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SUMMARY

Despite the key role that antibodies play in protec-
tion, the cellular processes mediating the acquisition
of humoral immunity against malaria are not fully un-
derstood. Using an infectionmodel of severemalaria,
we find that germinal center (GC) B cells upregulate
the transcription factor T-bet during infection.Molec-
ular and cellular analyses reveal that T-bet in B cells
is required not only for IgG2c switching but also fa-
vors commitment of B cells to the dark zone of
the GC. T-bet was found to regulate the expression
of Rgs13 and CXCR3, both of which contribute
to the impaired GC polarization observed in the
absence of T-bet, resulting in reduced IghV genemu-
tations and lower antibody avidity. These results
demonstrate that T-bet modulates GC dynamics,
thereby promoting the differentiation of B cells with
increased affinity for antigen.
INTRODUCTION

Malaria remains one of the most harmful infectious diseases of

humans, causing more than 200 million clinical cases annually

(World Health Organization, 2015). Most cases of severe disease

are caused by Plasmodium falciparum. Clinical manifestations

range from fever to complicated syndromes, including severe

anemia, acute respiratory distress, renal failure, seizures, and

coma (White and Ho, 1992). Blood-stage malaria parasites,

responsible for the induction disease symptoms, express para-

sitic proteins on the surface of infected erythrocytes, which al-

lows them to bind to vascular endothelial cells. This process,

known as parasite sequestration, induces obstructions in the

blood flow, resulting in hypoxia and hemorrhages (Miller et al.,

2002) associated with organ-specific syndromes. A large body

of work indicates that in addition to parasite sequestration, in-
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flammatory responses also contribute to severe disease. High

levels of TNF (Molyneux et al., 1993), IFN-g, IL-1b (Pongponratn

et al., 2003), and CXCL10 (Armah et al., 2005) have been associ-

ated with disease severity.

Individuals living in malaria-endemic areas develop clinical

immunity only after many years of repeated exposure to the

parasite. This naturally acquired immunity is not sterilizing but

prevents clinical episodes by substantially controlling parasite

densities (Marsh and Kinyanjui, 2006). Passive transfer experi-

ments (Cohen et al., 1961) demonstrated that antibodies are a

key component of clinical immunity to malaria, with roles that

include inhibition of parasite invasion into red blood cells

(RBCs) (Blackman et al., 1990) and opsonizing parasites for

phagocytosis by effector cells (Hill et al., 2013).

The development of antibody-mediated immunity after expo-

sure to antigen requires the establishment of germinal center

(GC) reactions in secondary lymphoid organs. During this pro-

cess, activated B cells undergo somatic hypermutations of

their immunoglobulin (Ig) genes, followed by selective expan-

sion and survival of B cells with high-affinity antigen receptors.

These processes take place in two distinct structural and func-

tional compartments within the GC. Whereas proliferation and

somatic Ig hypermutation occur in the dark zone (DZ), selection

of high-affinity antibody-expressing clones takes place in the

light zone (LZ). GCs give rise high-affinity plasma cells and

memory B cells. While plasma cells migrate to the bone marrow

and continue to produce antibodies for years, memory B cells

recirculate and become activated upon re-encounter with their

cognate antigen. GC reactions are supported by T follicular

helper (TFH) cells, which express the chemokine receptor

CXCR5 that allows them to migrate to B cell areas and provide

help to B cells by a number of different mechanisms, including

the production of IL-21 (Vinuesa et al., 2005).

The cellular mechanisms underlying the slow acquisition of

antibody-mediated immunity to malaria are not fully understood.

Using the P. berghei ANKA mouse infection, which recapitulates

many features of human P. falciparum malaria (Hansen, 2012;

Miller et al., 2002; Schofield and Grau, 2005), we have previously
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C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



found that pro-inflammatory cytokines mediating clinical symp-

toms compromise TFH cell differentiation (Ryg-Cornejo et al.,

2016). P. berghei ANKA infection was characterized by the

accumulation of TFH cell precursors, which co-express TH1

cell-associated molecules such as the transcription factor

T-bet and the chemokine receptor CXCR3. IFN-g and TNF

neutralization or genetic ablation of T-bet restored TFH cell

differentiation and GC formation in the spleen (Ryg-Cornejo

et al., 2016). Similar to our findings in mice, acute symptomatic

P. falciparum malaria infections were found to activate circu-

lating TH1-like TFH cells, with limited helper capacity (Obeng-Ad-

jei et al., 2015).

In addition to its well-characterized role in driving TH1 cell

polarization in CD4+ T cells, T-bet can be found in other lineages,

including B cells (Kallies and Good-Jacobson, 2017). The best

defined role for T-bet in B cells is its requirement for IgG2c iso-

type class switching (Gerth et al., 2003; Peng et al., 2002;

Wang et al., 2012). T-bet was also found to be upregulated in

B cells associated with aging (Rubtsova et al., 2015), in memory

B cells elicited in response to viral infection (Barnett et al., 2016;

Knox et al., 2017; Rubtsova et al., 2013), and in CD11c+ B

cells associated with autoimmune conditions such as systemic

lupus erythematosus (SLE) (Rubtsova et al., 2017). In malaria,

T-bet has been detected in a subset of auto-reactive anti-

body-secreting cells that contribute to autoimmune anemia

in mice (Rivera-Correa et al., 2017) and during acute

P. falciparum infection, in a population of atypical memory B

cells (Obeng-Adjei et al., 2017) reported to have poor effector

function (Portugal et al., 2015). Despite studies describing

expression of T-bet in GC B cells (Guthmiller et al., 2017; Piove-

san et al., 2017; Sheikh et al., 2019), its precise role inmodulating

GC B cell function during infection remains elusive. To address

this question, we examined GC development to Plasmodium

infection in mice that lack T-bet specifically in their B cell

compartment. Our results revealed that T-bet supports a tran-

scriptional program required for commitment of B cells to the

DZ of the GC. T-bet thereby influences GC polarization, resulting

in augmented Ig affinity mutation and improved antibody affinity

maturation. Overall, our data show that T-bet directs B cell re-

sponses duringmalaria infection in two independent ways.While

T cell intrinsic T-bet governs the magnitude of the GC response,

T-bet expression in B cells controls the quality of the GC

response.

RESULTS

Expression of T-bet in T Cells and B Cells Controls GC B
Cell Responses to Malaria
Using the P. berghei ANKA infection model, we have previously

shown that T-bet upregulation associated with acute malaria in-

hibits TFH cell differentiation during infection (Ryg-Cornejo et al.,

2016). To test if T-bet was also involved in B cell-intrinsic

processes in response to malaria, we infected C57BL/6 mice

with P. berghei ANKA and examined T-bet expression in

gated CD19+CD38lowGL7+ GC B cells at different times post-

infection (p.i.) using flow cytometry. AsP. bergheiANKA infection

is lethal in C57BL/6 mice, infected animals were cured with

anti-malarial drugs after the onset of disease symptoms on day
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5 p.i. to allow assessment of immune responses at later times

as described (Ryg-Cornejo et al., 2016). As early as day 6 p.i.,

more than half of splenic GC B cells expressed T-bet (Figure 1A).

