@'PLOS | PATHOGENS

Check for
updates

E OPENACCESS

Citation: Obeng-Adjei N, Portugal S, Holla P, Li S,
Sohn H, Ambegaonkar A, et al. (2017) Malaria-
induced interferon-y drives the expansion of Thet™
atypical memory B cells. PLoS Pathog 13(9):
€1006576. https://doi.org/10.1371/journal.
ppat.1006576

Editor: Christian R. Engwerda, Queensland Institute
of Medical Research, AUSTRALIA

Received: March 14,2017
Accepted: August 10, 2017
Published: September 27, 2017

Copyright: This is an open access article, free of all
copyright, and may be freely reproduced,
distributed, transmitted, modified, built upon, or
otherwise used by anyone for any lawful purpose.
The work is made available under the Creative
Commons CCO public domain dedication.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: This work was supported by the Division
of Intramural Research, National Institute of Allergy
and Infectious Diseases, National Institutes of
Health. The funders had no role in study design,
data collection and analysis, decision to publish, or
preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE
Malaria-induced interferon-y drives the
expansion of Thet™ atypical memory B cells

Nyamekye Obeng-Adjei’, Silvia Portugal', Prasida Holla3, Shanping Li', Haewon Sohn?,
Abhijit Ambegaonkar®, Jeff Skinner', Georgina Bowyer®, Ogobara K. Doumbo?®,
Boubacar Traore®, Susan K. Pierce®, Peter D. Crompton'*

1 Malaria Infection Biology and Immunity Section, Laboratory of Inmunogenetics, National Institute of Allergy
and Infectious Diseases, National Institutes of Health, Rockville, Maryland, United States of America,

2 Center for Infectious Diseases, Parasitology, Heidelberg University Hospital, Heidelberg, Germany,

3 Lymphocyte Activation Section, Laboratory of Inmunogenetics, National Institute of Allergy and Infectious
Diseases, National Institutes of Health, Rockville, Maryland, United States of America, 4 The Jenner Institute
Laboratories, University of Oxford, Oxford, United Kingdom, 5 Malaria Research and Training Centre,
Department of Epidemiology of Parasitic Diseases, International Center of Excellence in Research, University
of Sciences, Technique and Technology of Bamako, Bamako, Mali

* pcrompton @ niaid.nih.gov

Abstract

Many chronic infections, including malaria and HIV, are associated with a large expansion
of CD217CD27™ ‘atypical’ memory B cells (MBCs) that exhibit reduced B cell receptor (BCR)
signaling and effector functions. Little is known about the conditions or transcriptional regu-
lators driving atypical MBC differentiation. Here we show that atypical MBCs in malaria-
exposed individuals highly express the transcription factor T-bet, and that T-bet expression
correlates inversely with BCR signaling and skews toward 1gG3 class switching. Moreover,
a longitudinal analysis of a subset of children suggested a correlation between the incidence
of febrile malaria and the expansion of T-bet™ B cells. The Th1-cytokine containing superna-
tants of malaria-stimulated PBMCs plus BCR cross linking induced T-bet expression in
naive B cells that was abrogated by neutralizing IFN-y or blocking the IFN-y receptor on B
cells. Accordingly, recombinant IFN-y plus BCR cross-linking drove T-bet expression in
peripheral and tonsillar B cells. Consistent with this, Th1-polarized Tth (Tth-1) cells more
efficiently induced T-bet expression in naive B cells. These data provide new insight into the
mechanisms underlying atypical MBC differentiation.

Author summary

Antibodies are proteins in blood that help kill microbes such as viruses, bacteria and para-
sites. Antibodies are produced by B cells with the help of T follicular helper (Tth) cells.
Some microbes for which we have no effective vaccines, such as HIV and malaria, estab-
lish chronic infections that are not cleared by the immune system. These chronic infec-
tions are associated with ‘atypical’ B cells that are less able to produce antibodies. We
studied blood samples of malaria-exposed children to understand why normal B cells
become atypical B cells. We found that atypical B cells express high levels of T-bet—a pro-
tein that is important for determining the fate of other types of immune cells. Children
who frequently got malaria had more T-bet expressing B cells than children who rarely

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006576  September 27,2017

1/30


https://doi.org/10.1371/journal.ppat.1006576
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006576&domain=pdf&date_stamp=2017-10-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006576&domain=pdf&date_stamp=2017-10-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006576&domain=pdf&date_stamp=2017-10-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006576&domain=pdf&date_stamp=2017-10-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006576&domain=pdf&date_stamp=2017-10-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006576&domain=pdf&date_stamp=2017-10-09
https://doi.org/10.1371/journal.ppat.1006576
https://doi.org/10.1371/journal.ppat.1006576
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/

@'PLOS | PATHOGENS

Malaria and T-bet™ atypical memory B cells

got malaria. We also found that malaria parasites cause immune cells to secrete inflamma-
tory substances that cause normal B cells to express T-bet. Similarly, the inflammation-
prone Tth cells that malaria activates, which are relatively poor B cell helpers, also caused
normal B cells to express T-bet. This study helps us understand why atypical B cells arise
during chronic infections—information that could lead to strategies to improve antibody
responses through vaccination.

Introduction

Opver the past decade it has become evident that many chronic infections and autoimmune dis-
eases are associated with fundamental differences in the composition and functionality of B cell
memory pools. [1] For example, the chronic infections HIV, malaria, and tuberculosis—that
together cause more than 5 million deaths annually and continue to elude conventional vaccine
development [2]—are all associated with an expansion of somatically hypermutated CD21"CD27~
CXCR3"CD11c" B cells that upregulate inhibitory receptors and exhibit decreased effector func-
tion [3-6], a subset of memory B cells (MBCs) that has been referred to as ‘atypical’ or ‘exhausted’.
It has been postulated that atypical MBCs contribute to the humoral deficiencies associated with
HIV and malaria, and may pose a challenge for the development of effective vaccines for these and
other chronic infections. Despite the potential clinical relevance of atypical MBCs to the preven-
tion and treatment of chronic infections and autoimmune diseases, little is known about the cellu-
lar and molecular mechanisms that drive their differentiation.

In the case of malaria, children generally mount short-lived antibody responses to Plastmo-
dium falciparum infection, leaving them susceptible to repeated bouts of malaria [7]. Similarly,
the only malaria vaccine candidate that has been tested in phase 3 clinical trials to date induces
short-lived antibody responses [8, 9] and confers only partial, short-term protection against
malaria in African children [10].

It is now well-established that long-lived humoral immunity depends on the activation of
highly functional T follicular helper (Tfh) cells that support the differentiation of naive B cells
into long-lived plasma cells (LLPCs) and MBCs in the germinal center (GC) reaction [11].
Although several Tth subsets have been described in humans, data in healthy U.S. adults indi-
cates that Th2-polarized, CXCR3-Tth cells provide superior B cell help [12]. Consistent with
the observation that malaria induces short-lived antibody responses, we recently observed that
acute febrile malaria in children preferentially activates Th1-polarized PD-1"CXCR3" Tth
(Tth-1) cells that exhibit reduced B cell helper function [13], which is in line with several recent
studies in mice showing that excessive IFN-y suppresses germinal center B cell responses and
anti-Plasmodium humoral immunity [14-17]. Taken together, these observations suggest that
Th1 cytokines and Tth-1 cells may play a role in the differentiation of atypical MBCs.

Here we conducted ex vivo analyses of immune cells of P. falciparum-exposed children in
Africa, as well as in vitro modeling of malaria infection, to gain insights into the molecular and
cellular conditions that are associated with the expansion of atypical MBCs.

Results

T-bet is highly expressed in atypical MBCs, correlates with reduced BCR
signaling and skews toward IgG3 class switching

To gain insight into the regulators of atypical MBC differentiation we analyzed publicly avail-
able genome-wide expression data we generated from naive B cells (CD19"CD21*CD27"),
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Fig 1. Malaria-associated atypical MBCs upregulate TBX21. (A) Principal components analysis of gene expression of selected regulators of Band T
cell differentiation (selected genes shown in B) in naive B cells (CD19"CD21*CD27"; green), classical MBCs (CD19*CD21*CD27"; pink) and atypical
MBCs (CD19*CD217CD277; purple). (B) Ex vivo RMA-normalized log2 gene expression values of selected regulators of B and T cell differentiation (rows)

for each subject (columns; n = 20) within each B cell subpopulation. Differentially expressed genes in atypical MBCs relative to classical MBCs are
indicated with an asterisk.

https://doi.org/10.1371/journal.ppat.1006576.g001

classical MBCs (CD197CD217CD27") and atypical MBCs (CD19"CD21~CD27") isolated
from the peripheral blood of adults with lifelong malaria exposure (S1 Table) [5]. A principal
components analysis (Fig 1A) of genes selected for involvement in lymphocyte differentiation
and germinal center regulation (listed in Fig 1B) showed that atypical MBCs are transcription-
ally distinct from classical MBCs. We found that relative to classical MBCs, atypical MBCs
upregulate TBX21 [fold change (FC) 2.7 (range 1.3-5.5), false discovery rate (FDR) adjusted p
value = 1.008 E-10] and AICDA (FC 2.2, FDR p = 0.048), and downregulate BACH2 (FC -2.1,
FDR p =2.733 E-07) and MYC (FC -2.5, FDR p = 1.549 E-15) (Fig 1B). TBX21 encodes the
Th1-lineage defining transcription factor T-bet, which we found is upregulated in B cells of
malaria-exposed children (n = 15; S2 Table) relative to healthy U.S adults (n = 10) in a bi-
modal distribution with approximately 18% of CD19™ B cells expressing intermediate levels of
T-bet (T-bet™) and 8% expressing high levels of T-bet (T-bet™) (Fig 2A). On average, atypical
MBC:s as a percentage of total B cells were 12.0% and 2.5% for Malian children and U.S. sub-
jects, respectively. Among T-bet™ B cells, 83.5% were atypical MBCs (95% CI: 80.6-86.3) and
12.0% were activated MBCs (95% CI: 9.3-14.6) (Fig 2B). Conversely, 79.8% of atypical MBCs
(95% CI: 74.1-85.5) were T-bet" and of these 63.3% were T-bet"™ (95% CI: 56.2-70.4). More-
over, in an independent experiment (n = 10 Malian children) T-bet" B cells of malaria-exposed
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children expressed markers that are known to be associated with atypical MBCs, with higher
surface expression of FCRL5, CD11¢, CXCR3 and CD95, and decreased expression of CD35,
CD40, CXCR5 and CCRY [5, 18] (Fig 3). Additionally, FCGR2B, a receptor known to reduce
antibody production in B cells, was also upregulated in T-bet™ B cells in an independent set of
samples (n = 7 Malian children) (Fig 4). Consistent with this, T-bet™ B cells exhibited lower
phosphorylation of B cell receptor (BCR) signaling molecules following BCR cross-linking (Fig
5A)—a functional feature of atypical MBCs described previously.[5] Moreover, within
CD21'CD27" atypical MBCs, T-bet expression correlated inversely with phosphorylation of
BCR signaling molecules (Fig 5B).

