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Abstract

Antibody-mediated parasite killing is considered the most effective host immune response

against extracellular trypanosome parasites. However, due to host-parasite co-evolution

pressure, these parasites have “learned” how to hijack the host immune system via the

development of immune evasion strategies. Hereby they prevent elimination and promote

transmission. In the past, our group has shown that African trypanosome parasites are able

to “shut down” the host B cell compartment, via the abolishment of the homeostatic B cell

compartment. In line with this, we have reported that trypanosome infections result in detri-

mental outcomes on auto-reactive and cancer B cells. To unravel the immune mechanisms

involved in these processes we adopted here a well-defined B cell vaccine model, i.e. the

thymo-dependent hapten-carrier NP-CGG (4-Hydroxy-3-nitrophenylacetyl-Chicken

Gamma Globulin) emulsified in Alum adjuvant. Results show that T. brucei infections abro-

gate the circulating titres of vaccine-induced CGG-specific as well as NP-specific IgG1+

antibodies, a hallmark of memory B cell responses in this model. This happens indepen-

dently of their affinity and IFNγ signalling. Next, we demonstrate that T. brucei infections

also induce a decrease of anti-NP IgG3+ antibodies induced by the administration of NP

coupled to Ficoll, a thymo-independent antigen. Confirming the non-specificity of the infec-

tion-associated immunopathology, this report also shows that trypanosome infections abol-

ish vaccine-induced memory response against malaria parasite in BALB/c mice. Together,

these data indicates that T. brucei infections impair every stages of B cell development,

including effector plasma B cells, independently of their specificity and affinity as well as the

host genetic background.
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Author summary

African trypanosomiasis is a fatal infectious disease caused by an extracellular parasite of

the Trypanosoma brucei species affecting both human and livestock. The most effective

immune response against this pathogen involves the production of antibodies by B cells.

However, experimental trypanosomiasis model in mice has demonstrated that this para-

site has evolved multiple immune evasion strategies targeting B cells. For instance, try-

panosomes abolish homeostatic B cell development, the adaptive protective response

against unrelated antigens as well as the progression of B-cell mediated arthritis and mul-

tiple myeloma. Here, we demonstrate that infection of resistant C57BL/6 mice impairs the

development of both thymo-dependent and -independent humoral response using the

well-characterized hapten-carrier NP-CGG (4-Hydroxy-3-nitrophenylacetyl-Chicken

Gamma Globulin) emulsified in Alum adjuvant and NP-Ficoll models, respectively. This

occurs independently of antigen specific B cell affinity and the pro-inflammatory IFNγ
cytokine signalling. Finally, trypanosoma abolishes the vaccine-induced memory response

against another life-threatening parasite, namely malaria, in Trypanosoma brucei suscepti-

ble BALB/c mice. In summary, African trypanosomiasis abrogates diverse plasma cell-

mediated effector B cell responses, independently of their specificity, affinity and host

genetic background.

Introduction

Extracellular protozoan African trypanosomes (AT) parasites are the causative agent of the

Sleeping Sickness in humans and Nagana in cattle and livestock [1,2]. The immune response

against AT parasites is mainly mediated by B cells and their production of antibodies [3]. B

cells start their development in the bone marrow from the common lymphoid progenitor

stage, which further give rise to several developmental stages of pre-pro-B, pro-B, pre-B and

eventually immature B cells [4]. At this stage, immature B cells migrate out of the bone marrow

and arrive via the circulation in the spleen as transitional B cells. These latter further differenti-

ate into mature marginal zone (MZ) B cells or follicular (Fo) B cells [5].

In order to counteract B cell-mediated immune responses, African trypanosomes have

evolved different immune-evasion strategies mainly focusing on the dampening of host B cell

activation and antibody-mediated response. For example, AT parasites are able to abolish B

cell homeostasis in lymphoid organs, such as the bone marrow and spleen. They also cause the

downregulation of detrimental B cell responses, e.g. autoimmune and malignant B cells [6–8].

Throughout the years, many murine B cell models have been developed. From these stud-

ies, two main classes of B cell responses have emerged, the thymo-dependent (TD) and -inde-

pendent (TI) models that either do, or do not, rely either on the presence of T cells. The

thymo-dependent hapten-carrier (4-hydroxy-3-nitrophenyl)-acetyl-chicken gamma globulin

(NP-CGG) emulsified in Alum adjuvant constitutes one of the most studied and well-charac-

terized model to study humoral/memory responses. For example, this model has been used for

decades to investigate the development of high affinity anti-NP IgG1+ antibodies that arose

from T cell-mediated proliferating B cells, that have undergone affinity maturation and selec-

tion in germinal center B cells [9]. In contrast, the thymo-independent NP hapten coupled to

Ficoll, a high molecular weight polysaccharide (NP-Ficoll) model, induces the rapid produc-

tion of low affinity anti-NP IgM+ and IgG3+ antibodies by MZ B cells in the absence of T cells

[10].
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Here we tested the capacity of the AT parasites to impede the development of various anti-

body-mediated B cell responses. In addition, we addressed the unbiased functional effect of

AT parasite induced B cell immunopathology using an anti-malaria coinfection model.

Together the data presented here demonstrate the general detrimental effect that trypanosome

have on the wider range of B cell populations in their host.

Material and Methods

Ethics statement

All experiments, maintenance and care of the mice complied with the European Convention

for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes

guidelines (CETS n˚ 123) and were approved by the Ethical Committee for Animal Experi-

ments (ECAE) at the Vrije Universiteit Brussel (Belgium) (Permit Number: 10-220-13).

