a transcriptome 

consistent with active replication and activation.49 In parallel, and 

in agreement with our previous data,48 a P. chabaudi‐specific clas‐

sical memory B‐cell pool expressing different combinations of the 

mouse memory markers CD80, CD273, and CD73 together with 

high levels of Bcl2 developed and persisted long after resolution 

of the infection. Interestingly, mouse FCRL5 was highly expressed 

on all different subsets of P. chabaudi‐specific classical memory B 

cells, including IgM+.49 FCRL5 was also highly expressed on classi‐

cal memory B cells generated through immunizations of mice.49,98 

Persistent infection therefore seems to drive expansion of P. cha‐

baudi‐specific mouse AMB, but their existence does not prevent 

the generation of P. chabaudi‐specific classical memory B cells nor 

prevent resolution of the infection. These observations support 

the view that constant immune activation rather than impaired 

memory function leads to the accumulation of AMB in malaria. 

Nonetheless, although showing very high levels of IgG transcripts, 

the contribution of P. chabaudi‐specific AMB to the serum anti‐

body pool and to protection from P. chabaudi infections remains 

to be demonstrated.

The occurrence of CD11b+CD11c+T‐bet+ AMB‐like B cells 

has been extensively described in mouse models of chronic viral 

and bacterial infections, and in many cases are shown to be a 

fully functional B cell subset able to contribute to protection 

from infection.99‐101 The peak of CD11c+T‐bet+ B‐cell produc‐

tion in the spleen is detected early after Ehrlichia muris peak in‐

fection, and these cells persist thereafter in lower numbers but 

above background levels accompanying the persistent infection. 

These cells very much resemble the P. chabaudi‐specific AMB (ie, 

CD11b+CD11c+Tbet+CD273+CD73+CD80+Fas‐Lhi), with the ex‐

emption of being IgM+. Moreover, similar to P. chabaudi‐specific 

AMB, the CD11c+T‐bet+ B cells expanded in response to E. muris 

resembled plasmablasts, including expression of CD138.49,101 In 

accordance, these cells give rise to antibody‐secreting cells that 

produced antibodies which recognized E. muris antigens.102,103 

Moreover, AMB‐like cells have also been shown to be the orig‐

inal source of protective virus‐specific antibodies in mice. A 

CD11b+CD11c+T‐bet+ AMB subset appears at the peak of murine 

gamma herpesvirus 68 (gHV68), lymphocytic choriomeningitis 

virus (LCMV), murine cytomegalovirus (MCMV), vaccinia, and 
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Friend virus infections.100,104 These cells are required for produc‐

tion of virus‐specific IgG2a and are critical to clear gHV68 infec‐

tion.100,104 A T‐bet+ AMB subset is also critical for the production 

of protective IgG2a and to control chronic LCMV cl13 infection.99 

Thus, in the strong Th1‐biased context of intracellular bacterial 

and viral infections, AMB appear to be a source of protective 

antibodies.

A subset of CD11c+T‐bet+ AMB‐like cells, originally termed 

age‐associated B cells, have also been shown to expand in sev‐

eral mouse models of autoimmune disorders as well as in blood 

of subjects suffering autoimmune diseases such as rheumatoid 

arthritis, systemic lupus erythematosus, multiple sclerosis, and 

Crohn's disease.88,105‐109 In mouse models of lupus‐like disease, 

AMB‐like cells expressed CD138, characteristic of antibody se‐

creting plasma cells/plasmablasts, and directly contributed to 

the production of auto‐antibodies.110 Moreover, in the context 

of autoimmune disorders, AMB‐like cells showed potent anti‐

gen‐presenting capacity and production of proinflammatory cy‐

tokines.108,110,111 Similar to malaria, AMB‐like cells identified in 

autoimmunity showed signs of previous activation and prolifer‐

ation in vivo, and defective Ca2+ signaling and poor proliferation 

in response to BCR stimulation in vitro.112,113 Surprisingly, pro‐

tective AMB‐like cells generated during E. muris infection also 

produced polyreactive autoantibodies.102,103 This is intriguing 

and surprising, as these autoantibodies seem not to drive pathol‐

ogy in the E. muris infection model. A recent study showed that 

an AMB‐like CD11c+T‐bet+ B‐cell subset expanded in the spleen 

during acute blood stage Plasmodium yoelii 17XNL infection in 

mice and secreted autoantibodies specific to erythrocyte phos‐

phatidylserine, which appear to drive anemia.114 This opens the 

intriguing possibility that AMB might contribute to malaria pa‐

thology through the production of autoantibodies.