In mice, T-bet is known to be a selective inducer of IFN-y-mediated IgG2a class switching
in B cells.[19, 20] Therefore, we investigated the relationship between T-bet expression and
isotype switching in B cells of Malian children. Overall, the percentage of IgG-expressing
mature B cells was higher in Malian children compared to U.S. adults (S1 Fig). We found that
B cells expressing intermediate or high levels of T-bet were more likely to surface express
IgG3, compared to T-bet negative B cells which skewed toward IgG1 surface expression (Fig
6). Accordingly, T-bet expression (MFI) correlated with the percentage of IgG3™ B cells but
not IgG1™ B cells (S2 Fig). In addition, total serum IgG3 had the greatest fold increase among
IgG subclasses during acute malaria (Fig 7A) and (S3 Fig), which correlated with serum IFN-y
levels during the same malaria episode (Fig 7B).

Therefore, in malaria-exposed children, high T-bet expression appears to be a useful marker
for atypical MBCs, as its correlates with phenotypic and BCR signaling properties of atypical
MBCs. Moreover, T-bet expression in B cells of these children is associated with skewing
toward IgG3 class switching.

Febrile malaria induces Th1 cytokines and is associated with increased
T-bet" B cells

In a longitudinal analysis of serum collected from children at their healthy baseline before the
malaria season, during acute febrile malaria, and 7 days post anti-malarial treatment, we con-
firmed in the present study population that acute febrile malaria tends to induce Th1-skewed
cytokine production, with no IL-5 or IL-13 detected at any time point (Fig 8)—a response that
has been associated with the activation of Tth-1 cells that exhibit impaired B cell helper function
in children [13] as well as germinal center dysfunction in Plasmodium-infected mice. [14-17]
Because Thl cytokines are known to drive T-bet expression in murine B cells [20, 21], we
hypothesized that frequent febrile malaria episodes in children would be associated with an
increase in T-bet™ B cells. To test this hypothesis, we compared the change in T-bet expression in
B cells in a subset of age-matched children who either had <1 or >5 febrile malaria episodes doc-
umented during two consecutive years of intensive clinical surveillance, and who had PBMCs
available before and after the two-year surveillance period. Malaria episodes were defined as para-
sitemia of >2500 parasites/uL of blood, an axillary temperature of >37.5°C and no other cause of
fever discernible by the study physician. We found that only children with >5 febrile malaria epi-
sodes had a significant increase in the percentage of T-bet™ B cells from before to after the two-
year period (Fig 9A-9C). Together these data suggest that malaria-induced Th1 cytokines drive
T-bet expression in B cells, and thus play a role in the differentiation of T-bet™ atypical MBCs.

P. falciparum-induced IFN-y plus BCR cross-linking drive T-bet
expression in peripheral B cells

To test the hypothesis that P. falciparum-induced cytokines drive T-bet expression in B cells
we simulated malaria infection in vitro by co-culturing PBMCs of healthy U.S. donors with P.
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Fig 2. T-bet is highly expressed in malaria-associated atypical MBCs. (A) Ex vivo T-bet expression in total CD19"* B cells of representative
subjects (right), and Malian children (n = 15) and U.S. adults (n = 10) (left). (B) Ex vivo distribution of T-bet"®?, T-bet™ and T-bet" cells stratified by B
cell subpopulations in Malian children (n = 15); representative FACS plot (bottom) shows T-bet™ (black), T-bet™ (blue) and T-bet™ (purple) cells. p
values determined by paired Student’s ttest with Bonferroni corrections for multiple comparisons where appropriate. ****P<0.0001, ***P<0.001,
**P<0.01, ¥ P<0.05, ns = not significant.

https://doi.org/10.1371/journal.ppat.1006576.9002

falciparum-infected red blood cells (iRBCs). The resulting supernatant induced T-bet expres-
sion in purified naive B cells but only in the presence of BCR cross-linking by anti-IgM anti-
bodies (Fig 10A), whereas exposure of purified naive B cells to iRBC lysate alone in the
presence of BCR cross-linking did not induce T-bet expression (Fig 10A). A similar pattern
was observed for the activation markers CD69 and CD86 on naive B cells (S4A and S4B Fig).
Similar fold increases in T-bet™ B cells were observed in both naive and memory B cells (Fig
10B and 10C). Using cytokine multiplex assays, we measured 20 cytokines in the supernatants
of U.S. PBMCs stimulated with uninfected RBCs (uRBCs) or iRBCs. Of the cytokines detected,
ten (IFN-v, IL-2, IL-5, IL-9, IL-13, IL-17A, IL-17F, IL-21, IL-22 and TNF) were significantly
higher in the supernatants of iRBC-stimulated PBMCs (S5 Fig and S6 Fig). However, only the
concentration of IFN-y in the supernatant of PBMCs stimulated with iRBC lysate correlated
with T-bet expression in naive B cells treated with these supernatants plus anti-IgM (Fig 11).
Accordingly, neutralization of IFN-y in the supernatant or blocking IFN-y Ra on B cells
reduced T-bet expression in naive B cells, but did not diminish expression of the activation
marker CD69 (Fig 12A and 12B). Of note, combining antibodies that neutralize IFN-y or
block IFN-y Ra in the same experiment further reduced the percentage of T-bet-expressing B
cells to ~4% (Fig 12C). Consistent with this, BCR cross-linking plus recombinant human IFN-
vy (rhIFN-y) induced T-bet expression in a dose dependent manner and at a concentration of
IFN-y that was similar to that found in supernatants of iRBC-stimulated PBMCs (Fig 13A).
While BCR stimulation alone drove intermediate T-bet expression in B cells, high T-bet
expression was only observed with the addition of supernatants of iRBC-stimulated PBMCs or
rhIFN-y (Fig 13B).

Taken together, these data show that P. falciparum-induced IFN-y drives T-bet expression
in B cells through the IFN-y receptor, consistent with the observation that repeated febrile
malaria episodes are associated with increased T-bet™ B cells.

IFN-y plus BCR cross-linking drive T-bet expression in tonsillar B cells

Next, we examined the effect of IFN-y plus BCR cross-linking on T-bet expression in tonsillar
B cell subsets of U.S. children. Consistent with our findings in peripheral B cells, we found that
rhIFN-y plus BCR cross-linking induced T-bet expression in naive B cells (CD10", [gD"),
MBCs (CD107, IgD") and light zone GC B cells (CD10*IgD"CXCR4") (Fig 14A-14C), whereas
rhIFN-y or BCR cross-linking alone did not significantly induce T-bet expression.

Tfh-1 and Th1 cells more efficiently drive T-bet expression in naive B
cells

Because febrile malaria in children has been shown to preferentially activate a subset of circulat-
ing Thl-polarized Tth (Tth-1) cells [13], we tested the hypothesis that Tth-1 cells drive T-bet
expression in B cells. We FACS-sorted PBMCs from healthy U.S. adults into naive B cells (CD19
+CD21+IgD+), Th-2 polarized circulating Tth (cTth) cells (CD4"PD 1*CXCR5"CXCR3"), Tth-1
cells (CD4"PD-1"CXCR5"CXCR3") and Th-1 cells (CD4"PD-1*CXCR5 CXCR3") (gating strat-
egy shown in S7 Fig). Autologous naive B cells were cultured with each T cell subset in the pres-
ence of the super antigen staphylococcal enterotoxin B (SEB), or with SEB alone. We observed
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Fig 3. T-bet" B cells of malaria-exposed children express markers associated with atypical MBCs. Ex
vivo expression of cell surface proteins on total CD19"* B cells stratified by level of T-bet expression in Malian
children (n = 10). p values determined by paired Student’s ttest with Bonferroni corrections for multiple
comparisons where appropriate. ****P<0.0001, ***P<0.001, **P<0.01, * P<0.05, ns = not significant.

https://doi.org/10.1371/journal.ppat.1006576.9003

no difference in the percentage of viable B cells among the three co-culture conditions at day 2
(S8A Fig). In each condition after 2 days in culture, naive B cells significantly upregulated the
activation marker CD69 (S8B Fig) and Blimp-1 (S8C Fig) as well as AID to varying degrees (S8D
Fig). As expected, the secreted cytokine profile in supernatants after 2 days was Th1-skewed in
the presence of Th1 and Tth-1 cells, and Th2/Th17-skewed in the presence of cTth cells (Fig 15).
Accordingly, a higher percentage of T-bet™ B cells were detected when cultured with Tfh-1 and
Thl cells, compared to B cells cultured with cTth cells or SEB alone (Fig 16A and 16B). The addi-
tion of rhIFN-y to the naive B cell/T cell subset culture increased the percentage of T-bet express-
ing B cells (S9 Fig). As expected, Tth-1 cells, which more efficiently drove T-bet expression in B
cells, were less efficient in driving autologous naive B cells to class switch (S10A Fig) or produce
antibodies (S10B Fig).