Mice, parasites, immunization and treatment

Wild-type and IFNγ receptor-deficient C57BL/6 mice (8 to 10 weeks old, Janvier, France)

were immunized with 50μg of (4-hydroxy-3-nitrophenyl)-acetyl coupled to chicken gamma

globulin (NP36-CGG) (Biosearch Technologies, CA, USA), emulsified in Imject Alum

(Thermo Scientific, IL, USA) or with 30μg of NP67-Ficoll (Biosearch Technologies, CA, USA)

via intraperitoneal administration. A soluble boost 30μg of NP36-CGG in PBS was adminis-

tered 65 days post-immunization.

Clonal pleomorphic T. brucei AnTat 1.1E parasites have originally been obtained from

Prof. N. Van Meirvenne (Institute for Tropical Medicine, Belgium). Infected blood aliquods

(mouse) are stored at −80˚C. Female C57BL/6 mice (8- to 10-weeks old, Janvier, France) were

infected with 5000 AnTat1.1E trypanosomes (intraperitoneally (i.p.)) at day 20 and day 6 post

NP-CGG and NP-Ficoll administration, respectively.

P. berghei parasites genetically deficient in both plasmepsin-4 and bergheipain-2 (pm-4/bp2
dko P. berghei) were used in collaboration with Shahid Khan, The Netherlands. BALB/c mice

were vaccinated with 105 pm-4/bp2 dko P. berghei-infected red blood cells (iRBCs) i.p.. Six

months later, vaccinated mice were either left untreated or infected with 5000 AnTat1.1E try-

panosomes. Three weeks post-T. brucei infection, all mice were treated i.p. with diminazene

aceturate (Veriben, 40 mg/kg, Sigma Aldrich, St. Louis, MO, USA) in water, before being i.p.

rechallenged with wild-type P. berghei ANKA parasites expressing a GFP-luciferase fusion pro-

tein under the transcriptional control of the ama-1 promoter (105 infected RBCs) that allows

the monitoring of parasite load in blood, distribution and patterns of schizont sequestration in

live mice by real time in vivo imaging.

Blood was drawn via the tail at different time-points for serological analyses.

Enzyme-linked immunosorbant assay (ELISA) technique

96 well MicroWell MaxiSorp flat bottom plates (Sigma-Aldrich) were coated with 2μg/ml of

NP26-BSA, NP4-BSA (Biosearch Technologies, CA, USA) and CGG (Jackson ImmunoRe-

search) in PBS and incubated overnight at 4˚C. The following day the plates were washed with

PBS-Tween20 0.1% and blocked with PBS/BSA 1% for 3 hours at room temperature. After

removal of blocking solution, serial serum dilutions in PBS/BSA 0.1% were added to the plates

and incubated overnight at 4˚C. The next day, plates were washed with PBS-Tween20 0.1%

and incubated with anti-mouse IgG1, IgG3 and IgM isotypes coupled to Horse Radish peroxy-

dase (Lo-Imex, Louvain, BE) for 2 hours at 37˚C. After this incubation, plates were washed
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and revealed using a TMB kit (BD Biosciences). The reaction was stopped using a 2M sulfuric

acid solution and the plates were read at 450nm.

Statistics

The GraphPad Prism 4.0 software was used for statistical analyses (Two-way ANOVA or stu-

dent t-test). Values are expressed as mean ± SEM. Kaplan-Meier survival curve was analyzed

by means of the Log-Rank method. Values of p�0.05 are considered statistically significant,

where � = p�0.05, �� = p�0.01 and ��� = p�0.001. When low (NP26) and high (NP4) affinity

antibodies are compared on the same graph, � and � are for uninfected (square) and infected

(triangle) mice, respectively. When wild-type and IFNγ receptor-deficient mice are compared

on the same graph, � and � are for wild-type and IFNγ receptor-deficient mice, respectively.

Results

T. brucei infection affects conventional T cell-dependent humoral memory

responses

Previous results by our group have demonstrated that T. brucei infection abrogate vaccine-

induced protective memory response against a non-related pathogen, such as Bordetella per-
tussis, using a well-established human diphtheria, tetanus, and B. pertussis (DTPa) vaccination

model in mice [11]. However, a clear link between the abrogation of the memory response and

the disappearance of antigen-specific memory B cells has not been established. Therefore the

impact of trypanosomosis on the maintenance of antigen-specific IgG1+ memory B cells using

a well-characterized thymo-dependent (TD) antigen, i.e. (4-hydroxy-3-nitrophenyl)-acetyl

coupled to chicken gamma globulin (NP-CGG) emulsified in Alum, was investigated. In order

to avoid any impact on T. brucei parasite on the development of germinal center leading to

memory response development, mice were vaccinated approximately 3 weeks before infection

(Fig 1A). Before infection, anti-NP IgG1 antibody titers were analyzed on a NP26-BSA antigen

binding ELISA using sera from vaccinated mice (Fig 1B–black line). Forty days post-vaccina-

tion, corresponding to 20 days post-infection, the IgG1 titers of circulating anti-NP specific

antibodies were analyzed again in vaccinated-infected mice as well as control vaccinated mice

that were not exposed to a trypanosome challenge. The obtained data indicates that the ongo-

ing infection resulted in a drastic reduction of NP-CGG specific antibody titers (Fig 1B–green

lines). An identical trend is seen when NP-CGG specific antibody titers are measured in a

NP4-BSA antigen binding assay (Fig 1C). The comparison of the binding capacity of these cir-

culating anti-NP specific IgG1 antibodies on two differentially haptenated NP-BSA substrates,

namely NP26-BSA vs. NP4-BSA, provide an indication of antibody-target binding affinity.