Notably, about 60% of all splenic GC B cells expressed the

chemokine receptor CXCR3, a well-defined transcriptional

target of T-bet, on days 6–9 p.i. (Figure 1B). The absolute number

of GC B cells expressing CXCR3 peaked at day 12 p.i. and

was strongly correlated with the expression of T-bet in this

compartment (Figure 1C). These data suggest that T-bet con-

tributes to the control of GC B cell response to malaria not only

via regulating TFH cell differentiation but also in a B cell intrinsic

manner.

To examine the relative contribution of T-bet in T and B

cells to GC formation and function, we infected Tbx21fl/flCd4Cre

(lacking T-bet in T cells), Tbx21fl/flCd23Cre mice (lacking T-bet in

mature follicular B cells), and control mice with P. berghei

ANKA. Consistent with our previous results, the absence of

T-bet in CD4+ T cells significantly increased frequencies

and absolute numbers of mature TFH cells (CD4+CXCR5high

PD-1high) produced in response to infection (Figures S1A and

S1B), which resulted in a 3-fold increase in the number of GC

B cells in Tbx21fl/flCd4Cre mice compared with controls (Figures

1E and 1F) and improved the establishment of GC structures in

the spleen (Figure 1G). In contrast, deletion of T-bet in B cells

resulted in only a minor increase of GC B cells in spleens of

Tbx21fl/flCd23Cre mice compared with Cd23Cre controls (Fig-

ures 1H–1J), and frequencies or numbers of TFH cells were un-

altered (Figures S1C and S1D). As expected, B cells in

Tbx21fl/flCd23Cre malaria-infected mice did not express

CXCR3 (Figure 1B) and did not class-switch to IgG2c (Fig-

ure 1D). Instead, higher frequencies of T-bet-deficient GC B

cells expressed IgG1 compared with wild-type (WT) mice (Fig-

ure 1D). Together these results indicate that T-bet affects GC

development in response to malaria in two different ways.

While T-bet expression in T cells limits the magnitude of the

GC response, T-bet in B cells controls the quality of the GC

response.

T-bet Modulates the Transcriptional Profile of GC B
Cells in Response to Malaria
To define how the expression of T-bet affects GC B cells in

response to infection, the transcriptional profile of sorted GC B

cells from P. berghei ANKA-infected Tbx21fl/flCd23Cre and

Cd23Cre mice was examined using RNA sequencing (RNA-

seq). We found that 407 genes were differentially expressed

between both groups. While key genes required for GC develop-

ment and function, including Bcl-6, Cxcr5, and activation-

induced cytidine deaminase (Aicda), required for somatic

hypermutation of Ig genes, were not affected, genes encoding

molecules required for T cell help, including Cd86, Cd83, and

Cd40, were significantly upregulated in the absence of T-bet

(Figure 2A). Using a transcriptional signature of GCB cells, which

we described previously (Gloury et al., 2016), we identified 17GC

B cell-specific genes, expression of which was deregulated in

the absence of T-bet. Notably, 15 of these genes, including

Mcm3, Mcm4, Mcm7, Pola1, and Tpx2, essential for DNA

replication during cell division, were significantly downregulated,

while the other two genes,Hs-Q6 and the negative regulator of G



Figure 1. Expression of T-bet in T Cells and B Cells Controls GC B Cell Response to Malaria

(A–D) Tbx21fl/flCd23Cre and Cd23Cre control mice were infected with P. berghei ANKA and treated with anti-malarial drugs from day 5 p.i. Percentages (A and B)

and absolute numbers (C) of T-bet+ cells (A and C) and CXCR3+ cells (B and C) among gated of CD19+CD38lowGL7+GCB cells. Percentages of IgG1+ and IgG2c+

CD19+CD38lowGL7+ GC B cells (D).

(E–G) Tbx21fl/flCd4Cre and control mice were infected with P. berghei ANKA and treated with anti-malarial drugs from day 5 p.i. Percentages (E) and absolute

numbers (F) of CD19+CD38lowGL7+ GCB cells. Immunofluorescence analysis of spleen sections infected Tbx21fl/flCd4Cre and control mice, identifying GCB cells

with anti-GL7, naive B cell follicles with anti-IgD, and T cell zones with anti-CD3 (G). Images are representative of four animals per group. Scale bar denotes

300 mm.

(H and I) Tbx21fl/flCd23Cre and Cd23Cre control mice were infected with P. berghei ANKA and treated with anti-malarial drugs from day 5 p.i. Percentages (H) and

absolute numbers (I) of CD19+CD38lowGL7+ GC B cells.

(J) Immunofluorescence analysis of spleen sections from infected Tbx21fl/flCd23Cre andCd23Cre control, identifying GC B cells with anti-GL7, naive B cell follicles

with anti-IgD, and T cell zones with anti-CD3. Images are representative of at least four animals per group. Scale bar denotes 300 mm.

Data are representative of two or three experiments. Graphs depict means of four mice ± SEM. Representative dot plots are shown. *p < 0.05, **p < 0.01, and

***p < 0.005.

See also Figure S1.
protein signaling Rgs13, were upregulated in Tbx21fl/flCd23Cre

compared with WT GC B cells (Figure 2B).

GC B cells cyclically transit between the DZ and LZ of GCs

to undergo rounds of proliferation and affinity selection

(Allen et al., 2007). DZ and LZ GC B cells differ substantially

in their gene expression profiles, with LZ GC B cells character-

ized by the expression of immune cell activation-related

genes, while DZ GC B cells show increased expression of

genes involved in the control of cell cycle (Victora et al.,

2012). Interestingly, Gene Ontology analysis showed that

pathways involved in regulation of immune responses and

control of cell cycle were deregulated in the absence of T-

bet in B cells (Figure S2; Figures 2C and 2D), suggesting

that T-bet may influence DZ/LZ polarization. Indeed, expres-

sion of genes involved in regulation of cell motility such as
Cxcr3 and Cxcl10 and genes involved in the control of cell di-

vision such as Trp73, Tpx2, and Polh were significantly down-

regulated in T-bet-deficient compared with control GC B cells

(Figures 2A and 2B).

To further examine if T-bet played a role in the control of GC

DZ/LZ polarization, we compared our RNA-seq data with a tran-

scriptional signature of genes previously described (Victora

et al., 2012) to define DZ and LZ GC B cells. Our analysis identi-

fied 32 DZ/LZ-specific genes differentially expressed between

T-bet-deficient and WT GC B cells (Figure 3A). Whereas DZ-de-

fining genes such as Rrm1, Cdca8, Anxa2, and Reln, involved in

the control of cell proliferation (Figures 3B and 3C), were

reduced, LZ-defining genes, including Cd86, Cd40, and the

negative regulators of NF-kB Nfkbie and Nfkbid (Figures 3B

and 3C), were significantly enriched in T-bet-deficient GC B
Cell Reports 29, 2257–2269, November 19, 2019 2259



Figure 2. T-bet Modulates the Transcrip-

tional Profile of GC B Cells Elicited in

Response to Malaria

(A–D) Transcriptional profiling was performed on

sorted CD19+CD38lowGL7+ GC B cells from

P. berghei ANKA-infected Tbx21fl/flCd23Cre and

Cd23Cre control mice using RNA sequencing on

day 10 p.i.