Nonetheless, whether protective or pathogenic, the outstand‐

ing majority of data on AMB‐like cells obtained in viral and bacterial 

infections as well as autoimmune disorders is so far not compatible 

with the hypothesis that AMB are exhausted or anergic. It might be 

argued that these AMB‐like subsets generated in different immune 

scenarios, despite sharing an impressive number of key characteris‐

tics, are in fact intrinsically different from the AMB cells observed 

in malaria. Alternatively, although being the same subset, different 

immune scenarios might differentially affect their function, with ma‐

laria and HIV preferentially driving AMB to exhaustion unlike other 

Th‐1‐biased chronic infections such as LCMV. If the latter is the case, 

then those signals affecting AMB which are unique to malaria and 

not shared by other chronic infections or autoimmune disorders re‐

main to be identified.

Together, most of these studies in human and experimental 

malaria as well as other infections suggest that AMB represent an 

effector B‐cell subset generated in, and sustained by, persistent an‐

tigen exposure. However, there are reports of relatively long AMB 

persistence in the apparent absence of malaria exposure,68 and 

long‐lived T‐bet+ memory B cells have been described in the E. muris 

infection model.115 Therefore, AMB in malaria and beyond represent 

an exciting field of study with many unanswered questions. What is 

the true nature of AMB? Do they contribute to protection, pathol‐

ogy, or both? Are they dysfunctional/exhausted/anergic? Do they 

contribute to the memory pool?

1.3 | What are the signals required to generate 
long‐lasting B‐cell responses to plasmodium?

Although there is evidence of T‐independent B1 B cells, which 

bridge innate and adaptive responses, producing memory responses 

(B1 cells defined in mice by expression of IgMhiIgDloCD23−B220lo, 

and in humans by CD20+CD27+CD43+CD38lo/int), it is the adaptive 

response of B2 B cells (in mice B220+AA4.1−CD23+IgMintIgDhi, and 

humans CD20+CD27+CD43− B cells), and GC interactions which are 

critical for long‐lasting B‐cell responses in the majority of memory 

responses.31,116,117 Despite the importance of antibody responses 

in malaria, details on GC formation and activation/regulation of 

T cell help by follicular helper T‐cell in malaria are only starting to 

emerge. CD4+ T cells producing IL‐21, a characteristic cytokine of 

Tfh, and Tfh defined by expression of PD‐1 and CXCR5 are present 

in peripheral blood mononuclear cells from malaria‐exposed im‐

mune adults118‐120 and in some cases, correlate with P falciparum‐

specific IgG antibodies in children with acute P. falciparum malaria.121 

Alterations in the GC B‐cell response to Plasmodium infection will 

very likely affect generation of long‐lasting B cell memory, but this is 

difficult to investigate fully using human peripheral blood cells, and 

we need to turn to experimental models to elucidate GC interac‐

tions in malaria. Plasmodium infections in mice trigger a robust GC 

response, and CD4+ T cells producing IL‐21, of which a substantial 

proportion have a Tfh cell phenotype, are required to generate GC 

B‐cell and IgG responses, and to resolve P. chabaudi and P. yoelii in‐

fections.10,50,122‐124 Moreover, mice deficient in IL‐21 signaling are 

not immune to reinfection, and fail to generate P. chabaudi‐specific 

long‐lived plasma cells and memory B cells.10 P. chabaudi‐specific 

IgM responses are not altered in the absence of IL‐21 signaling, thus 

showing that IgM is not sufficient to clear the infection,10 and that 

IL‐21 is essential to generate long‐lasting class‐switched protective B 

cell responses. Although IL‐21 is not required to activate Tfh cells in 

P. chabaudi infections, Tfh cells are an important source of IL‐21 and 

are also essential to generate class‐switched antibody responses and 

clear the infection.10,122

The pattern recognition receptor cyclic GMP‐AMP synthase 

(cGAS), ICOS, and IL‐10 signaling on B cells are all required for GC 

B‐cell and IgG responses,125 and this is the case also in experimen‐

tal P. yoelii infections.123,126,127 Thus, these signals are probably also 

essential for generation of Plasmodium‐specific memory B cells. 