Indeed, while both high and low affinity Abs bind to long-haptenated NP26-BSA (Fig 1B),

mainly high affinity Abs (but not low affinity Abs) bind to short-haptenated NP4-BSA (Fig

1C). Hence, the presented data demonstrates that that T. brucei infections reduce anti-NP-spe-

cific IgG1 antibodies independently of their affinity. This antibody suppression effect by T.

brucei infections also affects anti-carrier CGG IgG1 Ab titers, reinforcing the unbiased deplet-

ing capacity of AT infection (Fig 1D).

Experimental infections of C57BL/6 mice with pleomorphic T. brucei parasites usually

results in a fatal outcome after 4 to 5 weeks. Hence, if longer-term immune responses are to be

studied, a curative drug intervention step is needed. Here, we implemented a set-up in which

the trypanocidal diminazine diaceturate (Veriben) drug was administered at day 40 post-vacci-

nation in order to clear infection. This treatment does not restore the levels of low and high

affinity anti-NP IgG1 antibodies at day 65 post-vaccination (day 25 post cure) using the T cell
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dependent NP-CGG model (Fig 2A and 2B–green lines). However, the administration of a

NP-CGG saline boost at day 25 post-cure (day 65 post-vaccination) allows the levels of anti-

NP IgG1 antibodies to increase in previously infected mice within a week (D72), albeit the

observed titers do not reach the same levels as those observed in uninfected mice. The same

recover trend is observed for general anti-NP titers measured in a NP26-BSA antigen binding

ELISA (Fig 2C) as for the high affinity anti-NP4-BSA antibody titers (Fig 2D). In order to

make sure that the soluble NP-CGG administration was indeed boosting the remaining anti-

NP specific B cells at day 65 post-vaccination and not inducing a primary response due to the

presence of aggregates and/or lipopolysaccharide contamination, an add-on control experi-

ment was performed (S1 Fig). This latter confirms that soluble NP-CGG administration does

not induce any specific anti-NP IgG3 response compared to NP-Ficoll.

Previous results by our laboratory have identified a role of the pro-inflammatory cytokine

IFNγ in the early onset of follicular B cell apoptosis after T. brucei infection [12]. Here, using a

similar experimental approach, C57BL/6 wild-type (WT) and IFNγ-receptor (IFNγR)-defi-

cient mice were vaccinated with NP-CGG in Alum adjuvant and three weeks post-vaccination,

antibody titers were tested (Fig 3A). Both WT and IFNγR-deficient mice express similar levels

Fig 1. T. brucei infection dampens the primary humoral response against thymo-dependent antigens. C57BL/6 mice were immunized with NP-CGG

emulsified in Alum on day 0. Twenty days later serum was collected and mice were randomly divided in two groups. One group of vaccinated mice was infected

with T. brucei and the other one was left uninfected. At day fourty both groups were treated with Veriben, and on and day sixty-five they were both rechallenged

with soluble NP-CGG, respectively (A). Serial serum dilution levels of anti-NP IgG1 Abs on NP26-BSA and NP4-BSA (B,C) and anti-CGG IgG1 Abs (D) were

measured by ELISA on day 20 (before infection, black lines) and day 40 in uninfected (before Berenil treatment, open green squares) and infected (open green

triangles) mice. Graphs show the mean ± SEM from at least n = 6 mice per group and the data are representative of two independent experiments.

https://doi.org/10.1371/journal.pntd.0008358.g001
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of circulating high (NP4-BSA) and low affinity (NP26-BSA) anti-NP specific IgG1 antibodies at

day 21 post-vaccination (Fig 3B). Infection with T. brucei at day 21 post-vaccination induces a

similar decrease of low and high affinity anti-NP IgG1 antibodies in both WT and and IFNγR-

deficient mice at day 45 post-vaccination (day 24 p.i.) (Fig 3C and 3D). These results suggest

that the decrease of circulating anti-NP specific IgG1 levels occurred independently of IFNγ
signaling.

In summary, trypanosomosis affects T cell dependent memory immune responses as mea-

sured by the IgG1+ titers of both specific anti-hapten (NP) and anti-carrier (CGG) antibodies.

This happens independently of their affinity for the NP hapten and the presence of the pro-

inflammatory IFNγ cytokine.

Trypanosomosis hinders T cell-independent (TI) type 2 (TI-2) humoral

response

Trypanosome infections have been described in the past to be characterized by rapid T cell

independent antibody secretion, even preceding the first peak of infection that occurs around

Fig 2. Chemotherapy and soluble antigenic rechallenge do not restore humoral response against thymo-dependent antigens following T. brucei
infection. C57BL/6 mice were immunized with NP-CGG emulsified in Alum on day 0. Twenty days later, on group of vaccinated mice was infected with

T. brucei and the other one was left uninfected (A,B,C,D). At day fourty and sixty-five, both groups were treated with Veriben and rechallenged with

soluble NP-CGG, respectively. Serial serum dilution levels of anti-NP IgG1 Abs on NP26-BSA (A,C) and NP4-BSA (B,D) were measured by ELISA on day

40 (before Berenil treatment, black lines) and day 65 in uninfected (black and green squares, respectively) and infected (black and green triangles,

respectively) mice (A,B) and on day 72 (7 days post soluble rechallenge; squares represent uninfected mice and triangles represent infected mice) (C,D).