(A) MA plot showing genes significantly (false dis-

covery rate [FDR] < 0.15, p < 0.05) upregulated

(red) or downregulated (blue) in Tbx21fl/flCd23Cre

versus Cd23Cre control GC B cells.

(B) Heatmap displaying GC B cell signature genes

(Gloury et al., 2016) de-regulated by T-bet-defi-

ciency.

(C and D) Log fold change of individual genes in

selected pathways upregulated (C) or down-

regulated (D) in Tbx21fl/flCd23Cre versus control GC

B cells.

See also Figure S2.
cells. Overall, these results suggest that T-bet promotes DZ over

LZ GC B cell programming.

To determine if T-bet also regulated chromatin accessibility in

GC B cells, we used the assay for transposase-accessible

chromatin using sequencing (ATAC-seq) to detect open chro-

matin regions in sorted GC B cells from malaria-infected

Tbx21fl/flCd23Cre mice and compared them with T-bet-express-

ing (CXCR3+) GCB cells frommalaria-infected control mice. This

analysis revealed 705 (up) and 171 (down) differentially acces-

sible (DA) peaks between T-bet-deficient and control GC B

cells. This included Cxcr3, which was less accessible in T-bet-

deficient GC B cells compared with controls (Figures 3D and

3E). Consistent with the RNA-seq analysis, a significant

enrichment (p = 0.02147) of DZ/LZ signature genes was found

among peaks DA between Tbx21fl/flCd23Cre and control GC B
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cells. The majority of LZ-specific genes

were more accessible in GC B cells of

Tbx21fl/flCd23Cre mice compared with

controls (Figures 3D and 3E). Interest-

ingly, DZ-associated genes, including

Anxa2, Lmo4, Tifa, and Uap1, also re-

mained accessible in T-bet-deficient GC

B cells (Figure 3D), suggesting that in-

flammatory conditions that induce T-bet

limit chromatin flexibility in GC B cells.

T-bet Influences GC Polarization in
Response to Malaria Infection
To examine T-bet distribution in GC B

cells, flow cytometric analysis of DZ and

LZ GC B cells of malaria-infected WT

mice was performed using a gating strat-

egy based on CD86 and CXCR4 expres-

sion published previously (Victora et al.,

2010). On day 6 p.i., T-bet expression

was confined mainly to the LZ (Figure S3).

From day 9 p.i. onward, T-bet could be
detected in both DZ and LZ GC B cells, although its expression

remained slightly higher in the LZ (Figures S3A and S3B).

To test if T-bet differentially affected LZ and DZ GC B cell

development, the expression of CXCR4 and CD86 among GC

B cells from malaria-infected Tbx21fl/flCd23Cre and Cd23Cre

mice was examined. Consistent with our transcriptional profiling

that had shown an enrichment of LZ genes in T-bet-deficient GC

B cells, the proportion of LZ GC B cells was significantly higher

in Tbx21fl/flCd23Cre mice compared with controls, while DZ GC

B cells were reduced (Figures 4A–4C). Total numbers of LZ GC

B cells in Tbx21fl/flCd23Cre mice were significantly higher than

in controls (Figure 4E), while no significant differences were

found in the numbers of DZ GC B cells between both groups

(Figure 4D), resulting in a significantly reduced DZ/LZ GC B cell

ratio in Tbx21fl/flCd23Cre compared with control mice (Figure 4F).



Figure 3. T-bet Modulates GC Dark and

Light Zone Polarization in Response to Ma-

laria Infection

(A) Venn diagram showing overlap of differentially

expressed genes between Tbx21fl/flCd23Cre and

Cd23Cre control GC B cells detected using RNA-

seq and a GC transcriptional signature that defines

the DZ and LZ GC B cells (Victora et al., 2012).

(B) Heatmap displaying genes identified in (A),

where DZ-specific genes are marked in blue and

LZ-specific genes are marked in red font.

(C) Gene set enrichment test of genes identified in

(A), showing significant enrichment of DZ genes in

Cd23Cre control GC B cells and LZ genes in

Tbx21fl/flCd23Cre GC B cells. Significance was

tested using the Roast test.

(D and E) ATAC sequencing profiling was per-

formed on sorted CD19+CD38lowGL7+ GC B cells

from P. berghei ANKA-infected Tbx21fl/flCd23Cre

and Cd23Cre control mice. To enrich for T-bet+

cells, CXCR3+ GC B cells were sorted from control

mice. Scatterplot showing gene loci with increased

accessibility (red) or decreased accessibility (blue)

in Tbx21fl/flCd23Cre versus Cd23Cre control GC B

cells (D). Examples of ATAC sequencing tracks of

selected genes showing sites of decreased (Il3ra,

Cxcr3) or increased (Pxk) accessibility (peaks) in

Tbx21fl/flCd23Cre B cells compared with Cd23Cre

control (E).
Consistent with the unaltered representation of DZ GC B cells

in Tbx21fl/flCd23Cre mice, we detected no difference in the

number of proliferating GC B cells, identified by BrdU incorpo-

ration (Figures S3C and S3D). Moreover, cell cycle analysis

performed by sequential labeling with EdU followed by BrdU

revealed no differences in proliferation rates of DZ and LZ GC

B cells of malaria-infected Tbx21fl/flCd23Cre or control mice (Fig-

ures S3E–S3G).

To determine if the effect of T-bet in GC polarization was B

cell intrinsic, chimeric mice reconstituted with a 1:1 mixture of

congenically marked WT (Ly5.1+) and Tbx21fl/flCd23Cre (Ly5.2+)

bone marrow were infected with P. berghei ANKA and the

proportion of DZ and LZ GC B cells assessed in each compart-

ment. Chimeric mice containing a mixture of Ly5.1+ WT and

Ly5.2+ Cd23Cre bone marrow cells were included as controls.

Whereas control chimeric mice displayed equal proportions of

DZ and LZ cells in each compartment (Figures 4J and 4K),

Ly5.2+ Tbx21fl/flCd23Cre GC B cells showed significantly

increased frequencies of LZ cells and decreased frequencies

of DZ cells compared with Ly5.1+ WT controls (Figures 4G–4I).
Cell Report
Thus, intrinsic expression of T-bet in B

cells influences GC polarization by

limiting LZ differentiation and favoring

the transition to a DZ transcriptional

program.

T-bet Modulates Migration of GC B
Cells to the DZ
Our data show that CXCR3 is expressed

in GC B cells in a T-bet-dependent
manner. The upregulation of CXCR3-binding chemokines

such as CXCL10 is a well-documented feature of human and

murine malaria (Armah et al., 2007; Nie et al., 2009). Thus, we

sought to determine the role CXCR3 in GC B cells. In vitro

chemotaxis assays revealed that CXCR3 was functional in WT

GC B cells, as cells from malaria-infected mice readily migrated

in response to CXCL10, whereas cells from in Tbx21fl/flCd23Cre

mice did not (Figure 5A). Next, chimeric mice reconstituted

with a 1:1 mix of congenically marked Ly5.1+ WT and Ly5.2+

Cxcr3�/� bone marrow were infected with P. berghei ANKA

and GC B cells responses assessed in each compartment.