Discussion

Several chronic infections are associated with an expansion of ‘atypical’ or ‘exhausted’ MBCs
that upregulate inhibitory receptors and exhibit decreased effector function [3-5]. Here we
conducted ex vivo analyses of immune cells of malaria-exposed children in Africa as well as in
vitro studies to gain insight into the cellular and molecular conditions associated with the dif-
ferentiation of atypical MBCs.

In malaria-exposed children we found that T-bet™ B cells express markers that are known
to be associated with atypical MBCs (FCRL5, FCGR2B, CD11c, CXCR3 and CD95) [5, 18].
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https://doi.org/10.1371/journal.ppat.1006576.9004
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https://doi.org/10.1371/journal.ppat.1006576.9005

Consistent with this, T-bet™ B cells exhibited lower phosphorylation of BCR signaling mole-
cules following BCR cross-linking—a functional feature of atypical MBCs described previ-
ously.[5] Moreover, within CD21"CD27" atypical MBCs, T-bet expression correlated inversely
with phosphorylation of BCR signaling molecules. Together these data suggest that atypical
MBC differentiation occurs along a spectrum in which altered expression of key transcription
factors drives the hierarchal upregulation and co-expression of inhibitory receptors (e.g.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006576  September 27,2017 9/30


https://doi.org/10.1371/journal.ppat.1006576.g005
https://doi.org/10.1371/journal.ppat.1006576

@. PLOS | PATHOGENS Malaria and T-bet™ atypical memory B cells

cp2:
7,

Thbet

55 ]
(D -
2 3
1
]
1gG1 1gG3
100- ! ot i 50- ' hkudd i
L kkk ns ., L kkx ns .,
90 40 DEI
- W -
g 80 O I_I_IT.I 30- (0] O
: T F P T
& 70- @%@ 20- EQ;
e S 4, e
60- m 104 (@]
LA
50 0 ol eivede

Tbet™?  Thet™™  TbetM Tbet™?  Thet™™  TbetM
Fig 6. T-bet expression in B cells of malaria-exposed children associates with IgG3 class switching.
Percentage of CD19+ B cells that express surface IgG1 or IgG3 stratified by level of T-bet expression (n = 9 Malian

children; representative subject, top). p values determined by paired Student’s ttest with Bonferroni corrections for
multiple comparisons where appropriate. ****<0.0001, ***P<0.001, **P<0.01, * P<0.05, ns = not significant.
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FCRL5, FCGR2B), which in turn leads to progressive loss of BCR signaling and effector func-
tions—potentially analogous to what has been described for T cell exhaustion.[22]

We found that B cells that express T-bet at intermediate or high levels were more likely to
surface-express IgG3, compared to T-bet negative B cells which skewed toward IgG1 expres-
sion. Moreover, total serum IgG3 had the greatest fold increase among IgG subclasses during
acute malaria, which correlated with serum IFN-y levels. Although differences in IgG sub-
classes between mice and humans make direct comparisons difficult, in mice, T-bet is a selec-
tive inducer of IFN-y-mediated class switching to IgG2a [19, 20, 23], which is functionally
similar to human IgG1 and IgG3 in terms of FcR binding and complement fixation capacity.
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1gG subclasses vs fold change in plasma IFN-y during acute malaria relative to pre-infection baseline (n = 19 Malian children). p
values determined by paired Student’s t test with Bonferroni corrections for multiple comparisons where appropriate. Paired Student’s
ttest and Pearson correlation were used for correlative analyses. ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05, ns = not
significant.

https://doi.org/10.1371/journal.ppat.1006576.9007

Interestingly, a recent study showed that HIV infection drives the expansion and maintenance
of T-bet" B cells (discussed further below) that correlate with an overrepresentation of surface-
expressed and soluble IgG1 and IgG3. [24] Therefore, there may be a consistent theme in mice

and humans: that IFN-y drives T-bet expression in B cells, which promotes class switching to
IgG subclasses that are potent triggers of effector mechanisms. Further human studies are
needed to determine the generalizability of these findings in other settings, and the mecha-
nisms by which this occurs. However, based on these data we speculate that in the context of
pediatric malaria, intermediate T-bet expression contributes to IgG3 class switching, while T-
bet ‘overexpression’ may play a role in atypical MBC differentiation. It will also be of interest
to investigate the potential role of intermediate T-bet expression in B cell activation given that
the expression of CXCR3 and CD95 appears similar in T-bet intermediate and T-bet high B

cells (Fig 3).
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https://doi.org/10.1371/journal.ppat.1006576.9009

A preliminary longitudinal analysis of a subset of children suggested a correlation between
the incidence of febrile malaria and the expansion of T-bet" B cells. Consistent with the
Th1-skewed cytokine response that febrile malaria induces, we found that Th1-cytokine-con-
taining supernatants of iRBC-stimulated PBMCs plus BCR crosslinking induced T-bet expres-
sion in naive B cells, a response that was abrogated by neutralizing IFN-y or blocking the IFN-
v receptor. Accordingly, recombinant human IFN-y plus BCR cross-linking drove T-bet
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https://doi.org/10.1371/journal.ppat.1006576.9010

expression in peripheral B cells. Importantly, the same conditions drove T-bet expression in B
cells derived from secondary lymphoid tissue (tonsils) where germinal center reactions occur.
Because Tth cells are known to play a critical role in the activation and differentiation of

naive B cells in secondary lymphoid tissue [25], we also examined T-bet expression in naive B
cells following co-culture with various T cell subsets. Our previous studies confirmed that func-
tionally distinct memory Tth cell subsets can be detected in the circulation of malaria-exposed
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Fig 11. P. falciparum-induced IFN-y correlates with T-bet expression in naive B cells. PBMCs of healthy U.S. adults (n = 8) were stimulated in vitro
with iRBC lysate or uRBC lysate for 3 days. Cytokine concentrations in the resulting supernatants were determined by a multiplex assay. Supernatants were
transferred to PBMCs from the same U.S. adults (n = 8) in the presence of anti-IgM, followed by staining for T-bet, CD10, CD19 and IgD. Shown are
correlations between fold changes in cytokine concentrations in supernatants of iRBC-stimulated vs. uRBC-stimulated PBMCs, and fold changes in T-bet
expression in naive B cells stimulated with supernatants of iRBC-stimulated vs. uRBC-stimulated PBMCs. Pearson correlation were used for correlative
analyses. ****P<0.0001, ***P<0.001, ** P<0.01, * P<0.05, ns = not significant.

https://doi.org/10.1371/journal.ppat.1006576.g011

children [13, 26]. Additionally, we found previously that Th-1 polarized Tth cells (Tth-1) (T-
bet", IFN-y-producing) that exhibit impaired B cell helper function are preferentially activated
during acute febrile malaria in children [13]. In the present study, we observed higher T-bet
expression in naive B cells co-cultured with autologous Tth-1 and Th1 cells, which produced
high levels of IFN-y and IL-18, consistent with the observation that IFN-y drives T-bet expres-
sion in naive B cells. Whereas Tth-1 and Th1 cells primarily induce T-bet™ B cells, intriguingly,
Th-2 polarized cTth cells, which produce much less IFN-y, appear capable of inducing both
intermediate and high T-bet expression in naive B cells, albeit at lower levels, suggesting addi-
tional mechanism by which cTth cells may induce T-bet in B cells. Because malaria can induce
IFN-y production in multiple cell types, it remains possible that IFN-y from sources other than
Tth cells could drive T-bet expression in B cells in vivo. However, because of the proximity of
Tth cells and B cells in secondary lymphoid tissue, it seems plausible that Tth-derived IFN-y
may play a greater role in driving T-bet expression in B cells. Together these data support the
hypothesis that malaria-induced activation of Tth-1 cells contributes to the expansion of T-bet™
atypical MBCs in malaria-exposed children.

In general, little is known about T-bet” B cells in humans [27]. In healthy adults T-bet has been
detected in memory B cells and plasmablasts, but at lower levels than other T-bet" lymphocytes.
[28] T-bet expression in circulating CD21"CD27" ‘tissue-like’ MBCs has been described in healthy
adults, in whom CD21°CD27" B cells are a relatively rare population [24, 29], but whether
CD21°CD27" B cells in healthy adults represent the same population of CD21'CD27" atypical
MBCs that are expanded in disease settings remains unclear. Interestingly, a recent study in
humans showed that yellow fever and vaccinia vaccination stimulates an acute T-bet™ B cell
response and that the T-bet"'CD85j"™ population may function as an early responder during acute
viral infections. [24] Of note, the same study reported that HIV infection maintains an expanded
T-bet" B cell population that was primarily comprised of T—bethiCDSthi B cells. [24]

Several recent studies have described T-bet expression in B cells of individuals with autoim-
mune diseases. For example, transcriptome analysis of CD21” 1° versus CD21" mature naive B
cells from subjects with rheumatoid arthritis or common variable immunodeficiency found
that TBX21 expression was upregulated in CD217° B cells [30]. Similarly, transcriptome analy-
sis of CD19" B cells isolated from individuals with systemic lupus erythematosus revealed
increased TBX21 expression compared to CD19" B cells of healthy controls.[31] Importantly,
HIV and malaria-associated atypical MBCs exhibit markedly reduced cytokine and antibody
production capacity [4, 5, 32], whereas T-bet” CD19" B cells in individuals with autoimmune
diseases can produce proinflammatory cytokines and autoreactive antibodies [33-35]. There-
fore, T-bet” B cells that arise in humans in the context of chronic infections versus autoimmu-
nity may differ phenotypically and functionally, although further studies are needed to
determine if this is a consistent pattern.