Graphs show the mean ± SEM from at least n = 6 mice per group and the data are representative of two independent experiments.

https://doi.org/10.1371/journal.pntd.0008358.g002
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day 4–5 post challenge [13–15]. This signals an effort by the host to contain infection before

systemic damage is being done by the parasite. Hence, we next investigated if trypanosomes

are able to modulate humoral responses against thymo-independent (TI) antigens. Immuniza-

tion with the same NP hapten, coupled to a TI carrier such as Ficoll, a large polysaccharide

with repeating antigenic determinants engaging multiple receptors on B cell surface is consid-

ered as a typical TI-2 antigen [16]. In contrast to the TD NP-CGG antigen used in the experi-

ments outlined above, the immune response against NP-Ficoll is dominated by NP-specific

IgM and IgG3 antibodies, which reach their maximum in the serum round day 7 and 14,

respectively. In the experimental setup outlined in Fig 4, mice were vaccinated once with

NP-Ficoll and challenged six days later with T. brucei parasites. A control group received the

vaccine without subsequent infection (Fig 4A). Vaccine induced antibody titers were measured

using the same NP26-BSA and NP4-BSA antigen ELISAs as used previously. At day 31 (day 25

post infection), a significant drop in the NP-specific IgG3 antibody titers is observed in the

infected group, whereas an antibody titre increase is observed in the vaccinated non-infected

group (Fig 4B). Surprisingly, the levels of NP-specific IgM antibodies are increased in the

Fig 3. T. brucei infection dampens the primary humoral response against thymo-dependent antigens independently of IFNγ signaling. IFNγR-deficient

and wild-type C57BL/6 mice were immunized with NP-CGG emulsified in Alum on day 0. Twenty-one days later, one group of vaccinated IFNγR-deficient and

wild-type C57BL/6 mice mice was infected with T. brucei and the other one was left uninfected (A). Serial serum dilution levels of anti-NP IgG1 Abs on NP26-

BSA (black line) and NP4-BSA (green line) were measured by ELISA on day 21 before infection in IFNγR-deficient (triangle) and wild-type (square) C57BL/6

mice (B). Serial serum dilution levels of anti-NP IgG1 Abs on NP26-BSA (C) and NP4-BSA (D) were measured by ELISA on day 45 (24 days post-infection) in

uninfected (black lines) and infected (green lines) IFNγR-deficient (triangle) and wild-type (square) C57BL/6 mice. Graphs show the mean ± SEM from at least

n = 6 mice per group and the data are representative of two independent experiments.

https://doi.org/10.1371/journal.pntd.0008358.g003
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vaccinated infected group compared to the uninfected group (Fig 4C). It should be noted how-

ever that other data obtained in experimental trypanosome models have shown the occurrence

of infection-induced cross-reactive antibodies against trinitrophenyl (TNP) [17]. This can

explain our results as the IgM+ antibodies detected here show some cross-reactivity with the

highly haptenated NP26-BSA coating antigen, whereas no cross-reactivity was observed for

IgG3+ antibodies (S2 Fig). This only becomes apparent when comparing anti-NP-BSA IgM

titers on both NP26- and NP4-BSA at day 31 in infection (Fig 4D). These results indicate indeed

that in infected mice, a substantial drop (~500-fold) in the circulating levels of high affinity

(NP4-BSA) anti-NP IgM titers (open green triangle) is observed when compared with low

affinity (NP26-BSA) anti-NP IgM levels (closed black triangle). In contrast, the difference in

uninfected mice between the levels of high (open green square) and low (close black square)

affinity anti-NP IgM is less than five-fold.

Together, these results demonstrated that T. brucei infection reduces both NP-specific IgM

and IgG3 levels during the development of a TI-2 humoral response against NP-Ficoll, and

that trypanosome parasites are able to induce low affinity cross-reactive anti-NP IgM

antibodies.

Fig 4. T. brucei infection hampers the humoral response against thymo-independent antigens. C57BL/6 mice were immunized with NP-Ficoll on day 0. Six

days later, one group of vaccinated mice was infected with T. brucei and the other one was left uninfected (A). Serial serum dilution levels of anti-NP IgG3 Abs (B)

and anti-NP IgM Abs (C) on NP26-BSA were measured by ELISA on day 6 (before infection, black lines) and day 31 in uninfected (open green squares) and

infected (open green triangles) mice. Serial serum dilution levels of anti-NP IgM Abs (D) on NP26-BSA (black lines) and on NP4-BSA (green lines) were measured

by ELISA on day day 31 in uninfected (squares) and infected (triangles) mice. Graphs show the mean ± SEM from at least n = 6 mice per group and the data are

representative of two independent experiments.

https://doi.org/10.1371/journal.pntd.0008358.g004
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Abolishment of vaccination-induced protection against malaria following

T. brucei infection occurs independently of host genetic background

In the past, we have shown the detrimental effect of experimental trypanosomosis on vaccine

recall responses, using the C57BL/6 mouse DTPa model [18]. To expand on this concept, and

to investigate how general the memory destruction is upon trypanosome challenge, we

included in this study a malaria vaccine model in BALB/c mice. BALB/c mice infected with

wild-type Plasmodium berghei (P. berghei) parasites succumb from severe anemia and uncon-

trolled parasitemia approximately two-to-three weeks post-infection [19]. In contrast, when

BALB/c mice are challanged with P. berghei parasites that are genetically deficient in both a

merozoite surface protein, msp-7, cells and a plasmepsin-4 (pm-4), long lasting protective and

cross-reactive immunity against a lethal rechallenge with wild-type P. berghei and P. yeolii par-

asites, is obtained [20,21]. This protective immunity is acting through antibody-mediated par-

asite clearance in the spleen [21]. Therefore, in order to assess the impact of T. brucei infection

on this B cell-mediated protective immunity, BALB/c mice were vaccinated with pm-4/bp2
dko P. berghei parasites [22] (Fig 5A). Six months later (~day 180), mice were infected with T.

brucei, while others were kept as uninfected controls. Three weeks into the infection, all mice

were treated with Veriben (~day 201), using a dose that cured the infection in trypanosome

challenged mice. Twenty-one days post-Veriben treatment (~day 222), all the vaccinated mice

were challenged with wild-type GFP-luciferase-expressing P. berghei parasites. Results demon-

strate that vaccinated and T. brucei-exposed BALB/c mice all were susceptible to the P. berghei
challenge (Fig 5B) succumb to the complication of the infection with 2 months following the

malaria exposure (Fig 5C). In contrast, vaccinated BALB/c mice that did not experience an

intermediate T. brucei infection that are still all alive 5 months later and showed complete anti-

malaria vaccine induced protection. These results confirmed that a T. brucei infection is capa-

ble of abrogating the efficacy of a B cell-mediated vaccine against other parasites such as

malaria, independently of the host genetic background.