Frequencies and numbers of GC B cells early during infection

were similar between the WT and CXCR3 deficient compart-

ments. In contrast, on day 12 p.i., the absence of CXCR3 re-

sulted in a reduction of total GC B cell numbers compared with

WT cells (Figures 5B and 5C). Moreover, the proportion of DZ

GC B cells as well as the DZ/LZ cell ratio was significantly

reduced in the absence of CXCR3. Thus, CXCR3 supports

maintenance of GC by promoting access of GC B cells to the

DZ (Figures 5D and 5E).
s 29, 2257–2269, November 19, 2019 2261



Figure 4. Lack of T-bet in B Cells Results in an Increase of the GC LZ Compartment during Malaria Infection

(A–F) Tbx21fl/flCd23Cre and Cd23Cre mice were infected with P. berghei ANKA and treated with anti-malarial drugs from day 5 p.i. Proportions (A–C) and absolute

numbers (D and E) of CD86loCXCR4hi DZ (A, B, and D) and CD86hiCXCR4lo LZ (A, C, and E) GC B cells were calculated among gated CD19+CD38lowGL7+ GC B

cells. Ratios of DZ to LZ GC B cell numbers were determined in malaria-infected Tbx21fl/flCd23Cre and Cd23Cre mice (F).

(G–K) Lethally irradiated C57BL/6mice were reconstituted with 1:1 ratios of Ly5.1+WT and Ly5.2+ Tbx21fl/flCd23Cre�/� bone marrow (G–I). Ly5.1+ WT and Ly5.2+

Cd23Cre chimeras were included as controls (J and K). Representative flow cytometry plots showing frequencies of DZ and LZ GC B cells at different times p.i.

within theWT (Ly5.1+) and Tbx21fl/flCd23Cre (Ly5.2+) compartments (G). Frequencies of DZ (H and J) and LZ (I and K) GCB cells were determined at different times

p.i. within the Ly5.1+ and Ly5.2+ compartments.

Data are representative of two experiments. Graphs depict means of four mice ± SEM. Representative histograms and dot plots are shown. **p < 0.01,

***p < 0.001, and ****p < 0.0001.

See also Figure S3.
The access of GC B cells into the DZ requires CXCR4-medi-

ated cell migration (Bannard et al., 2013). To examine if this

pathway was affected by T-bet, CXCR4 expression and the

chemotactic response to its ligand, CXCL12, were determined

in Tbx21fl/flCd23Cre and Cd23Cre B cells of P. berghei-ANKA-in-

fected mice. The capacity of Tbx21fl/flCd23Cre GC B cells to

migrate in response to CXCL12 was reduced by 30% compared

with control cells (Figure 5F). As CXCR4 expression in DZ and LZ

GC B cells was not different between T-bet-deficient and control

B cells (Figure 5G), these data suggest that T-bet modulates

responsiveness of B cells by regulating the expression of
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chemotactic mediators other than CXCR4. One of the GC B

cell-specific genes significantly upregulated in the absence of

T-bet was the regulator of G protein signaling 13 (rgs13) (Fig-

ure 2), a negative regulator of signaling in response to chemo-

kines, known to reduce responsiveness to CXCL12 (Johnson

and Druey, 2002; Shi et al., 2002). To test if increased expres-

sion of rgs13 as observed in T-bet-deficient GC B cells may

contribute to impaired migration to the DZ, we infected a human

GC B cell lymphoma cell line (HS-Sultan) that constitutively

expresses rgs13 (Han et al., 2006) with a GST-tagged T-bet-ex-

pressing lentivirus. Lentivirus infection was confirmed using



Figure 5. T-bet Modulates Homing of GC B

Cells to the DZ

(A) Tbx21fl/flCd23Cre and Cd23Cre mice were in-

fected with P. berghei ANKA. The capacity of GC B

cells from infected mice to migrate in response to

CXCL10 was evaluated on day 8 p.i.

(B–E) Irradiated C57BL/6 mice were reconstituted

with a 1:1 mixture of Ly5.1+ WT and Ly5.2+

Cxcr3�/� bone marrow. Representative flow cy-

tometry plots (B) and absolute numbers (C) of

CD19+CD38lowGL7+ GC B cells within the WT

(Ly5.1+) and Cxcr3�/� (Ly5.2+) compartments.

Representative flow cytometry plots (D) and ratios

(E) of DZ to LZ GC B cells were determined at

different times p.i. within the WT (Ly5.1+) and

Cxcr3�/� (Ly5.2+) compartments.

(F and G) Tbx21fl/flCd23Cre and Cd23Cre mice were

infected with P. berghei ANKA and treated with

anti-malarial drugs from day 5 p.i. Chemotactic

response to CXCL12 of GC B cells from

Tbx21fl/flCd23Cre and Cd23Cre mice was deter-

mined on day 8 p.i (F). The expression of CXCR4

was analyzed among gated DZ or LZ GC B cells.

Representative histograms acquired on day 12 p.i.

are shown (G).

(H and I) HS-Sultan cells were infected with a T-

bet-expressing lentivirus or control. Rg13 levels

were measured in infected HS-Sultan cells using

RT-PCR (H). Migration of infected HS-Sultan cells

in response to CXCL12 was determined in a

chemotaxis assay (I).

Data are representative of two experiments.

Graphs depict means of four mice ± SEM. Repre-

sentative histograms and dot plots are shown. *p <

0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

See also Figure S4.
flow cytometry andRT-PCR (Figures S4A andS4B).Rgs13 levels

in infected cells were determined using RT-PCR, and their ca-

pacity to migrate in response to CXCL12 was examined.

Expression of T-bet in HS-Sultan cells reduced rgs13 mRNA

transcripts by >50% compared with cells infected with control

lentivirus (Figure 5H), which resulted in a 2.5-fold increase in

the capacity of HS-Sultan cells to migrate in response to

CXCL12 compared with controls (Figure 5I). Interestingly, T-bet

expression significantly improved the forward migration index

of HS-Sultan cells in response to chemotactic stimulus but not

their velocity (Figures S4C and S4D). Thus, together these results

indicate that T-bet influences responsiveness to chemokines

required for GC polarization.

T-bet Regulates the Quality of Memory B Cells and
Plasma Cells Induced in Response to Malaria
We then sought to determine if the T-bet-mediated transition to

a DZ transcriptional program subsequently influenced the GC

output during P. berghei ANKA infection, including memory B

cell and plasma cell formation (Figure 6A). Total numbers of

isotype-switched plasma cells were significantly higher in

Tbx21fl/flCd23Cre mice compared with controls on day 9 p.i. (Fig-

ure 6B). When IgG1 and IgG2c responses were analyzed, we

found that consistent with the well-defined role of T-bet in

IgG2c class-switch (Gerth et al., 2003; Peng et al., 2002),
Tbx21fl/flCd23Cre mice almost exclusively generated IgG1
+

plasma cells, while control mice generated a response domi-

nated by IgG2c
+ plasma cells (Figure 6C). This was also reflected

in serum antibody titers specific for P. berghei ANKA protein

merozoite surface protein-119 (MSP-119) (Figure S5). However,

despite the differences in isotype distribution, total parasite-spe-

cific IgG levels were not significantly different between

Tbx21fl/flCd23Cre and controls (Figure S5). As expected,

Tbx21fl/flCd23Cre mice lacked IgG2c
+ memory B cells, while

this was the dominant IgG isotype in WT mice (Figure 6E).