That IFN-y drives T-bet expression in activated human B cells is consistent with prior stud-
ies in mouse models [20, 21, 36]. T-bet expressing B cells termed age-associated B cells (ABCs)
appear in mice with age, autoimmunity and viral infections [37][38, 39]. ABCs are generated
through the interplay of IL-4, IL-21, and IFN-y in concert with TLR engagement [40], and
have been shown to play a role in the pathogenesis of lupus-like autoimmunity [39] and anti-
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Fig 12. Blockade of P. falciparum-induced IFN-y reduces T-bet expression in naive B cells. T-bet and CD69 expression in naive B cells

(n =5 U.S. adults) incubated with supernatants of iRBC-stimulated PBMCs plus anti-IgM in the presence of increasing concentrations of IFN-y
neutralizing antibodies (A) or IFN-y receptor blocking antibodies (B) (representative histograms, right). (C) T-bet and CD69 expression in naive B
cells (n =5 U.S. adults) incubated with supernatants of iRBC-stimulated PBMCs plus anti-IgM in the presence of IFN-y neutralizing antibodies and
IFN-y receptor blocking antibodies separately or combined. Horizontal bars and whiskers represent means or median and SE. p values were
determined by paired Student's ttest with Bonferroni adjustments where appropriate. ****P<0.0001, ***P<0.001, **P<0.01, * P<0.05, ns = not
significant.

https://doi.org/10.1371/journal.ppat.1006576.9012

viral immunity [41, 42]. Although murine ABCs are similar to human atypical MBCs in that
they upregulate T-bet and CD11c, and downregulate CD21, unlike atypical MBCs [5], murine
ABCs proliferate in response to TLR agonists, produce IL-10 and IFN-y and differentiate into
ASCs—distinct functional profiles that call into question the relatedness of murine ABCs and
human atypical MBCs that are associated with chronic infections. Instead, the available evi-
dence suggests that murine ABCs more closely resemble the phenotype and function of T-bet”
B cells in humans with autoimmune diseases [31, 33, 35, 43].

It will be of interest in future studies to employ methods such as siRNA gene silencing and
ChIP-seq to determine whether T-bet plays a causal role in atypical MBC differentiation, and
if so, how it directly affects B cell programming, and what other transcription factors may be
involved [44]. For example, we found that expression of the gene encoding the transcription
factor Bach2—which predisposes GC B cells to enter the memory pool [45, 46]—was downre-
gulated in atypical MBCs (Fig 1B).

A high priority should also be placed on ascertaining the ‘plasticity’ [47] of atypical MBCs,
and whether and how their apparent loss of function can be reversed. In this regard, Kardava
et al showed that HIV-associated human B cell exhaustion could be attenuated by siRNA
downregulation of inhibitory receptors, particularly Fc receptor-like-4 (FCRL4) and sialic
acid-binding Ig-like lectin 6 (Siglec-6) [32]. However, emerging data suggests that the array of
inhibitory receptors expressed by atypical MBCs varies by disease; for example, malaria-associ-
ated atypical MBCs upregulate the expression of FCRL3 and FCRL5 rather than FCRL4 [5].

In summary, we show that atypical MBCs in malaria-exposed individuals highly express T-
bet, and that exposure to malaria-induced Th1 cytokines and Tth-1 cells correlates with the
expansion of T-bet™ B cells. These data provide insight into the mechanisms underlying atypi-
cal MBC differentiation and open the possibility of preventing or reversing the expansion of
atypical MBCs in various disease states.

Materials and methods
Ethics statement

The Ethics Committee of the Faculty of Medicine, Pharmacy and Dentistry at the University
of Sciences, Technique and Technology of Bamako, and the Institutional Review Board of the
National Institute of Allergy and Infectious Diseases, National Institutes of Health approved
this study. Written informed consent was obtained from participants or parents or guardians
of participating children prior to inclusion in the Mali study. Human pediatric tonsil tissue
was obtained from the pathology department at the Children’s National Medical Center in
Washington, DC, and written informed consent was obtained from the parents or legal guard-
ians of all donors. All collected tonsil samples were anonymized.

Mali study subjects and field site

The field study was conducted in the rural village of Kalifabougou, Mali where intense P. fal-
ciparum transmission occurs from June through December each year. The cohort study has
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Fig 13. T-bet expression in naive B cells in the presence of supernatant of iRBC-stimulated PBMCs or increasing concentrations of
IFN-y with or without BCR crosslinking. (A) T-bet expression in naive B cells (n =5 U.S. adults) with or without BCR crosslinking in the
presence of supernatant of IRBC-stimulated PBMCs, or in the presence of increasing concentrations of recombinant human IFN-y (right,
representative histograms). (B) Intermediate and high T-bet expression in naive B cells (n =5 U.S. adults) after BCR cross-linking in the
presence of iIRBC-stimulated PBMC supernatant or rhIFN-y (right, representative histograms). Horizontal bars and whiskers represent means
or median and SE. p values were determined by paired Student’s t test with Bonferroni adjustments where appropriate. ****P<0.0001,
***P<0.001, **P<0.01, * P<0.05, ns = not significant.

https://doi.org/10.1371/journal.ppat.1006576.9013

been described in detail elsewhere [48]. Briefly, 695 healthy children and adults aged 3 months
to 25 years were enrolled in an ongoing cohort study in May 2011. Exclusion criteria at enroll-
ment included a hemoglobin level <7 g/dL, axillary temperature >37.5°C, acute systemic ill-
ness, underlying chronic disease, or use of antimalarial or immunosuppressive medications in
the past 30 days. The present study focused on 74 children aged 3-12 years who had venous
blood samples collected at their healthy uninfected baseline before the malaria season, as well
as during and 7 days after treatment of their first acute malaria episode of the ensuing
6-month malaria season. Clinical malaria episodes were detected through active and passive
surveillance and were defined as > 2,500 asexual parasites/pL, an axillary temperature of
>37.5°C and no other cause of fever discernible by physical exam. All individuals with signs
and symptoms of malaria and any level of parasitemia detected by microscopy were treated
according to the Malian National Malaria Control Program guidelines.

U. S. donors

Peripheral blood samples from healthy U.S. adult donors enrolled in NIH protocol # 99-CC-
0168) were also analyzed. Fresh human tonsils were obtained from the pathology department
of the Children’s National Medical Center in Washington, DC. All tonsils were from children.
Demographic and travel history data were not available from these anonymous donors, but
prior P. falciparum exposure is unlikely.

Detection and quantification of P. falciparum infection

Thick blood smears were stained with Giemsa and counted against 300 leukocytes. Parasite
densities were recorded as the number of asexual parasites per microliter of blood based on a
mean leukocyte count of 7500 cells/pL.

Sample processing

Mali blood samples (8 ml) were drawn by venipuncture into sodium citrate-containing cell
preparation tubes (BD, Vacutainer CPT Tubes) and transported 45 km to the laboratory
where PBMCs and plasma were isolated and frozen within three hours according to the manu-
facturer’s instructions. Plasma was frozen at —80°C. PBMCs were frozen in fetal bovine serum
(FBS) (Gibco, Grand Island, NY) containing 7.5% dimethyl sulfoxide (DMSO; Sigma-Aldrich).
U.S. blood samples were drawn into heparinized tubes (BD) and PBMCs were isolated from
whole blood by Ficoll-Hypaque density gradient centrifugation (GE Healthcare, Uppsala, Swe-
den) according to the manufacturer’s instructions, and frozen under the same conditions as
the Malian samples. For all assays, PBMCs were rapidly thawed in a 37°C water bath, washed
in PBS with 10% heat-inactivated FBS and then in complete RPMI (RPMI 1640 with L-gluta-
mine supplemented with 10% heat-inactivated FBS, and penicillin/streptomycin 10,000 pg/ml,
[all from GIBCO, Invitrogen]). Tonsils were homogenized using wire mesh and passed
through a cell strainer to make a single cell suspension. B cells were then negatively selected
using a human B cell enrichment kit (STEMCELL Technologies).
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Fig 14. IFN-y plus BCR crosslinking induce T-bet expression in tonsillar naive B cells, MBCs and light zone germinal
center B cells. B cell subsets were negatively selected from tonsillar tissue of U.S. children (n = 8) and gated on naive B cells
(CD10-, IgD+), MBCs (CD10-IgD-) and germinal center (GC) (CD10+IgD-) B cells. GC B cells were further stratified on light
(CXCR4-) and dark (CXCR4+) zone GC B cells. Gating strategy shown in (A). (B) MFI of total T-bet and (C) percent T-bet"
determined by FACS in B cell subsets following stimulation with rhIFN-y, BCR cross-linking or both. p value were determined by 2
way ANOVA with Sidak corrections. **** P<0.0001, ***P<0.001, **P<0.01, * P<0.05, ns = not significant.

https://doi.org/10.1371/journal.ppat.1006576.9014
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Fig 15. Secreted cytokine profiles of T cell subset/naive B cell co-cultures. PBMCs of U.S. adults (n = 5) were FACs-sorted into naive B cells
(CD19+CD21+IgD+), cTth cells (CD4+PD-1+CXCR5+CXCR3-), Tfh-1 cells (CD4+PD-1+CXCR5+CXCR3+) and Th-1 cells (CD4+PD-1+CXCR5-
CXCRB3+). Autologous naive B cells were cultured for 2 days with each T cell subset in the presence of SEB, or with SEB alone. Shown are cytokine
concentrations in supernatants at 2 days. p values were determined by paired Student’s ttest with Bonferroni adjustments where appropriate.