The signaling lymphocytic activation molecule (SLAM)‐associated 

protein (SAP), shown to be necessary for GC and B‐cell memory 

responses to immunizations and viral infections,128,129 has only a 

partial impact on IgG and GC responses in P. chabaudi infections, 

but SAP does contribute to some control of chronic infection.122 

A requirement for SAP interactions in immunity to reinfection in 

Plasmodium remains unexplored.
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Although GC formation clearly takes place in experimental ma‐

laria, there is some indication that this may not be optimal as GC 

responses are enhanced by in vivo blockade of CTLA‐4, or PD‐L1 in 

combination with LAG‐3.130,131 However, another interpretation is 

that GC formation during Plasmodium infection is normal, and that 

the blockade is simply overriding the normal mechanism of control 

of GC and B‐cell responses. Malaria is characterized by a strong 

Th1–like response, which affect B cell responses. The signature Th1 

cytokine, IFN‐γ, is responsible for switching to IgG2a/c antibodies 

in mice, and for the human analogues IgG1 and IgG3,132‐134 isotypes 

which activate complement and Fcγ receptors on macrophages 

bringing about pathogen killing and phagocytosis. These isotypes 

have been shown to clear viral infections,135,136 and to correlate with 

protection against Plasmodium infections.137,138

There are, however, seemingly opposing views on whether 

Th1 responses promote or impair B cells and GCs in experimen‐

tal Plasmodium infections. On ‐one hand, Plasmodium‐specific Th1 

CD4 T cells can support B‐cell responses.137‐139 On the other hand, 

IFN‐γ and TNF‐α responses reduce activation of Tfh and GC B‐cell 

responses in Plasmodium berghei infections and P. yoelii infections in 

mice.124,126,140,141 Similarly, a Th1‐polarized Tfh subset found expanded 

in blood from infected children shows reduced capacity to support B 

cell activation in vitro.119 These data suggest that while Th1 signaling 

is important for switching to potentially protective antibody isotypes, 

in excess it might also negatively limit normal development of the GC 

response. As yet, the direct impact of these signals on the longevity of 

memory B‐cell responses has not been demonstrated. However, and 

similar to viral and intracellular bacterial infections, acute P. chabaudi 

blood‐stage infection triggers a robust Th1 response,10 and yet we de‐

tect substantial GC formation and a long‐lived B cell and antibody re‐

sponses, suggesting that IFN‐γ production by Th1 cells is not sufficient 

per se to prevent robust humoral responses.

Another contribution of Th1 responses and IFN‐γ to the B‐cell 

response is their role in the generation of AMB cells. Indeed, T‐bet 

expression in B cells in malaria is regulated by IFN‐γ,92 triggered by 

a combination of CD40, IL‐12, and IL‐18 signaling. AMB cells are 

not activated by cross‐linking the BCR unlike classical memory B 

cells, which may explain why they are difficult to activate in vitro, 

but age‐associated CD11c+T‐bet+ B cells can be activated by TLR 7 

and 9 signaling,87,110 and antigen‐specific AMB‐like B cells in mice 

are transiently expanded after immunization with a TLR7/8 ligand 

together with Hen Egg Lysosome100 or a recombinant Plasmodium 

antigen.49 IFN‐γ or IL‐21 together with TLR signaling drives the 

generation of CD11c+T‐bet+ AMB‐like cells,142 which is particularly 

relevant in Plasmodium infections where there is a large co‐expres‐

sion of IFN‐γ and IL‐21 by CD4+ T cells.10 Similarly, IL‐21 is required 

to activate AMB‐like cells in response to E. muris infection,143 and 

IL‐21 and SAP are required to activate AMB‐like cells during au‐

toimmunity.144 These data support the view that the signals to 

activate AMB in a variety of situations including malaria where 

there is or has been chronic antigen presence, are partially but not 

entirely shared with those required for the generation of classical 

memory B cells.

We are left with apparently contradictory findings. The same 

signals that seem to impair GC responses during malaria promote 

generation of AMB‐like cells. Are AMB cells a GC subset or are they 

generated outside of the GC, and is T cell support required for their 

generation? Most AMB cells have surface IgG, and Immunoglobulin 

variable regions from AMB generated during malaria are heavily 

mutated, suggesting a GC origin.24,97,145 Signals able to drive AMB‐

like cell activation, including IL‐21 and SAP, seem to also suggest a 

GC origin, and MHCII has been shown to be required to activate 

AMB like cells to E. muris.143,144 T‐bet+ AMB‐like cells have been 

suggested to be involved in the formation of spontaneous GC in a 

mouse model of lupus.146 Moreover, extrafollicular development of 

T‐bet‐expressing plasmablasts has been reported in response to E. 

muris infection,102,143 suggesting that AMB‐like cells might also arise 

independently of the GC. To date, the origin of AMB during malaria 

remains uncertain. If, as some studies suggest, AMB and classical 

memory B cells share a common developmental origin,24,145 then a 

key element might be the balance between IL‐21 and IFN‐γ, with ex‐

cessive IFN‐γ favoring GC disruption and AMB accumulation, while 

IL‐21 supporting both AMB and classical memory B cell generation. 