Notably, Tbx21fl/flCd23Cre mice compared with WT mice

showed increased numbers of isotype-switched memory B cells

early (day 9) in the response (Figure 6F), suggesting that in

the absence of T-bet, memory B cells might leave the GC

prematurely.

Recent studies have identified various surface molecules as

markers of memory B cell precursors. Whereas CCR6 expres-

sion was found to define memory B cell precursors in the LZ

with low affinity for antigen (Suan et al., 2017), ephrin-B1 was

used to identify highly mutated memory B cell precursors (Laid-

law et al., 2017; Wang et al., 2017). Using this gating strategy

(Figure 6G), we found that CCR6 was upregulated by LZ but

not DZ GC B cells in spleens of Tbx21fl/flCd23Cre and Cd23Cre

malaria-infected mice early during infection and declined rapidly

thereafter (Figure 6H). Strikingly, on day 9 p.i., the absolute
Cell Reports 29, 2257–2269, November 19, 2019 2263



Figure 6. T-bet in B Cells Modulates Plasma

and Memory B Cell Formation in Response

to Malaria Infection

(A–I) Tbx21fl/flCd23Cre and Cd23Cre mice were in-

fected with P. berghei ANKA and treated with anti-

malarial drugs from day 5 p.i.

(A–C) Gating strategy for isotype-switched plasma

cells (A), numbers (B) of splenic isotype-switched

(gated as IgD�IgM�CD138+) plasma cells, and

percentages of IgG1
+ and IgG2c

+ (C) plasma cells in

Cd23Cre and Tbx21fl/flCd23Cre. *p < 0.05, ***p <

0.005, and ****p < 0.001.

(D–F) Gating strategy for memory B cells (D), pro-

portions of IgG1
+ and IgG2c

+ memory B cells (E),

and numbers of splenic isotype-switched memory

B cells (gated as CD19+IgD�IgM�CD138�

CD38high) in Cd23Cre and Tbx21fl/flCd23Cre

mice (F).

(G–I) Gating strategy for memory B cell precursors

(G) and numbers of CCR6+ LZ GC B cells (H) and

ephrinB1+ memory B cell precursors (I) among

gated isotype-switched CD19+CD38lowGL7+ cells

at different times p.i. *p < 0.05.

Data are representative of two experiments.

Graphs depict means of four mice ± SEM. Repre-

sentative dot plots are shown.

See also Figure S5.
numbers of CCR6+ LZ GC B cells were 3 times higher in

Tbx21fl/flCd23Cre mice compared with controls (Figure 6H),

suggesting that T-bet reduces the number of low-affinity mem-

ory B cell precursors early during the response. In contrast,

ephrin-B1+ memory precursors, which peaked at 12 days p.i.,

were substantially reduced in Tbx21fl/flCd23Cre compared with

control mice (Figure 6G). Together, these data indicate that

T-bet influences the quality and kinetics of plasma cell andmem-

ory B cell generation in response to malaria.

Malaria-Driven Upregulation of T-bet in B Cells
Promotes Antibody Affinity Maturation
Our data showed that the absence of T-bet in B cells affects

GC polarization and suggested that T-bet may be required to
2264 Cell Reports 29, 2257–2269, November 19, 2019
prevent premature cessation of GC

cycling and exit from the GC. To test this

hypothesis, we examined hypermutation

rates in IghV genes of sorted GC B cells

from Tbx21fl/flCd23Cre and Cd23Cre mice.

As the locations of mutations induced by

P. berghei ANKA infection in IghV genes

are unknown, we pursued a bioinformat-

ics approach by which mutations in IghV

exons were identified using RNA-seq on

days 10 and 15 p.i. Sequences of naive

follicular B cells were included as con-

trols. We identified 61 dominant (>3-fold

above background) mutations in IghV

genes of GC B cells generated in

response to infection (Table S1). Consis-

tent with active positive selection, 96%
of these mutations increased in frequency from day 10 to day

15 p.i. On day 10 p.i., most of the mutations were at similar fre-

quency (68%) between Tbx21fl/flCd23Cre and control mice,

22% were significantly increased, and 10% were decreased

with T-bet deletion (Figures 7A and 7B). In contrast, on day 15

p.i., the overall frequency of mutations was significantly reduced

in GC B cells from Tbx21fl/flCd23Cre mice compared to Cd23Cre

control mice (p = 0.0365). Notably, frequencies of 55% of muta-

tions were significantly different between the two groups (Fig-

ures 7C and 7D), and 73% of mutation frequencies were signifi-

cantly reduced in the absence of T-bet. To examine changes in

mutation frequency over time, we focused on mutations that

showed clear evidence of selection during the GC response.

Two types of mutations were identified in this category: (1)



‘‘highly selected late mutations,’’ positively selected mutations

that showed low (<3%) frequency on day 10 p.i. and displayed

at least a 5-fold increase between day 10 and day 15 p.i., reach-

ing at least 5% frequency during this time, and (2) ‘‘early com-

mon mutations,’’ high (>5%) frequency on day 10 p.i. Strikingly,

mutation frequency changes were significantly lower for highly

selected late mutations in Tbx21fl/flCd23Cre compared with

control GC B cells (Figures 6E and 6F). In contrast, mutation fre-

quency changes were significantly higher for early common

mutations in Tbx21fl/flCd23Cre compared with control GC B cells

(Figures 7G and 7H). Overall these data show that T-bet limits

somatic hypermutation early but promotes antibody affinity

maturation later during the GC response.

To further this analysis, an ELISA-based assay to measure

antibody avidity was developed (Figure S6) by incubating serum

samples from malaria-infected mice with decreasing concentra-

tions of recombinant P. berghei ANKA MSP-119, which makes it

possible to obtain specific half maximal effective concentration

(EC50) values for antibodies induced in response to infection.

Sera avidity from both groups gradually increased from day 9

to day 24 p.i. (Figures 7I and 7J). However, from day 12 p.i. on-

ward, antibody avidity in sera from Tbx21fl/flCd23Cre mice was

significantly lower than that of Cd23Cre controls (Figures 7I and

7J). Together these results support a model by which T-bet in-

duces efficient GC polarization and prevents premature exit of

antigen-experienced B cells from the GC reaction, thereby

promoting antibody affinity maturation.

DISCUSSION

Recent studies in humans and infection models revealed that

inflammatory cytokines that contribute to the induction of

symptomatic malaria such as IFN-g, upregulate the expression

of T-bet in TFH cells, which prevents their normal differentiation

and capacity to provide help for antibody responses (Obeng-Ad-

jei et al., 2015; Ryg-Cornejo et al., 2016). Here we found

that although expression of T-bet in T cells reduces the magni-

tude of the GC response to infection, its expression in B cells

supports a transcriptional program that influences polarization

of the GC and thereby promotes antibody-affinity maturation.