**%*P<0.0001, ***P<0.001, **P<0.01, *P<0.05, ns = not significant.

https://doi.org/10.1371/journal.ppat.1006576.9015
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Fig 16. Tfh-1 and Th1 cells are superior inducers of T-bet expression in naive B cells. PBMCs of U.S. adults (n = 15) were FACs-sorted into
naive B cells (CD19+CD21+IgD+), cTfh cells (CD4+PD-1+CXCR5+CXCRS3-), Tth-1 cells (CD4+PD-1+CXCR5+CXCR3+) and Th-1 cells (CD4+PD-1
+CXCR5-CXCR3+). Autologous naive B cells were cultured for 2 days with each T cell subset in the presence of SEB, or with SEB alone. (A) T-bet
MFIin B cells at 2 days of co-culture with T cell subsets or SEB alone. Representative histogram on right. (B) Percentage of T-bet" B cells at 2 days of
co-culture with T cell subsets or SEB alone. p values were determined by paired Student’s ttest with Bonferroni adjustments. ****<0.0001,
**¥P<0.001, *¥*P<0.01, *P<0.05, ns = not significant.

https://doi.org/10.1371/journal.ppat.1006576.9016

Microarray data analysis

Previously published gene expression microarray data [5] was re-analyzed to examine the
expression of genes involved in lymphocyte differentiation and germinal center regulation in
naive, classical MBCs and atypical MBCs using R. Expression data were imported from.CEL
files using the read.celfiles() command from the oligo package library [49] and normalized
using robust multi-array average (RMA) [50]. Samples were checked for quality using density
and principal components analysis (PCA) plots, which confirmed the presence of a previously
identified outlier sample was removed from the analysis. The data were then median
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normalized and filtered to remove any low information probes that were not on the list of
selected genes or any genes highlighted in the previous publication [5]. Probes were considered
“low information” if they had mean log2 expression less than 5 or log2 expression standard
deviation below 1. After normalization and filtering, a 3-dimensional PCA plot was created
using the default settings of the prcomp() analysis in R. Differential expression of naive B cells
(N), classical MBCs (C) and atypical MBCs (A) was tested using limma [51], then heatmaps
were generated using heatmap.2() from the gplots package library[52].

Flow cytometry and cell sorting

For surface staining and sorting, PBMCs were washed in PBS with 4% heat-inactivated FCS
and cells were incubated with live/dead fixable stain (Invitrogen) and the indicated fluores-
cently labeled antibodies. Cells stained for sorting were kept on ice until sorted on a FACS
Aria (BD Biosciences). For intracellular transcription factor staining, PBMCs were treated
with Transcriptional Factor Fixation/ Permeabilization kit (ebioscience). FACS analyses were
performed on a BD LSR II flow cytometer (BD Biosciences) and analyzed using FlowJo soft-
ware (Tree Star, Inc). Antibody details in S3 Table.

Co-culture of B and T cell subsets

PBMCs were FACS-sorted into PD-1*CXCR3*CXCR5"CD4" (Tth-1 cells), PD-

1"CXCR3 CXCR5"CD4" (cTth cells), PD-1"CXCR3"CXCR5 CD4" (Thl cells),

CD4 CD19"CD21*CD27" (naive B cells) and CD4 CD19*CD21*CD27" (MBCs). Each T cell
subset (1.5 x 10* to 5 x 10*) was co-cultured with naive B cells or MBCs at ratio of 1:1 for 2, 4,
6, 8 or 12 days in complete medium with staphylococcal enterotoxin B (SEB) (1.5ug/ml;
Sigma-Aldrich) in 96 round U-bottomed plates at 37°C. After co-culture, B cell number, phe-
notype, cytokine and Ig levels in supernatants were assessed using multiplex cytokine or iso-
typing assays and staining cells with anti-human monoclonal antibodies. Antibody details in
S3 Table.

PBMC stimulation with P. falciparum-infected RBC lysate

PBMCs were cultured with uninfected red blood cells (uRBCs) or P. falciparum-infected red
blood cells (iRBCs). PBMCs were cultured in complete RPMI (RPMI 1640 plus 10% fetal calf
serum, 1% penicillin/streptomycin) in flat-bottom 96 well plates, at 37°C in a 5% CO, atmo-
sphere. PBMCs were stimulated with iRBC or uRBC lystate in a ratio of 3 RBCs per PBMC. At
day three of co-culture, cells were centrifuged and supernatants were recovered for cytokine
analysis or frozen at -80 degrees.

Measuring cytokines in plasma and supernatants of stimulated PBMCs

Plasma or supernatants were thawed and immediately analyzed with either ProcartaPlex
human cytokine assays (affymetrix, ebioscience) or LEGENDplex (Biolegend) as recom-
mended by the manufacturer. Briefly, 100 uL of plasma at 1:2 dilution or 100 uL of superna-
tant were incubated with anti-cytokine antibody-coupled magnetic beads at room temperature
shaking at 300 RPM in the dark. After several washes, the beads were then incubated with a
biotinylated detector antibody at room temperature before incubation with streptavidin-phy-
coerythrin. Finally, the complexes were resuspended in 125 uL of detection buffer and 100
beads were counted with a Luminex 200 device (BioRad Laboratories, Inc.). Final concentra-
tions were calculated from the mean fluorescence intensity and expressed in pg/mL using stan-
dard curves with known concentrations of each cytokine.
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B cell receptor cross-linking

Total B cells or naive B cells from PBMC were negatively selected using EasySep Human B Cell
Enrichment Kit (STEMCELL Technologies) as recommended by the manufacturer. Using the
appropriate antibodies, the final purities of the start and isolated fractions were assessed. The
purity of the final fraction was approximately 98%.

For PBMC supernatant-B cell stimulation, B cell receptors were cross-linked with 1-2ug/
mL of anti-IgM (for naive B cells only) or 2ug/mL each of anti-A/x light chains (for total B
cells) in the presence of PBMC, PBMC/uRBC, PBMC/iRBC or iRBC lysate only supernatant.
For cytokine blocking experiments, anti-cytokine neutralizing or receptor blocking antibodies
were added either before or during the addition of supernatant. B cell receptors were also
cross-linked in the presence of different concentrations of recombinant cytokines. For tonsillar
B cell studies, total B cells negatively isolated from tonsils were stimulated with 2ug/mL each of
anti-A/x light chains in the presence or absence of recombinant human IFN-y. Staining with
anti-CD10, IgD and CXCR4, identified the different B cell subsets.

BCR crosslinking and phosphorylation of signaling and adaptor proteins

Whole PBMCs were thawed and plated on a 96 well plate with 2 x 10° cells of each donor per
well, and stained for CD10, CD19, CD20 CD21, CD27 and FCRLS5 (509f6) (Biolegend) at 4°C
in 4% PBS-FBS for 20 min. Cells were washed in 0.5% PBS-BSA and incubated at 37°C for 30
min before adding F(ab’)2 anti-IgM and anti-IgG (Southern Biotech, Birmingham, AL and
Jackson ImmunoResearch, respectively) at a final concentration of 10 ug/ml and incubating at
37°C for 5 min. For the detection of phospho-proteins by flow cytometry, cells were fixed and
permeabilized according to the manufacturer’s protocol using the FoxP3 Staining Buffer Set
(eBioscience). Cells were then stained with antibodies specific for phospho-Syk (Y352) (pSyk)
and phospho-PI3Kinase p85 (Y458)/p55 (Y199) (pPI3K) and T-bet. Antibody details in S3
Table.

Statistical analysis

Continuous data were compared using the paired or unpaired Student’s T-test and ANOVA.
Bonferroni adjustments (T-tests) and Sidak adjustments (ANOVA) were applied to correct for
multiple comparisons where appropriate. Correlations were calculated with Pearson correla-
tion coefficient and their significance was determined using Fisher’s Z-test. All analyses were
performed in Prism 6.0e (GraphPad Software) or R 3.1.2 [53].

Supporting information

S1 Fig. Total IgG, IgG1 and IgG3 surface expression on mature B cells from Malian chil-
dren (n =9) and U.S. (n = 9) adults (top, representative individuals). p values were deter-
mined by paired Student’s ¢ test with Bonferroni adjustments. ****P<0.0001, ***P<0.001,
**P<0.01, *P<0.05, ns = not significant.

(TTF)

S2 Fig. Flow cytometry analysis showing correlation between T-bet expression (MFI) and (A)
IgG1, (B) IgG3 and (C) total IgG surface expression on B cell subsets of Malian children

(n = 10). Pearson correlation were used for correlative analyses.

(TIF)

S3 Fig. Total IgG1, IgG2, IgG3 and IgG4 determined by bead-based multiplex assay at
healthy baseline (HB) before malaria and during acute febrile malaria (Mal) in plasma of
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Malian children (n = 19). p values were determined by paired Student’s ¢ test with Bonferroni
adjustments.
(TIF)

S4 Fig. PBMCs of healthy U.S. adults (n = 5) were stimulated in vitro with P. falciparum-
infected red blood cell (iRBC) lysate or uninfected red blood cell (uRBC) lysate for 3 days.
The resulting supernatants or the iRBC lysate alone were transferred to PBMCs from the same
U.S. adults (n = 5) in the presence of media alone, anti-IgM, anti-CD40, or both, followed by
staining for CD69, CD86, CD10, CD19 and IgD. Fold change in (A) CD69 and (B) CD86 MFI
in stimulated naive B cells relative to unstimulated naive B cells (right, representative histo-
grams). p values were determined by paired Student’s ¢ test with Bonferroni adjustments
where appropriate. ****P<0.0001, ***P<0.001, **P<0.01, * P<0.05, ns = not significant.