However, it is important to highlight that the robust IFN‐γ responses 

during P. chabaudi and other intracellular viral and bacterial patho‐

gens do not preclude protective long‐lasting B‐cell and antibody re‐

sponses, nor disrupt the GC response. In addition, the role of IL‐21 

and GC in the generation of AMB in response to Plasmodium infec‐

tion remains unexplored. Figure 3 summarizes the main signals, ei‐

ther known or predicted, to be involved in the generation of classical 

and AMB.

F I G U R E  3   Signals known or suggested to support the 

generation of either classical or atypical memory B cells in response 

to Plasmodium spp. infection. SAP: signaling lymphocyte activation 

molecule (SLAM)‐associated protein; ICOS: inducible T cell co‐

stimulator; cGAS: pattern recognition receptor cyclic GMP‐AMP 

synthase; TLR: toll‐like receptor
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2  | CONCLUDING REMARKS

Many studies show that B‐cell and antibody responses to ma‐

laria are short‐lived and often low level or absent, particularly in 

young children in endemic areas. Given the very varied methods 

of B cell or antibody measurement in a large variety of studies, 

the different transmission intensities of the study sites, and in 

some cases single time‐point measurements at unknown times 

after a detectable parasitemia, it is hard to put together a cohe‐

sive picture of what is happening. Low levels of antibodies and/

or drops in antibody titer may be due in part to their production 

by short‐lived plasma cells in acute infection (Figure 1B), and we 

do not know when in the kinetics of the humoral response anti‐

body measurements have been taken. Thus, the drop in antibody 

titer may well represent the contraction phase of a normal B‐cell 

response rather than evidence of a deficient B cell memory re‐

sponse to Plasmodium. However, some studies clearly show poor 

Plasmodium‐specific antibody responses in endemic areas and we 

need to understand the reasons for this. It is difficult to carry out 

a systematic study over time in children or adults in all field set‐

tings following a defined infection. Controlled human Plasmodium 

infections (CHMI) of adults in endemic countries, only recently 

made possible, may help us elucidate this important aspect of the 

humoral response in malaria.

There is, conversely, a large body of literature showing 

long‐lived B‐cell and antibody responses to Plasmodium para‐

sites in humans and animal models, which challenge the con‐

cept of Plasmodium infection always driving the B‐cell response 

to exhaustion of dysfunction. Studies being performed in areas 

of different transmission intensity with consequently different 

reinfection rates might explain some of the apparent discrep‐

ancies. AMB, suggested as a reason for dysfunctional B‐cell re‐

sponses to malaria, may not be the culprit. Whether they could 

be a source of protective antibodies and thus play a role in im‐

munity to Plasmodium as has been shown in other infections in 

experimental models, remains to be conclusively demonstrated. 

The restimulation protocols used to demonstrate AMB anergy 

during malaria have not been exhaustive and might not be ade‐

quate to stimulate this subset of B cells. Moreover, even if AMB 

detected in the blood of malaria exposed individuals were indeed 

anergic, this would not rule out the possibility these might be ter‐

minally differentiated B‐cell subsets which have contributed to an 

antibody response in lymphoid organs during their past history. 

Thus, the true nature of AMB in malaria still remains elusive and 

intriguing, and animal models will very likely shed light on their 

origins, developmental history, and function during infection. 

Understanding the mechanisms that govern differential longev‐

ity of protective B‐cell responses among different individuals or 

to different Plasmodium antigens will greatly expand our capacity 

to improve antibody‐based malaria vaccines. In this regard, it is 

important to keep in mind that a single B cell target might not be 

sufficient to confer protection from complex protozoan parasites, 

including Plasmodium. Putative strategies might combine vaccines 

against different targets which provide protection by different 

mechanisms and target different stages of the parasite life cycle, 

while taking into account the occurrence of polymorphisms on the 

selected targets. Moreover, B‐cell responses might not be suffi‐

cient, and modulation of other immune arms might be required to 

confer full protection from Plasmodium infection while preventing 

pathology.
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