Discussion

In order to establish a chronic infection in its host and to promote its transmission, African

trypanosomes have developed multiple strategies to evade host immune B cell response.

Among these, one of the most studied mechanisms is the antigenic variation process. This

mechanism allows the parasite to continuously change its antigenic coat in order to evade its

antibody-mediated elimination [23,24]. Other data have shown that African trypanosomes can

also directly target B cells, most likely by inducing their apoptosis in both the bone marrow

and spleen [6,18]. On top of the parasite impact on B cell homeostasis, our previous results

have shown that African trypanosomes can suppress the development of existing detrimental

B cells, such as autoimmune and cancer B cells. For example, T. brucei parasites blocks the

development of B cell-mediated collagen-induced arthritis in DBA prone mice, most likely by

affecting the survival of anti-type II collagen specific antibody [8]. As a result, the use of dimin-

azine diaceturate (Berenil) to treat trypanosomosis, restores the clinical signs of arthritis, most

likely by restoring specific autoimmune antibody levels. Also, African trypanosomes impact

the development of multiple myeloma, which are malignant plasma cells, by inducing their

intrinsic in vivo apoptosis, which was associated to the downregulation of the endogenous

unfolded protein response [7]. Using a well-characterized TD, namely NP-CGG emulsified in

Alum adjuvant, and TI, NP-Ficoll, model, we investigated here if T. brucei parasites were able

to affect both high and low antigen-specific B cells. Infection of NP-CGG immunized C57BL/6

mice demonstrates a similar impact of the parasite on both high and low affinity NP-specific

IgG1 antibody levels in serum as well as a negative impact on the systemic levels of anti-CGG
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antibodies. Here, the administration of Veriben did not restore the primary systemic levels of

anti-NP IgG1 antibodies. However, the secondary response induced by the administration of

NP-CGG in phosphate buffer restores some levels of both high and low affinity anti-NP IgG1

antibodies, but not to the same levels as in uninfected C57BL/6 mice. This results contrasts

with the effect of Berenil within the context of collagen-induced arthritis model [25]. These

results suggest that in case of vaccination, irreversible partial destruction of the memory cell

compartment took place during the trypanosome infection, resulting in an inability to deliver

a full recall response upon reencounter of the antigen. In our previously published collagen-

induced arthritis model, the partially destroyed auto-immune response was allowed to resur-

face after the suppressive effect of the trypanosome infection had been removed.

Previous results by our laboratory have identified a role of the pro-inflammatory cytokine

IFNγ in the early onset of follicular B cell apoptosis following trypanosomosis [12]. This cyto-

kine was also been implicated in other immunopathologies, such anemia of inflammation

[26], but also in the resistance to African trypanosome infection [27,28]. Using the NP-CGG

in Alum vaccination model, we demonstrate that the impact of the infection on circulating

anti-NP IgG1 antibodies is however independent of IFNγR signalling, which is an agreement

Fig 5. T. brucei infection blunts the existing vaccine-induced memory response aginst malaria parasites. BALB/c mice were immunized with pm-4/
bp2-deficient P. berghei on day 0. One hundred and eighty days later, one group of vaccinated mice was infected with T. brucei and the other one was left

uninfected. At day two hundred and one and two hundred and twenty-two, both groups were treated with Veriben and rechallenged with GFP-P.

berghei, respectively (A). Evolution of GFP+ infected red blood cells (B) and survival (C) of infected (triangle) and uninfected (square) vaccinated mice.

Graphs show the mean and scattered plots from at least n = 4 mice per group and the data are representative of two independent experiments.

https://doi.org/10.1371/journal.pntd.0008358.g005
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with another study investigating the mechanism implicated in B cell death in after T. brucei
infection [29].

T. brucei infection of C57BL/6 mice inoculated with the TI antigen NP-Ficoll also has a

drastic negative impact on the systemic levels of anti-NP IgG3 antibodies 25 days post-infec-

tion (day 31 post NP-Ficoll) compared to uninfected mice. In contrast, the level of circulating

anti-NP IgM antibodies increased in infected vs. uninfected mice. This result could be

explained by the generation of cross-reactive anti-NP antibodies following T. brucei-induced

polyclonal B activation, as a clear difference between systemic levels of high and low anti-NP

IgM is observed in infected mice. Similar results were already described in the context of T.

vivax infection [17]. These results might be linked to the fact that TI antigens, such as type 2 TI

antigen NP-Ficoll, mainly activate MZ B cells to produce IgG3 and IgM antibodies [30,31] and

that these latter are depleted following infection [18].

Together, these results demonstrate the African trypanosomes infection can impact the lev-

els of systemic levels of anti-NP IgG3 and IgM antibodies in response to the administration of

a type 2 TI antigen, such as NP-Ficoll.