The best characterized role of T-bet in B cells is class switch-

ing toward IgG2c in response to IFN-g signaling (Gerth et al.,

2003; Peng et al., 2002). T-bet also induces the upregulation

of CXCR3 in these cells and their recruitment to sites of inflam-

mation (Moser et al., 2006), which is important for the control

of viral infections (Barnett et al., 2016; Knox et al., 2017; Rubt-

sova et al., 2013). Similarly, migration of CXCR3-expressing

lymphocytes to sites of parasite sequestration is a hallmark of

P. berghei ANKA infection (Hansen et al., 2007; Ioannidis et al.,

2016; Nie et al., 2009). Although CXCR3 deficiency did not

alter GC B cell responses after immunization with NP-KLH

(Piovesan et al., 2017), in response to malaria, loss of CXCR3

reduced the numbers of GC B cells, suggesting that CXCR3

upregulation in B cells in plays role in amplifying the magnitude

of the GC response during acute infection. Further research is

required to identify the cellular sources of CXCR3-binding

chemokines involved in the control of GC responses under in-

flammatory conditions.
Our results revealed that in malaria infection, T-bet supports a

transcriptional program that results in a preferential enrichment

of DZ GC B cells. Recent studies identified other transcription

factors such as FOXO1, c-Myc, and AP4 instructing the GC DZ

program (Chou et al., 2016; Dominguez-Sola et al., 2012, 2015;

Sander et al., 2015). In response to malaria, the absence of

T-bet did not affect the expression of these transcription factors

(not shown), suggesting that T-bet provides an additional

pathway for induction of the GC DZ program. The fact that

mice with a B cell-specific deficiency in T-bet showed an enrich-

ment of the LZ compartment, suggested that T-bet expression

in GC B cells might promote re-cycling of GC B cells into the

DZ. Several lines of evidence lend support to this model. First,

the size of the DZ compartment in Tbx21fl/flCD23Cre and

CXCR3-deficient mice was proportionally reduced. Second, T-

bet-deficient GC B cells displayed reduced capacity to migrate

in response to the CXCR4 chemokine CXCL12, required for DZ

entry. Third, mice with T-bet-deficient B cells induced signifi-

cantly increased numbers of low-affinity GC LZ memory B cell

precursors. Most important, T-bet-deficient GC B cells showed

substantially reduced frequency of highly selected mutations

in their IghV genes were, which resulted in significantly lower

antibody avidity for parasite-specific antigen compared with

controls. Importantly, Aicda expression in GC B cells was un-

changed by the absence of T-bet, supporting the notion that

impaired Ig somatic mutation rates were due to altered GC B

cell LZ-DZ transition. Together these results suggest that the

T-bet-induced instruction of DZ program might prevent the exit

of low-affinity antigen-experienced B cells from the GC reaction.

Interestingly, other studies found that c-Myc is expressed in a

subset of LZ GC B cells, poised for DZ re-entry (Dominguez-

Sola et al., 2012). Moreover, c-Myc-expressing B cells in the

LZ that receive cognate T cell help upregulate the expression

of AP4, which amplifies the DZ transcriptional profile (Chou

et al., 2016). Thus, these findings support the notion that

in addition to cognate T cell help, additional signals such an in-

flammatory cytokine milieu may also modulate GC dynamics

and influence the quality of the resulting antibody response to

infection.

The chemokine receptor CXCR4 is crucial for efficient access

of GC B cells into the DZ (Bannard et al., 2013). Similar to our re-

sults with T-bet-deficient B cells, low IghV somatic hypermuta-

tion rates have been found in Cxcr4�/� GC B cells. Chemokine

receptors such as CXCR4 use GTP-binding protein (G-proteins)

as signal transducers (Johnson and Druey, 2002), and their

responsiveness to chemotactic stimuli can be negatively

modulated by a family of proteins controlling GTPase activity

called regulators of G protein signaling (RGS). A GC B cell-spe-

cific RGS, named RGS13 (Shi et al., 2002), has been shown to

reduce CXCR4 responsiveness to its ligand, CXCL12, in mouse

and human GC B cells (Hwang et al., 2013; Shi et al., 2002).

Interestingly, Rgs13 expression levels were significantly

upregulated in response to malaria in T-bet-deficient GC B cells,

which display reduced chemotactic response to CXCL12 and

are underrepresented in the DZ compartment, suggesting that

CXCR4-mediated migration is modulated by T-bet. In support

of this view, in vitro studies using a human GC B cell lymphoma

cell line demonstrated that T-bet represses Rgs13 expression in
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Figure 7. Malaria-Driven Upregulation of T-

bet in B Cells Improves Antibody Affinity

Maturation

(A–H) RNA sequences from sorted GC B cells (n =

3) from Cd23Cre and Tbx21fl/flCd23Cre P. berghei

ANKA-infected mice were merged and mapped to

the mm10 genome. Mutations in IghV genes were

identified using exact SNP 1.6.0. Frequencies of

mutations (dominant alternative bases) were

calculated on days 10 and 15 p.i.

(A–D) Frequencies of top 40 mutations in individual

IghV genes in GC B cells of Cd23Cre and

Tbx21fl/flCd23Cre mice on day 10 p.i. (A) and day 15

p.i. (C). *p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001 (Fisher’s exact test). Doughnut

graphs show the proportion of IghV mutations (n =

61) at equal frequency, significantly higher in

Tbx21fl/flCd23Cre mice and significantly higher in

Cd23Cre mice on day 10 p.i. (B) and day 15 p.i. (D).

(E–H) Fold change in mutation frequencies be-

tween day 10 and day 15 of highly selected mu-

tations (E and F) or early commonmutations (G and

H). *p < 0.05 and ***p < 0.001.

(I and J) Serum samples were collected after

infection with P. berghei ANKA and incubated with

decreasing concentrations of P. berghei ANKA

recombinant MSP-119. (I) Non-linear regression

models were applied and best fits from Cd23Cre

and Tbx21fl/flCd23Cre mice compared by extra

sum-of-squares F test. (J) Specific EC50 values for

antibodies induced in response to infection were

determined. Bars represents means of four sam-

ples ± SEM. *p < 0.05 and **p < 0.01.

See also Figure S6 and Table S1.
B cells, which is accompanied by an improvement in their ca-

pacity to migrate in response to CXCL12. Thus, our results sup-

port a model by which T-bet might play an important role

enhancing the responsiveness of LZ GC B cells to CXCL12 to

allow DZ re-cycling, before CXCR4 expression reaches the level

required to sustain efficient localization of GCB cells in the DZ. In

addition, the transcriptional profiling shown here revealed that

the expression of more than 400 genes is affected by T-bet in

GC B cells during malaria. Further work to identify other tran-

scriptional targets of T-bet in these cells will be required to un-

derstand how this transcription factor modulates antibody affin-

ity maturation in different infection/disease settings.

It is accepted that environmental factors may influence

epigenetic marks, leading to diverse biological effects
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(Feinberg, 2007). Changes in gene

expression programs during the differen-

tiation of plasma cells have recently

been shown to be influenced by epige-

netic mechanisms (Scharer et al., 2018).

Whether these processes influence the

dynamics of the GC is less clear. In this

study, ATAC-seq analysis identified an

enrichment of DZ/LZ-related peaks

among DA genes found between WT

and T-bet-deficient GC B cells, suggest-
ing that T-bet influences chromatin accessibility of GC B cells

during malaria infection. In general, both LZ and DZ genes

remained accessible in the absence of T-bet, allowing specula-

tion that a non-inflammatory environment might favor a more

permissive epigenetic landscape.