(TIF)

S5 Fig. PBMC:s of healthy U.S. adults (n = 8) were stimulated in vitro with iRBC lysate or
uRBC lysate for 3 days. The concentrations of twenty cytokines in the resulting supernatants
were determined by a bead-based multiplex assay. Shown are fold changes in concentrations
of cytokines in supernatants of PBMCs stimulated with iRBCs versus uRBCs. p values were
determined by paired Student’s t test with Bonferroni adjustments where appropriate.

¥ P<0.0001, ***P<0.001, **P<0.01, *P<0.05, ns = not significant.

(TIF)

S6 Fig. PBMC:s of healthy U.S. adults (n = 8) were stimulated in vitro with iRBC lysate,
uRBC lysate or media alone for 3 days (same experiment as S5 Fig). Cytokine concentra-
tions in the resulting supernatants were determined by a bead-based multiplex assay. Shown
are absolute concentrations of cytokines in supernatants. p values were determined by paired
Student’s t test with Bonferroni adjustments where appropriate. ****P<0.0001, ***P<0.001,
**P<0.01, *P<0.05, ns = not significant.

(TIF)

S7 Fig. Gating strategy for FACS-sorted PBMCs from healthy U.S. adults into naive B cells
(CD19+CD21+IgD+), cTth cells (CD4+PD-1+CXCR5+CXCR3-), Tth-1 cells (CD4+PD-1
+CXCR5+CXCR3+) and Th-1 cells (CD4+PD-1+CXCR5-CXCR3+).

(TIF)

S8 Fig. PBMC:s of U.S. adults were FACs-sorted into naive B cells (CD19+CD21+IgD+),
cTth cells (CD4+PD-1+CXCR5+CXCR3-), Tfh-1 cells (CD4+PD-1+CXCR5+CXCR3+)
and Th-1 cells (CD4+PD-1+CXCR5-CXCR3+). Autologous naive B cells were cultured for 2
days with each T cell subset in the presence of SEB, or with SEB alone. (A) Percentage viable B
cells over 8 days of co-culture. Fold change in MFI on B cells at 2 days for (B) CD69, (C)
BLIMP-1 and (D) AID, relative to SEB alone control. A and B from same experiment (n = 15);
C and D from same experiment (n = 5). p values were determined by paired Student’s ¢ test
with Bonferroni adjustments where appropriate. ****P<0.0001, ***P<0.001, **P<0.01,
*P<0.05, ns = not significant.

(TIF)

S9 Fig. Percentage of T-bet™ CD19+CD21+IgD+ B cells after 2 days of co-culture with
indicated T cell subsets with SEB alone or with SEB plus recombinant human IFN-y. p val-
ues were determined by paired Student’s t test with Bonferroni adjustments where appro-
priate. ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05, ns = not significant.

(TIF)
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S10 Fig. (A) Class switching of CD19+CD21+IgD+ B cells cultured with c-Tth cells, Tth-1
cells or Thl cells over 12 days. (B) Secreted antibody production by CD19+CD21+IgD+ B
cells cultured with c-Tth cells, Tth-1 cells or Th1 cells over 12 days. p values were determined
by paired Student’s ¢ test with Bonferroni adjustments where appropriate. ****P<0.0001,
***P<0.001, **P<0.01, *P<0.05, ns = not significant.

(TIF)

S1 Table. Demographic and clinical data of study subjects used for gene expression micro-
array analysis.
(TIF)

$2 Table. Demographic and clinical data of study subjects whose PBMCs were used to
characterize T-bet expression in B cells.
(TTF)

§3 Table. Antibodies used for T and B cell characterization, intracellular staining and sort-
ing.
(TIF)

Acknowledgments
We thank the residents of Kalifabougou, Mali for participating in this study.

Author Contributions

Conceptualization: Nyamekye Obeng-Adjei, Silvia Portugal, Ogobara K. Doumbo, Boubacar
Traore, Susan K. Pierce, Peter D. Crompton.

Data curation: Nyamekye Obeng-Adjei, Jeff Skinner.
Formal analysis: Nyamekye Obeng-Adjei, Haewon Sohn, Jeff Skinner, Peter D. Crompton.
Funding acquisition: Peter D. Crompton.

Investigation: Nyamekye Obeng-Adjei, Silvia Portugal, Prasida Holla, Shanping Li, Haewon
Sohn, Abhijit Ambegaonkar, Georgina Bowyer, Peter D. Crompton.

Methodology: Nyamekye Obeng-Adjei, Peter D. Crompton.

Project administration: Ogobara K. Doumbo, Boubacar Traore, Peter D. Crompton.
Resources: Peter D. Crompton.

Supervision: Ogobara K. Doumbo, Boubacar Traore, Peter D. Crompton.

Visualization: Jeff Skinner.

Writing - original draft: Nyamekye Obeng-Adjei, Peter D. Crompton.

Writing - review & editing: Nyamekye Obeng-Adjei, Susan K. Pierce, Peter D. Crompton.

References

1. Tarlinton D, Good-Jacobson K. Diversity among memory B cells: origin, consequences, and utility. Sci-
ence. 2013; 341(6151):1205—-11. https://doi.org/10.1126/science. 1241146 PMID: 24031013.

2. Rappuoli R, Aderem A. A 2020 vision for vaccines against HIV, tuberculosis and malaria. Nature. 473
(7348):463-9. Epub 2011/05/27. nature10124 [pii] https://doi.org/10.1038/nature10124 PMID:
21614073.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006576  September 27,2017 27/30


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006576.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006576.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006576.s012
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006576.s013
https://doi.org/10.1126/science.1241146
http://www.ncbi.nlm.nih.gov/pubmed/24031013
https://doi.org/10.1038/nature10124
http://www.ncbi.nlm.nih.gov/pubmed/21614073
https://doi.org/10.1371/journal.ppat.1006576

@’PLOS | PATHOGENS

Malaria and T-bet™ atypical memory B cells

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Joosten SA, van Meijgaarden KE, Del Nonno F, Baiocchini A, Petrone L, Vanini V, et al. Patients with
Tuberculosis Have a Dysfunctional Circulating B-Cell Compartment, Which Normalizes following Suc-
cessful Treatment. PLoS Pathog. 2016; 12(6):e1005687. https://doi.org/10.1371/journal.ppat. 1005687
PMID: 27304615; PubMed Central PMCID: PMC4909319.

Moir S, Ho J, Malaspina A, Wang W, DiPoto AC, O’Shea MA, et al. Evidence for HIV-associated B cell
exhaustion in a dysfunctional memory B cell compartment in HIV-infected viremic individuals. J Exp
Med. 2008; 205(8):1797-805. Epub 2008/07/16. jem.20072683 [pii] https://doi.org/10.1084/jem.
20072683 PMID: 18625747.

Portugal S, Tipton CM, Sohn H, Kone Y, Wang J, Li S, et al. Malaria-associated atypical memory B cells
exhibit markedly reduced B cell receptor signaling and effector function. Elife. 2015; 4. https://doi.org/
10.7554/eLife.07218 PMID: 25955968; PubMed Central PMCID: PMCPMC4444601.

Sullivan RT, Kim CC, Fontana MF, Feeney ME, Jagannathan P, Boyle MJ, et al. FCRL5 Delineates
Functionally Impaired Memory B Cells Associated with Plasmodium falciparum Exposure. PLoS
Pathog. 2015; 11(5):e1004894. https://doi.org/10.1371/journal.ppat.1004894 PMID: 25993340;
PubMed Central PMCID: PMC4438005.

Portugal S, Pierce SK, Crompton PD. Young lives lost as B cells falter: what we are learning about anti-
body responses in malaria. J Immunol. 2013; 190(7):3039-46. https://doi.org/10.4049/jimmunol.
1203067 PMID: 23526829.

Alonso PL, Sacarlal J, Aponte JJ, Leach A, Macete E, Aide P, et al. Duration of protection with RTS,S/
AS02A malaria vaccine in prevention of Plasmodium falciparum disease in Mozambican children: sin-
gle-blind extended follow-up of a randomised controlled trial. Lancet. 2005; 366(9502):2012—-8. https://
doi.org/10.1016/S0140-6736(05)67669-6 PMID: 16338450.

Riley EM, Stewart VA. Immune mechanisms in malaria: new insights in vaccine development. Nat Med.
2013; 19(2):168-78. Epub 2013/02/08. https://doi.org/10.1038/nm.3083 PMID: 23389617.

Rts SCTP. Efficacy and safety of the RTS,S/AS01 malaria vaccine during 18 months after vaccination:
a phase 3 randomized, controlled trial in children and young infants at 11 African sites. PLoS Med.
2014; 11(7):e1001685. https://doi.org/10.1371/journal.pmed.1001685 PMID: 25072396; PubMed Cen-
tral PMCID: PMC4114488.

Crotty S. T follicular helper cell differentiation, function, and roles in disease. Immunity. 2014; 41
(4):529—-42. https://doi.org/10.1016/j.immuni.2014.10.004 PMID: 25367570; PubMed Central PMCID:
PMC4223692.

Locci M, Havenar-Daughton C, Landais E, Wu J, Kroenke MA, Arlehamn CL, et al. Human circulating

PD-1+CXCR3-CXCR5+ memory Tfh cells are highly functional and correlate with broadly neutralizing
HIV antibody responses. Immunity. 2013; 39(4):758-69. https://doi.org/10.1016/j.immuni.2013.08.031
PMID: 24035365; PubMed Central PMCID: PMC3996844.

Obeng-Adjei N, Portugal S, Tran TM, Yazew TB, Skinner J, Li S, et al. Circulating Th1-Cell-type Tth
Cells that Exhibit Impaired B Cell Help Are Preferentially Activated during Acute Malaria in Children.
Cell Rep. 2015; 13(2):425-39. https://doi.org/10.1016/j.celrep.2015.09.004 PMID: 26440897; PubMed
Central PMCID: PMC4607674.