Finally, previous results from our laboratory have shown that T. brucei infection can abro-

gate the vaccine-induced protective immune response against a non-related pathogen such as

B. pertussis [18]. However, the direct effect of African trypanosome infection on B cells was

not defined within this experimental set-up. Therefore, using an experimental B cell-depen-

dent model of vaccination against malaria, we showed now that African trypanosome infection

was able to abolish the B cell-mediated protection against live malaria challenge in susceptible

mice. In various animal models, other pathogens, such as Salmonella bacteria and measles

virus infection, were also able to interfere with the development of efficient humoral immune

responses [32,33]. If potentially applicable to humans, this detrimental effect of African try-

panosomes could have important implications in endemic areas, in particular when consider-

ing a future anti-malaria vaccine application. While such vaccine is not available yet, there is

an ongoing effort to develop such intervention strategy that could help the global eradication

of malaria. Taken our results, it will be important to ensure that such approach is also effective

in HAT endemic areas, which largely overlap with malaria endemic areas in sub-Sahara Africa.

In humans, studies that address the impact of trypanosome infections on host B cell immunity

and vaccine induced memory are virtually absent. One publication reported a significant

lower concentrations of anti-measles Abs in vaccinated HAT patients vs. vaccinated HAT-neg-

ative individuals [34]. The differences between these two groups of patients persisted even

seven months post-trypanocidal treatment. However, the impact of this decrease was not

tested during a new encountering with the causative virus. Neither was it tested which propor-

tion of the remaining anti-measles titres resulted from parasite-mediated polyclonal low-affin-

ity Ab activation. More recently, human measles infection was also shown to compromise

immune memory to previously encountered pathogens due to depletion of previously

expanded B memory clones [33]. In addition, malaria parasite and HIV are also able to

decrease the potential of memory B cells to differentiate into plasma B cells [35,36]. At this

stage however, the exact mechanisms leading to the abrogation of different specific humoral

responses following T. brucei infection remain to be unveiled, as both direct (e.g. decreasing

half-life of specific antibodies in combination with B cell apoptosis) as well as indirect events

(e.g. a modulation of lymphoid microenvironment or any other secondary infection-associ-

ated effector mechanism that could affect memory B cell functions), could be involved.

Together, these results confirm a detrimental role of African trypanosomes infection on B

cell homeostasis and their effector functions and these data could have huge implications in

terms of vaccine design and strategy in endemic areas.
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Supporting information

S1 Data. This prism file summarizes all the raw data required to design the different fig-

ures presented in this article.

(PZF)

S1 Fig. Impact of soluble NP-CGG administration on primary specific anti-NP response.

C57BL/6 mice were immunized with NP-Ficoll (square) or NP-CGG (triangle) on day 0. Serial

serum dilution levels of anti-NP IgG3 Abs on NP26-BSA were measured by ELISA on day 7.

Graphs show the mean ± SEM from at least n = 4 mice per group and the data are representa-

tive of one independent experiment.

(TIF)

S2 Fig. Cross-reactive potential of anti-T. brucei antibody. C57BL/6 mice were infected

with T. brucei. Serial serum dilution levels of anti-NP IgM (filled square) and IgG3 (filled tri-

angle) Abs from pooled (n = 3) day 6-infected and uninfected mice were measured. The data

are representative of two independent experiments.

(TIF)

Acknowledgments

We thank Ella Omasta, Marie-Therese Detobel, Maria Slazak for technical assistance as well as

Dr. Benoit Stijlemans for constructive discussions.

Author Contributions

Conceptualization: Carl De Trez, Shahid Khan.

Formal analysis: Carl De Trez.

Funding acquisition: Carl De Trez, Stefan Magez.

Investigation: Carl De Trez.

Methodology: Carl De Trez, Shahid Khan.

Project administration: Stefan Magez.

Resources: Shahid Khan.

Supervision: Stefan Magez.

Writing – original draft: Carl De Trez.

Writing – review & editing: Carl De Trez, Stefan Magez.

References
1. Barrett M, Burchmore R, Stich A, Lazzari J, Frasch A, Cazzulo J, et al. The trypanosomiases. Lancet.

2003; 362: 1469–1480. https://doi.org/10.1016/S0140-6736(03)14694-6 PMID: 14602444

2. Matthews KR. The developmental cell biology of Trypanosoma brucei. J Cell Sci. 2005; 118: 283–290.

https://doi.org/10.1242/jcs.01649 PMID: 15654017

3. Magez S, Schwegmann A, Atkinson R, Claes F, Drennan M, De Baetselier P, et al. The role of B-cells

and IgM antibodies in parasitemia, anemia, and VSG switching in Trypanosoma brucei-infected mice.

PLoS Pathog. 2008; 4. https://doi.org/10.1371/journal.ppat.1000122 PMID: 18688274

4. Melchers F. Checkpoints that control B cell development. J Clin Invest. 2015; 125: 2203–2210. https://

doi.org/10.1172/JCI78083 PMID: 25938781

PLOS NEGLECTED TROPICAL DISEASES African trypanosome infection impacts negatively effector B cell responses

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008358 June 26, 2020 12 / 14

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008358.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008358.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008358.s003
https://doi.org/10.1016/S0140-6736(03)14694-6
http://www.ncbi.nlm.nih.gov/pubmed/14602444
https://doi.org/10.1242/jcs.01649
http://www.ncbi.nlm.nih.gov/pubmed/15654017
https://doi.org/10.1371/journal.ppat.1000122
http://www.ncbi.nlm.nih.gov/pubmed/18688274
https://doi.org/10.1172/JCI78083
https://doi.org/10.1172/JCI78083
http://www.ncbi.nlm.nih.gov/pubmed/25938781
https://doi.org/10.1371/journal.pntd.0008358


5. Hammad H, Vanderkerken M, Pouliot P, Deswarte K, Toussaint W, Vergote K, et al. Transitional B cells

commit to marginal zone B cell fate by Taok3-mediated surface expression of ADAM10. Nat Immunol.