Our results support the concept that inflammatory cues drive

T-bet expression in B cells, thereby augmenting antibody affinity

maturation. The implications of these processes are of interest

for vaccine development against chronic viral infections, where

T-bet+ memory B cells and plasma cells have been found to

play a pivotal role in the control of infection (Barnett et al.,

2016; Knox et al., 2017; Rubtsova et al., 2013) and enhanced

mutation rates might favor the development of protective,

broadly neutralizing antibodies (Kwong et al., 2013). In contrast,



T-bet-driven increase in affinity maturation might have detri-

mental effects in autoimmune conditions such as SLE (Rubtsova

et al., 2017; Wang et al., 2018), in which CD11c+T-bet+ memory

B cells play a pathogenic role. In malaria, although the upregula-

tion of T-bet driven by acute infection appears to reduce the

overall magnitude of the GC response by modulating TFH cell

differentiation (Obeng-Adjei et al., 2015; Ryg-Cornejo et al.,

2016), it is conceivable that over time, continual expression of

T-bet in B cells in endemic settings might result in antibodies

of enhanced affinity, able to maintain parasite densities below

the threshold that induces disease symptoms. T-bet+ memory

B cells have been detected during both human malaria and

mouse infection models, with conflicting results in their effector

function and association with disease outcomes (Changrob

et al., 2018; Fontana et al., 2016; Obeng-Adjei et al., 2017;

Pérez-Mazliah et al., 2018). Further work will be required to

establish if antibody responses produced by T-bet+ B cells

play a role in the acquisition of clinical immunity to malaria.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d LEAD CONTACT AND MATERIALS AVAILABILITY

d EXPERIMENTAL MODELS AND SUBJECT DETAILS
B In Vivo Animal Studies

B Lentivirus Infection of HS-Sultan Cells

d METHOD DETAILS

B ELISA for Detection of Malaria-Specific Antibodies

B Immunofluorescence Staining and Confocal Micro-

scopy

B Flow Cytometry

B Chemotaxis Assays

B RT-PCR

B Cloning, Expression, and Purification of P. berghei

MSP-119-GST Recombinant Protein

B RNA-Sequencing

B Somatic Hypermutation Analysis

B ATAC-Sequencing

B BrdU Incorporation Assay and Cell Cycle Analysis

d QUANTIFICATION AND STATISTICAL ANALYSIS

d DATA AND CODE AVAILABILITY

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.

celrep.2019.10.087.

ACKNOWLEDGMENTS

We thank Prof. Di Yu for scientific advice. This work was supported by the

Australian Government National Health and Medical Research Council Inde-

pendent Research Institute Infrastructure Support Scheme (IRIISS) and proj-

ect grants 1058665 and 1137989, the Australian Academy of Science

(D.S.H.), fellowships from the Sylvia and Charles Viertel Foundation, the Na-

tional Health and Medical Research Council and Commonwealth Serum Lab-

oratory (A.K., K.L.G.-J., and W.S.), and the Victorian State Government Oper-

ational Infrastructure Support.
AUTHOR CONTRIBUTIONS

A.L., W.S., A.K., and D.S.H. planned the study and interpreted data. A.L., H.P.,

L.J.I., M.D., T.S., R.G., R.Z.Q., and T.T. performed experiments. A.L., Y.L.,

J.R.G., W.S., A.K., and D.S.H. analyzed data. K.L.G.-J. and G.T.B. contributed

materials. A.L., W.S., A.K., and D.S.H. wrote the paper.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: October 9, 2018

Revised: June 6, 2019

Accepted: October 22, 2019

Published: November 19, 2019

REFERENCES

Allen, C.D., Okada, T., Tang, H.L., and Cyster, J.G. (2007). Imaging of germinal

center selection events during affinity maturation. Science 315, 528–531.

Armah, H., Dodoo, A.K., Wiredu, E.K., Stiles, J.K., Adjei, A.A., Gyasi, R.K., and

Tettey, Y. (2005). High-level cerebellar expression of cytokines and adhesion

molecules in fatal, paediatric, cerebral malaria. Ann. Trop. Med. Parasitol.

99, 629–647.

Armah, H.B., Wilson, N.O., Sarfo, B.Y., Powell, M.D., Bond, V.C., Anderson,

W., Adjei, A.A., Gyasi, R.K., Tettey, Y., Wiredu, E.K., et al. (2007). Cerebrospi-

nal fluid and serum biomarkers of cerebral malaria mortality in Ghanaian chil-

dren. Malar. J. 6, 147–163.

Bannard, O., Horton, R.M., Allen, C.D., An, J., Nagasawa, T., and Cyster, J.G.

(2013). Germinal center centroblasts transition to a centrocyte phenotype ac-

cording to a timed program and depend on the dark zone for effective selec-

tion. Immunity 39, 912–924.

Barnett, B.E., Staupe, R.P., Odorizzi, P.M., Palko, O., Tomov, V.T., Mahan,

A.E., Gunn, B., Chen, D., Paley, M.A., Alter, G., et al. (2016). Cutting edge: B

cell-intrinsic T-bet expression is required to control chronic viral infection.

J. Immunol. 197, 1017–1022.

Blackman, M.J., Heidrich, H.G., Donachie, S., McBride, J.S., and Holder, A.A.

(1990). A single fragment of a malaria merozoite surface protein remains on the

parasite during red cell invasion and is the target of invasion-inhibiting anti-

bodies. J. Exp. Med. 172, 379–382.

Buenrostro, J.D., Giresi, P.G., Zaba, L.C., Chang, H.Y., and Greenleaf, W.J.

(2013). Transposition of native chromatin for fast and sensitive epigenomic

profiling of open chromatin, DNA-binding proteins and nucleosome position.

Nat. Methods 10, 1213–1218.

Changrob, S., McHenry, A.M., Nyunt, M.H., Sattabongkot, J., Han, E.T.,

Adams, J.H., and Chootong, P. (2018). Persistence of long-lived memory B

cells specific to Duffy binding protein in individuals exposed to Plasmodium vi-

vax. Sci. Rep. 8, 8347–8357.

Chou, C., Verbaro, D.J., Tonc, E., Holmgren, M., Cella, M., Colonna, M., Bhat-

tacharya, D., and Egawa, T. (2016). The transcription factor AP4 mediates res-

olution of chronic viral infection through amplification of germinal center B cell

responses. Immunity 45, 570–582.

Cohen, S., McGREGOR, I.A., and Carrington, S. (1961). Gamma-globulin and

acquired immunity to human malaria. Nature 192, 733–737.

Dominguez-Sola, D., Victora, G.D., Ying, C.Y., Phan, R.T., Saito, M., Nussenz-

weig, M.C., and Dalla-Favera, R. (2012). The proto-oncogene MYC is required

for selection in the germinal center and cyclic reentry. Nat. Immunol. 13, 1083–

1091.

Dominguez-Sola, D., Kung, J., Holmes, A.B., Wells, V.A., Mo, T., Basso, K.,

and Dalla-Favera, R. (2015). The FOXO1 transcription factor instructs the

germinal center dark zone program. Immunity 43, 1064–1074.