Ryg-Cornejo V, loannidis LJ, Ly A, Chiu CY, Tellier J, Hill DL, et al. Severe Malaria Infections Impair
Germinal Center Responses by Inhibiting T Follicular Helper Cell Differentiation. Cell Rep. 2016; 14
(1):68-81. https://doi.org/10.1016/j.celrep.2015.12.006 PMID: 26725120.

Zander RA, Obeng-Adjei N, Guthmiller JJ, Kulu DI, Li J, Ongoiba A, et al. PD-1 Co-inhibitory and OX40
Co-stimulatory Crosstalk Regulates Helper T Cell Differentiation and Anti-Plasmodium Humoral Immu-
nity. Cell Host Microbe. 2015; 17(5):628—41. https://doi.org/10.1016/j.chom.2015.03.007 PMID:
25891357; PubMed Central PMCID: PMCPMC4433434.

Hansen DS, Obeng-Adijei N, Ly A, loannidis LJ, Crompton PD. Emerging concepts in T follicular helper
cell responses to malaria. Int J Parasitol. 2017; 47(2—3):105—10. https://doi.org/10.1016/}.ijpara.2016.
09.004 PMID: 27866908.

Guthmiller JJ, Graham AC, Zander RA, Pope RL, Butler NS. Cutting Edge: IL-10 Is Essential for the
Generation of Germinal Center B Cell Responses and Anti-Plasmodium Humoral Immunity. J Immunol.
2017; 198(2):617—-22. https://doi.org/10.4049/jimmunol.1601762 PMID: 27940658; PubMed Central
PMCID: PMCPMC5225073.

Weiss GE, Crompton PD, Li S, Walsh LA, Moir S, Traore B, et al. Atypical memory B cells are greatly
expanded in individuals living in a malaria-endemic area. J Immunol. 2009; 183(3):2176-82. Epub
2009/07/14. jimmunol.0901297 [pii] https://doi.org/10.4049/jimmunol.0901297 PMID: 19592645.

Lazarevic V, Glimcher LH, Lord GM. T-bet: a bridge between innate and adaptive immunity. Nat Rev
Immunol. 2013; 13(11):777-89. https://doi.org/10.1038/nri3536 PMID: 24113868.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006576  September 27,2017 28/30


https://doi.org/10.1371/journal.ppat.1005687
http://www.ncbi.nlm.nih.gov/pubmed/27304615
https://doi.org/10.1084/jem.20072683
https://doi.org/10.1084/jem.20072683
http://www.ncbi.nlm.nih.gov/pubmed/18625747
https://doi.org/10.7554/eLife.07218
https://doi.org/10.7554/eLife.07218
http://www.ncbi.nlm.nih.gov/pubmed/25955968
https://doi.org/10.1371/journal.ppat.1004894
http://www.ncbi.nlm.nih.gov/pubmed/25993340
https://doi.org/10.4049/jimmunol.1203067
https://doi.org/10.4049/jimmunol.1203067
http://www.ncbi.nlm.nih.gov/pubmed/23526829
https://doi.org/10.1016/S0140-6736(05)67669-6
https://doi.org/10.1016/S0140-6736(05)67669-6
http://www.ncbi.nlm.nih.gov/pubmed/16338450
https://doi.org/10.1038/nm.3083
http://www.ncbi.nlm.nih.gov/pubmed/23389617
https://doi.org/10.1371/journal.pmed.1001685
http://www.ncbi.nlm.nih.gov/pubmed/25072396
https://doi.org/10.1016/j.immuni.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25367570
https://doi.org/10.1016/j.immuni.2013.08.031
http://www.ncbi.nlm.nih.gov/pubmed/24035365
https://doi.org/10.1016/j.celrep.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/26440897
https://doi.org/10.1016/j.celrep.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26725120
https://doi.org/10.1016/j.chom.2015.03.007
http://www.ncbi.nlm.nih.gov/pubmed/25891357
https://doi.org/10.1016/j.ijpara.2016.09.004
https://doi.org/10.1016/j.ijpara.2016.09.004
http://www.ncbi.nlm.nih.gov/pubmed/27866903
https://doi.org/10.4049/jimmunol.1601762
http://www.ncbi.nlm.nih.gov/pubmed/27940658
https://doi.org/10.4049/jimmunol.0901297
http://www.ncbi.nlm.nih.gov/pubmed/19592645
https://doi.org/10.1038/nri3536
http://www.ncbi.nlm.nih.gov/pubmed/24113868
https://doi.org/10.1371/journal.ppat.1006576

@’PLOS | PATHOGENS

Malaria and T-bet™ atypical memory B cells

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Peng SL, Szabo SJ, Glimcher LH. T-bet regulates 1gG class switching and pathogenic autoantibody
production. Proc Natl Acad Sci U S A. 2002; 99(8):5545-50. https://doi.org/10.1073/pnas.082114899
PMID: 11960012; PubMed Central PMCID: PMCPMC122806.

Xu W, Zhang JJ. Stat1-dependent synergistic activation of T-bet for IgG2a production during early
stage of B cell activation. J Immunol. 2005; 175(11):7419-24. PMID: 16301649.

Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion. Nat Rev Immunol. 2015;
15(8):486-99. https://doi.org/10.1038/nri3862 PMID: 26205583; PubMed Central PMCID:
PMCPMC4889009.

Gerth AJ, Lin L, Peng SL. T-bet regulates T-independent IgG2a class switching. Int Immunol. 2003; 15
(8):937—44. PMID: 12882831.

Knox JJ, Buggert M, Kardava L, Seaton KE, Eller MA, Canaday DH, et al. T-bet+ B cells are induced by
human viral infections and dominate the HIV gp140 response. JCI Insight. 2017; 2(8). https://doi.org/10.
1172/jci.insight.92943 PMID: 28422752; PubMed Central PMCID: PMCPMC5396521.

Ma CS, Deenick EK, Batten M, Tangye SG. The origins, function, and regulation of T follicular helper
cells. J Exp Med. 2012; 209(7):1241-53. https://doi.org/10.1084/jem.20120994 PMID: 22753927;
PubMed Central PMCID: PMC3405510.

Schmitt N, Ueno H. Blood Tth cells come with colors. Immunity. 2013; 39(4):629-30. https://doi.org/10.
1016/j.immuni.2013.09.011 PMID: 24138878; PubMed Central PMCID: PMC3996729.

Pupovac A, Good-Jacobson KL. An antigen to remember: regulation of B cell memory in health and dis-
ease. Curr Opin Immunol. 2017; 45:89-96. https://doi.org/10.1016/j.coi.2017.03.004 PMID: 28319732.

Knox JJ, Cosma GL, Betts MR, McLane LM. Characterization of T-bet and eomes in peripheral human
immune cells. Front Immunol. 2014; 5:217. https://doi.org/10.3389/fimmu.2014.00217 PMID:
24860576; PubMed Central PMCID: PMCPMC4030168.

Li H, Borrego F, Nagata S, Tolnay M. Fc Receptor-like 5 Expression Distinguishes Two Distinct Subsets
of Human Circulating Tissue-like Memory B Cells. J Immunol. 2016; 196(10):4064—74. https://doi.org/
10.4049/jimmunol.1501027 PMID: 27076679.

Isnardi |, Ng YS, Menard L, Meyers G, Saadoun D, Srdanovic |, et al. Complement receptor 2/CD21-
human naive B cells contain mostly autoreactive unresponsive clones. Blood. 2010; 115(24):5026—-36.
https://doi.org/10.1182/blood-2009-09-243071 PMID: 20231422; PubMed Central PMCID:
PMC3373152.

Becker AM, Dao KH, Han BK, Kornu R, Lakhanpal S, Mobley AB, et al. SLE peripheral blood B cell, T
cell and myeloid cell transcriptomes display unique profiles and each subset contributes to the interferon
signature. PLoS One. 2013; 8(6):€67003. https://doi.org/10.1371/journal.pone.0067003 PMID:
23826184; PubMed Central PMCID: PMCPMC3691135.

Kardava L, Moir S, Wang W, Ho J, Buckner CM, Posada JG, et al. Attenuation of HIV-associated
human B cell exhaustion by siRNA downregulation of inhibitory receptors. J Clin Invest. 2011; 121
(7):2614-24. https://doi.org/10.1172/JCI45685 PMID: 21633172; PubMed Central PMCID:
PMCPMC3127436.

Wang Z, Wang Z, Wang J, Diao Y, Qian X, Zhu N. T-bet-Expressing B Cells Are Positively Associated
with Crohn’s Disease Activity and Support Th1 Inflammation. DNA Cell Biol. 2016; 35(10):628-35.
https://doi.org/10.1089/dna.2016.3304 PMID: 27348235.

Rakhmanov M, Keller B, Gutenberger S, Foerster C, Hoenig M, Driessen G, et al. Circulating CD21low
B cells in common variable immunodeficiency resemble tissue homing, innate-like B cells. Proc Natl
Acad Sci U S A. 2009; 106(32):13451-6. https://doi.org/10.1073/pnas.0901984106 PMID: 19666505;
PubMed Central PMCID: PMCPMC2726348.

Claes N, Fraussen J, Vanheusden M, Hellings N, Stinissen P, Van Wijmeersch B, et al. Age-Associated
B Cells with Proinflammatory Characteristics Are Expanded in a Proportion of Multiple Sclerosis
Patients. J Immunol. 2016; 197(12):4576-83. https://doi.org/10.4049/jimmunol. 1502448 PMID:
27837111.

Wang NS, McHeyzer-Williams LJ, Okitsu SL, Burris TP, Reiner SL, McHeyzer-Williams MG. Divergent
transcriptional programming of class-specific B cell memory by T-bet and RORalpha. Nat Immunol.
2012; 13(6):604—11. https://doi.org/10.1038/ni.2294 PMID: 22561605; PubMed Central PMCID:
PMCPMC3362691.