2017; 18: 313–320. https://doi.org/10.1038/ni.3657 PMID: 28068307

6. Bockstal V, Guirnalda P, Caljon G, Goenka R, Telfer JC, Frenkel D, et al. T. brucei infection reduces B

lymphopoiesis in bone marrow and truncates compensatory splenic lymphopoiesis through transitional

B-cell apoptosis. PLoS Pathog. 2011; 7. https://doi.org/10.1371/journal.ppat.1002089 PMID: 21738467

7. De Beule N, Menu E, Bertrand MJM, Favreau M, De Bruyne E, Maes K, et al. Experimental African try-

panosome infection suppresses the development of multiple myeloma in mice by inducing intrinsic apo-

ptosis of malignant plasma cells. Oncotarget. 2017; 8: 52016–52025. https://doi.org/10.18632/

oncotarget.18152 PMID: 28881710

8. De Trez C, Katsandegwaza B, Caljon G, Magez S. Experimental African trypanosome infection by nee-

dle passage or natural tsetse fly challenge thwarts the development of collagen-induced arthritis in

DBA/1 prone mice via an impairment of antigen specific B cell autoantibody titers. PLoS One. 2015; 10.

https://doi.org/10.1371/journal.pone.0130431 PMID: 26110416

9. Takahashi Y, Dutta PR, Cerasoli DM, Kelsoe G. In Situ Studies of the Primary Immune Response to (4-

Hydroxy-3-Nitrophenyl)Acetyl. V. Affinity Maturation Develops in Two Stages of Clonal Selection. J Exp

Med. 2002; 187: 885–895. https://doi.org/10.1084/jem.187.6.885 PMID: 9500791

10. Hsu M-C, Toellner K-M, Vinuesa CG, MacLennan ICM. B cell clones that sustain long-term plasmablast

growth in T-independent extrafollicular antibody responses. Proc Natl Acad Sci. 2006; 103: 5905–5910.

https://doi.org/10.1073/pnas.0601502103 PMID: 16585532

11. Radwanska M, Guirnalda P, De Trez C, Ryffel B, Black S, Magez S. Trypanosomiasis-induced B cell

apoptosis results in loss of protective anti-parasite antibody responses and abolishment of vaccine-

induced memory responses. PLoS Pathog. 2008; 4. https://doi.org/10.1371/journal.ppat.1000078

PMID: 18516300

12. Cnops J, De Trez C, Bulte D, Radwanska M, Ryffel B, Magez S. IFN-γmediates early B-cell loss in

experimental African trypanosomosis. Parasite Immunol. 2015; 37: 479–484. https://doi.org/10.1111/

pim.12208 PMID: 26079128

13. Radwanska M, Magez S, Michel A, Stijlemans B, Geuskens M, Pays E. Comparative analysis of anti-

body responses against HSP60, invariant surface glycoprotein 70, and variant surface glycoprotein

reveals a complex antigen-specific pattern of immunoglobulin isotype switching during infection by Try-

panosoma brucei. Infect Immun. 2000; 68: 848–860. https://doi.org/10.1128/iai.68.2.848-860.2000

PMID: 10639455

14. Reinitz DM, Mansfield JM. T-cell-independent and T-cell-dependent B-cell responses to exposed vari-

ant surface glycoprotein epitopes in trypanosome-infected mice. Infect Immun. 1990; 58: 2337–2342.

PMID: 1694824

15. Baral TN, De Baetselier P, Brombacher F, Magez S. Control of Trypanosoma evansi Infection Is IgM

Mediated and Does Not Require a Type I Inflammatory Response. J Infect Dis. 2007; 195: 1513–1520.

https://doi.org/10.1086/515577 PMID: 17436232

16. Mond JJ, Lees A, Snapper CM. T Cell-Independent Antigens Type 2. Annu Rev Immunol. 2003; 13:

655–692. https://doi.org/10.1146/annurev.iy.13.040195.003255 PMID: 7612238

17. Mahan SM, Hendershot L, Black SJ. Control of trypanodestructive antibody responses and parasitemia

in mice infected with Trypanosoma (Duttonella) vivax. Infect Immun. 1986; 54: 213–21. Available: http://

www.ncbi.nlm.nih.gov/pubmed/3489676%0Ahttp://www.pubmedcentral.nih.gov/articlerender.fcgi?

artid=PMC260139 PMID: 3489676

18. Radwanska M, Guirnalda P, De Trez C, Ryffel B, Black S, Magez S. Trypanosomiasis-induced B cell

apoptosis results in loss of protective anti-parasite antibody responses and abolishment of vaccine-

induced memory responses. PLoS Pathog. 2008; 4. https://doi.org/10.1371/journal.ppat.1000078

PMID: 18516300

19. Hafalla JCR, Claser C, Couper KN, Grau GE, Renia L, de Souza JB, et al. The CTLA-4 and PD-1/PD-l1

inhibitory pathways independently regulate host resistance to Plasmodium-induced acute immune

pathology. PLoS Pathog. 2012; 8. https://doi.org/10.1371/journal.ppat.1002504 PMID: 22319445

20. Spaccapelo R, Aime E, Caterbi S, Arcidiacono P, Capuccini B, Di Cristina M, et al. Disruption of plas-

mepsin-4 and merozoites surface protein-7 genes in Plasmodium berghei induces combined virulence-

attenuated phenotype. Sci Rep. 2011; 1. https://doi.org/10.1038/srep00039 PMID: 22355558