Feinberg, A.P. (2007). Phenotypic plasticity and the epigenetics of human dis-

ease. Nature 447, 433–440.
Cell Reports 29, 2257–2269, November 19, 2019 2267



Fontana, M.F., Baccarella, A., Craft, J.F., Boyle, M.J., McIntyre, T.I., Wood,

M.D., Thorn, K.S., Anidi, C., Bayat, A., Chung,M.R., et al. (2016). A novel model

of asymptomatic Plasmodium parasitemia that recapitulates elements of the

human immune response to chronic infection. PLoS ONE 11, e0162132.

Gerth, A.J., Lin, L., and Peng, S.L. (2003). T-bet regulates T-independent

IgG2a class switching. Int. Immunol. 15, 937–944.

Gloury, R., Zotos, D., Zuidscherwoude, M., Masson, F., Liao, Y., Hasbold, J.,

Corcoran, L.M., Hodgkin, P.D., Belz, G.T., Shi, W., et al. (2016). Dynamic

changes in Id3 and E-protein activity orchestrate germinal center and plasma

cell development. J. Exp. Med. 213, 1095–1111.

Guthmiller, J.J., Graham, A.C., Zander, R.A., Pope, R.L., and Butler, N.S.

(2017). Cutting edge: IL-10 is essential for the generation of germinal center

B cell responses and anti-Plasmodium humoral immunity. J. Immunol. 198,

617–622.

Han, J.I., Huang, N.N., Kim, D.U., and Kehrl, J.H. (2006). RGS1 and RGS13

mRNA silencing in a human B lymphoma line enhances responsiveness to

chemoattractants and impairs desensitization. J. Leukoc. Biol. 79, 1357–1368.

Hansen, D.S. (2012). Inflammatory responses associated with the induction of

cerebral malaria: lessons from experimental murine models. PLoS Pathog. 8,

e1003045.

Hansen, D.S., Bernard, N.J., Nie, C.Q., and Schofield, L. (2007). NK cells stim-

ulate recruitment of CXCR3+ T cells to the brain during Plasmodium berghei-

mediated cerebral malaria. J. Immunol. 178, 5779–5788.

Heinz, S., Benner, C., Spann, N., Bertolino, E., Lin, Y.C., Laslo, P., Cheng, J.X.,

Murre, C., Singh, H., and Glass, C.K. (2010). Simple combinations of lineage-

determining transcription factors prime cis-regulatory elements required for

macrophage and B cell identities. Mol. Cell 38, 576–589.

Hill, D.L., Eriksson, E.M., Li Wai Suen, C.S., Chiu, C.Y., Ryg-Cornejo, V., Rob-

inson, L.J., Siba, P.M., Mueller, I., Hansen, D.S., and Schofield, L. (2013). Op-

sonising antibodies to P. falciparum merozoites associated with immunity to

clinical malaria. PLoS ONE 8, e74627.

Hwang, I.Y., Hwang, K.S., Park, C., Harrison, K.A., and Kehrl, J.H. (2013).

Rgs13 constrains early B cell responses and limits germinal center sizes.

PLoS ONE 8, e60139.

Ioannidis, L.J., Nie, C.Q., Ly, A., Ryg-Cornejo, V., Chiu, C.Y., and Hansen, D.S.

(2016). Monocyte- and neutrophil-derived CXCL10 impairs efficient control of

blood-stage malaria infection and promotes severe disease. J. Immunol. 196,

1227–1238.

Johnson, E.N., and Druey, K.M. (2002). Functional characterization of the G

protein regulator RGS13. J. Biol. 277, 16768–16774.

Kallies, A., and Good-Jacobson, K.L. (2017). Transcription factor T-bet or-

chestrates lineage development and function in the immune system. Trends

Immunol. 38, 287–297.

Knox, J.J., Kaplan, D.E., and Betts, M.R. (2017). T-bet-expressing B cells dur-

ing HIV and HCV infections. Cell. Immunol. 321, 26–34.

Kwong, P.D., Mascola, J.R., and Nabel, G.J. (2013). Broadly neutralizing anti-

bodies and the search for an HIV-1 vaccine: the end of the beginning. Nat. Rev.

13, 693–701.

Laidlaw, B.J., Schmidt, T.H., Green, J.A., Allen, C.D., Okada, T., and Cyster,

J.G. (2017). The Eph-related tyrosine kinase ligand Ephrin-B1 marks germinal

center and memory precursor B cells. J. Exp. Med. 214, 639–649.

Law, C.W., Chen, Y., Shi, W., and Smyth, G.K. (2014). voom: precision weights

unlock linear model analysis tools for RNA-seq read counts. Genome Biol. 15,

R29.

Liao, Y., Smyth, G.K., and Shi, W. (2013). The Subread aligner: fast, accurate

and scalable read mapping by seed-and-vote. Nucleic Acids Res. 41, e108.

Liao, Y., Smyth, G.K., and Shi, W. (2014). featureCounts: an efficient general

purpose program for assigning sequence reads to genomic features. Bioinfor-

matics 30, 923–930.

Marsh, K., and Kinyanjui, S. (2006). Immune effector mechanisms in malaria.

Parasite Immunol. 28, 51–60.
2268 Cell Reports 29, 2257–2269, November 19, 2019
Miller, L.H., Baruch, D.I., Marsh, K., and Doumbo, O.K. (2002). The pathogenic

basis of malaria. Nature 415, 673–679.

Molyneux, M.E., Engelmann, H., Taylor, T.E., Wirima, J.J., Aderka, D.,Wallach,

D., and Grau, G.E. (1993). Circulating plasma receptors for tumour necrosis

factor in Malawian children with severe falciparum malaria. Cytokine 5,

604–609.

Moser, K., Muehlinghaus, G., Manz, R., Mei, H., Voigt, C., Yoshida, T., Dörner,

T., Hiepe, F., and Radbruch, A. (2006). Long-lived plasma cells in immunity and

immunopathology. Immunol. Lett. 103, 83–85.

Nie, C.Q., Bernard, N.J., Norman, M.U., Amante, F.H., Lundie, R.J., Crabb,

B.S., Heath, W.R., Engwerda, C.R., Hickey, M.J., Schofield, L., and Hansen,

D.S. (2009). IP-10-mediated T cell homing promotes cerebral inflammation

over splenic immunity to malaria infection. PLoS Pathog. 5, e1000369.

Obeng-Adjei, N., Portugal, S., Tran, T.M., Yazew, T.B., Skinner, J., Li, S., Jain,

A., Felgner, P.L., Doumbo, O.K., Kayentao, K., et al. (2015). Circulating Th1-

cell-type Tfh cells that exhibit impaired B cell help are preferentially activated

during acute malaria in children. Cell Rep. 13, 425–439.

Obeng-Adjei, N., Portugal, S., Holla, P., Li, S., Sohn, H., Ambegaonkar, A.,

Skinner, J., Bowyer, G., Doumbo, O.K., Traore, B., et al. (2017). Malaria-

induced interferon-g drives the expansion of Tbethi atypical memory B cells.

PLoS Pathog. 13, e1006576.

Peng, S.L., Szabo, S.J., and Glimcher, L.H. (2002). T-bet regulates IgG class

switching and pathogenic autoantibody production. Proc. Natl. Acad. Sci. U

S A 99, 5545–5550.
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