Rubtsova K, Rubtsov AV, Cancro MP, Marrack P. Age-Associated B Cells: A T-bet-Dependent Effector
with Roles in Protective and Pathogenic Immunity. J Immunol. 2015; 195(5):1933-7. https://doi.org/10.
4049/jimmunol.1501209 PMID: 26297793; PubMed Central PMCID: PMC4548292.

Naradikian MS, Hao Y, Cancro MP. Age-associated B cells: key mediators of both protective and auto-
reactive humoral responses. Immunol Rev. 2016; 269(1):118-29. https://doi.org/10.1111/imr.12380
PMID: 26683149.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006576  September 27,2017 29/30


https://doi.org/10.1073/pnas.082114899
http://www.ncbi.nlm.nih.gov/pubmed/11960012
http://www.ncbi.nlm.nih.gov/pubmed/16301649
https://doi.org/10.1038/nri3862
http://www.ncbi.nlm.nih.gov/pubmed/26205583
http://www.ncbi.nlm.nih.gov/pubmed/12882831
https://doi.org/10.1172/jci.insight.92943
https://doi.org/10.1172/jci.insight.92943
http://www.ncbi.nlm.nih.gov/pubmed/28422752
https://doi.org/10.1084/jem.20120994
http://www.ncbi.nlm.nih.gov/pubmed/22753927
https://doi.org/10.1016/j.immuni.2013.09.011
https://doi.org/10.1016/j.immuni.2013.09.011
http://www.ncbi.nlm.nih.gov/pubmed/24138878
https://doi.org/10.1016/j.coi.2017.03.004
http://www.ncbi.nlm.nih.gov/pubmed/28319732
https://doi.org/10.3389/fimmu.2014.00217
http://www.ncbi.nlm.nih.gov/pubmed/24860576
https://doi.org/10.4049/jimmunol.1501027
https://doi.org/10.4049/jimmunol.1501027
http://www.ncbi.nlm.nih.gov/pubmed/27076679
https://doi.org/10.1182/blood-2009-09-243071
http://www.ncbi.nlm.nih.gov/pubmed/20231422
https://doi.org/10.1371/journal.pone.0067003
http://www.ncbi.nlm.nih.gov/pubmed/23826184
https://doi.org/10.1172/JCI45685
http://www.ncbi.nlm.nih.gov/pubmed/21633172
https://doi.org/10.1089/dna.2016.3304
http://www.ncbi.nlm.nih.gov/pubmed/27348235
https://doi.org/10.1073/pnas.0901984106
http://www.ncbi.nlm.nih.gov/pubmed/19666505
https://doi.org/10.4049/jimmunol.1502448
http://www.ncbi.nlm.nih.gov/pubmed/27837111
https://doi.org/10.1038/ni.2294
http://www.ncbi.nlm.nih.gov/pubmed/22561605
https://doi.org/10.4049/jimmunol.1501209
https://doi.org/10.4049/jimmunol.1501209
http://www.ncbi.nlm.nih.gov/pubmed/26297793
https://doi.org/10.1111/imr.12380
http://www.ncbi.nlm.nih.gov/pubmed/26683149
https://doi.org/10.1371/journal.ppat.1006576

@’PLOS | PATHOGENS

Malaria and T-bet™ atypical memory B cells

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Rubtsova K, Rubtsov AV, Thurman JM, Mennona JM, Kappler JW, Marrack P. B cells expressing the
transcription factor T-bet drive lupus-like autoimmunity. J Clin Invest. 2017; 127(4):1392—404. https:/
doi.org/10.1172/JCI91250 PMID: 28240602; PubMed Central PMCID: PMCPMC5373868.

Naradikian MS, Myles A, Beiting DP, Roberts KJ, Dawson L, Herati RS, et al. Cutting Edge: IL-4, IL-21,
and IFN-gamma Interact To Govern T-bet and CD11c Expression in TLR-Activated B Cells. J Immunol.
2016; 197(4):1023-8. https://doi.org/10.4049/jimmunol.1600522 PMID: 27430719; PubMed Central
PMCID: PMCPMC4975960.

Barnett BE, Staupe RP, Odorizzi PM, Palko O, Tomov VT, Mahan AE, et al. Cutting Edge: B Cell-Intrin-
sic T-bet Expression Is Required To Control Chronic Viral Infection. J Immunol. 2016; 197(4):1017-22.
https://doi.org/10.4049/jimmunol.1500368 PMID: 27430722; PubMed Central PMCID:
PMCPMC4975981.

Rubtsova K, Rubtsov AV, van Dyk LF, Kappler JW, Marrack P. T-box transcription factor T-bet, a key
player in a unique type of B-cell activation essential for effective viral clearance. Proc Natl Acad Sci U S
A. 2013; 110(34):E3216—-24. https://doi.org/10.1073/pnas. 1312348110 PMID: 23922396; PubMed
Central PMCID: PMCPMC3752276.

Frisullo G, Nociti V, lorio R, Patanella AK, Marti A, Cammarota G, et al. Increased expression of T-bet in
circulating B cells from a patient with multiple sclerosis and celiac disease. Hum Immunol. 2008; 69
(12):837-9. https://doi.org/10.1016/j.humimm.2008.09.008 PMID: 18940217.

Ravasi T, Suzuki H, Cannistraci CV, Katayama S, Bajic VB, Tan K, et al. An atlas of combinatorial tran-
scriptional regulation in mouse and man. Cell. 2010; 140(5):744-52. https://doi.org/10.1016/j.cell.2010.
01.044 PMID: 20211142; PubMed Central PMCID: PMC2836267.

Shinnakasu R, Inoue T, Kometani K, Moriyama S, Adachi Y, Nakayama M, et al. Regulated selection of
germinal-center cells into the memory B cell compartment. Nat Immunol. 2016; 17(7):861-9. https://doi.
org/10.1038/ni.3460 PMID: 27158841.

Shinnakasu R, Kurosaki T. Regulation of memory B and plasma cell differentiation. Curr Opin Immunol.
2017; 45:126-31. https://doi.org/10.1016/j.c0i.2017.03.003 PMID: 28359033.

O’Shea JJ, Paul WE. Mechanisms underlying lineage commitment and plasticity of helper CD4+ T
cells. Science. 2010; 327(5969):1098—102. https://doi.org/10.1126/science.1178334 PMID: 20185720;
PubMed Central PMCID: PMC2997673.

Tran TM, Li S, Doumbo S, Doumtabe D, Huang CY, Dia S, et al. An intensive longitudinal cohort study
of Malian children and adults reveals no evidence of acquired immunity to Plasmodium falciparum infec-
tion. Clin Infect Dis. 2013; 57(1):40-7. https://doi.org/10.1093/cid/cit174 PMID: 23487390; PubMed
Central PMCID: PMC3669526.

Carvalho BS, Irizarry RA. A framework for oligonucleotide microarray preprocessing. Bioinformatics.
2010; 26(19):2363—7. https://doi.org/10.1093/bioinformatics/btq431 PMID: 20688976; PubMed Central
PMCID: PMC2944196.

Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, Scherf U, et al. Exploration, normali-
zation, and summaries of high density oligonucleotide array probe level data. Biostatistics. 2003; 4
(2):249-64. https://doi.org/10.1093/biostatistics/4.2.249 PMID: 12925520.

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential expression analy-
ses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015; 43(7):e47. https://doi.org/
10.1093/nar/gkv007 PMID: 25605792; PubMed Central PMCID: PMC4402510.

Gregory R. Warnes BB, Lodewijk Bonebakker, Robert Gentleman, Wolfgang Huber Andy Liaw,
Thomas Lumley, Martin Maechler, Arni Magnusson, Steffen Moeller, Marc Schwartz and Bill Venables
gplots: Various R Programming Tools for Plotting Data. R package version 3.0.1. 2016.

R-Core-Team. R: A Language and Environment for Statistical Computing. 2013.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006576  September 27,2017 30/30


https://doi.org/10.1172/JCI91250
https://doi.org/10.1172/JCI91250
http://www.ncbi.nlm.nih.gov/pubmed/28240602
https://doi.org/10.4049/jimmunol.1600522
http://www.ncbi.nlm.nih.gov/pubmed/27430719
https://doi.org/10.4049/jimmunol.1500368
http://www.ncbi.nlm.nih.gov/pubmed/27430722
https://doi.org/10.1073/pnas.1312348110
http://www.ncbi.nlm.nih.gov/pubmed/23922396
https://doi.org/10.1016/j.humimm.2008.09.008
http://www.ncbi.nlm.nih.gov/pubmed/18940217
https://doi.org/10.1016/j.cell.2010.01.044
https://doi.org/10.1016/j.cell.2010.01.044
http://www.ncbi.nlm.nih.gov/pubmed/20211142
https://doi.org/10.1038/ni.3460
https://doi.org/10.1038/ni.3460
http://www.ncbi.nlm.nih.gov/pubmed/27158841
https://doi.org/10.1016/j.coi.2017.03.003
http://www.ncbi.nlm.nih.gov/pubmed/28359033
https://doi.org/10.1126/science.1178334
http://www.ncbi.nlm.nih.gov/pubmed/20185720
https://doi.org/10.1093/cid/cit174
http://www.ncbi.nlm.nih.gov/pubmed/23487390
https://doi.org/10.1093/bioinformatics/btq431
http://www.ncbi.nlm.nih.gov/pubmed/20688976
https://doi.org/10.1093/biostatistics/4.2.249
http://www.ncbi.nlm.nih.gov/pubmed/12925520
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
https://doi.org/10.1371/journal.ppat.1006576