21. Spaccapelo R, Janse CJ, Caterbi S, Franke-Fayard B, Bonilla JA, Syphard LM, et al. Plasmepsin 4-defi-

cient Plasmodium berghei are virulence attenuated and induce protective immunity against experimen-

tal malaria. Am J Pathol. 2010; 176: 205–217. https://doi.org/10.2353/ajpath.2010.090504 PMID:

20019192

PLOS NEGLECTED TROPICAL DISEASES African trypanosome infection impacts negatively effector B cell responses

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008358 June 26, 2020 13 / 14

https://doi.org/10.1038/ni.3657
http://www.ncbi.nlm.nih.gov/pubmed/28068307
https://doi.org/10.1371/journal.ppat.1002089
http://www.ncbi.nlm.nih.gov/pubmed/21738467
https://doi.org/10.18632/oncotarget.18152
https://doi.org/10.18632/oncotarget.18152
http://www.ncbi.nlm.nih.gov/pubmed/28881710
https://doi.org/10.1371/journal.pone.0130431
http://www.ncbi.nlm.nih.gov/pubmed/26110416
https://doi.org/10.1084/jem.187.6.885
http://www.ncbi.nlm.nih.gov/pubmed/9500791
https://doi.org/10.1073/pnas.0601502103
http://www.ncbi.nlm.nih.gov/pubmed/16585532
https://doi.org/10.1371/journal.ppat.1000078
http://www.ncbi.nlm.nih.gov/pubmed/18516300
https://doi.org/10.1111/pim.12208
https://doi.org/10.1111/pim.12208
http://www.ncbi.nlm.nih.gov/pubmed/26079128
https://doi.org/10.1128/iai.68.2.848-860.2000
http://www.ncbi.nlm.nih.gov/pubmed/10639455
http://www.ncbi.nlm.nih.gov/pubmed/1694824
https://doi.org/10.1086/515577
http://www.ncbi.nlm.nih.gov/pubmed/17436232
https://doi.org/10.1146/annurev.iy.13.040195.003255
http://www.ncbi.nlm.nih.gov/pubmed/7612238
http://www.ncbi.nlm.nih.gov/pubmed/3489676%0Ahttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC260139
http://www.ncbi.nlm.nih.gov/pubmed/3489676%0Ahttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC260139
http://www.ncbi.nlm.nih.gov/pubmed/3489676%0Ahttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC260139
http://www.ncbi.nlm.nih.gov/pubmed/3489676
https://doi.org/10.1371/journal.ppat.1000078
http://www.ncbi.nlm.nih.gov/pubmed/18516300
https://doi.org/10.1371/journal.ppat.1002504
http://www.ncbi.nlm.nih.gov/pubmed/22319445
https://doi.org/10.1038/srep00039
http://www.ncbi.nlm.nih.gov/pubmed/22355558
https://doi.org/10.2353/ajpath.2010.090504
http://www.ncbi.nlm.nih.gov/pubmed/20019192
https://doi.org/10.1371/journal.pntd.0008358


22. SINGH A, SHENAI BR, CHOE Y, GUT J, SIJWALI PS, CRAIK CS, et al. Critical role of amino acid 23 in

mediating activity and specificity of vinckepain-2, a papain-family cysteine protease of rodent malaria

parasites. Biochem J. 2002; 368: 273–281. https://doi.org/10.1042/BJ20020753 PMID: 12169096

23. Pays E. The variant surface glycoprotein as a tool for adaptation in African trypanosomes. Microbes

Infect. 2006; 8: 930–937. https://doi.org/10.1016/j.micinf.2005.10.002 PMID: 16480910

24. Pays E. Antigenic variation and the problem of vaccines against African trypanosomes. Bull Mem lAca-

demie R Med Belgique. 1995; 150: 123–131; discussion 131–135.

25. De Trez C, Katsandegwaza B, Caljon G, Magez S. Experimental African trypanosome infection by nee-

dle passage or natural tsetse fly challenge thwarts the development of collagen-induced arthritis in

DBA/1 prone mice via an impairment of antigen specific B cell autoantibody titers. PLoS One. 2015; 10.

https://doi.org/10.1371/journal.pone.0130431 PMID: 26110416

26. Cnops J, De Trez C, Stijlemans B, Keirsse J, Kauffmann F, Barkhuizen M, et al. NK-, NKT- and CD8-

Derived IFNγDrives Myeloid Cell Activation and Erythrophagocytosis, Resulting in Trypanosomosis-

Associated Acute Anemia. PLoS Pathog. 2015; 11. https://doi.org/10.1371/journal.ppat.1004964

PMID: 26070118

27. Hertz CJ, Filutowicz H, Mansfield JM. Resistance to the African trypanosomes is IFN-gamma depen-

dent. J Immunol. 1998; 161: 6775–83. Available: http://www.ncbi.nlm.nih.gov/pubmed/9862708 PMID:

9862708

28. Magez S, Radwanska M, Drennan M, Fick L, Baral TN, Brombacher F, et al. Interferon-γ and Nitric

Oxide in Combination with Antibodies Are Key Protective Host Immune Factors during Trypanosoma

congolense Tc13 Infections. J Infect Dis. 2006; 193: 1575–1583. https://doi.org/10.1086/503808 PMID:

16652287

29. Frenkel D, Zhang F, Guirnalda P, Haynes C, Bockstal V, Radwanska M, et al. Trypanosoma brucei Co-

opts NK Cells to Kill Splenic B2 B Cells. PLoS Pathog. 2016; 12. https://doi.org/10.1371/journal.ppat.

1005733 PMID: 27403737
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