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B cell-intrinsic TBK1 is essential for germinal center
formation during infection and vaccination in mice
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The germinal center (GC) is a site where somatic hypermutation and clonal selection are coupled for antibody affinity
maturation against infections. However, how GCs are formed and regulated is incompletely understood. Here, we identified an
unexpected role of Tank-binding kinase-1 (TBK1) as a crucial B cell-intrinsic factor for GC formation. Using immunization and
malaria infection models, we show that TBK1-deficient B cells failed to form GC despite normal Tfh cell differentiation,
although some malaria-infected B cell-specific TBK1-deficient mice could survive by GC-independent mechanisms.
Mechanistically, TBK1 phosphorylation elevates in B cells during GC differentiation and regulates the balance of IRF4/BCL6
expression by limiting CD40 and BCR activation through noncanonical NF-kB and AKT™3%8 signaling. In the absence of TBK1,
CD40 and BCR signaling synergistically enhanced IRF4 expression in Pre-GC, leading to BCL6 suppression, and therefore failed
to form GCs. As a result, memory B cells generated from TBK1-deficient B cells fail to confer sterile immunity upon
reinfection, suggesting that TBK1 determines B cell fate to promote long-lasting humoral immunity.

Introduction

Germinal centers (GCs) are highly dynamic structures formed in
secondary and tertiary lymphoid organs and play a key role in
humoral immune responses against pathogens and during vac-
cination. Induction of GCs allows antigen-activated B cells to
be selected for the production of affinity-matured antibodies
through the process of somatic hypermutation and clonal
selection and then to exit GCs to become antigen-specific long-
lived plasma cells and memory B cells. The anatomical structure
and function of GCs have been studied for a long time (Victora
and Nussenzweig, 2012), but only recently has information been
gathered about how B cells are guided through the development
of GCs. Upon antigen encounter, B cells rapidly proliferate and
differentiate into multipotent precursor cells that have the po-
tential to diverge into two distinct fates: either GC or extra-
follicular (EF) responses (Taylor et al., 2012). Collective studies
suggested that the combination of multiple factors, including
BCR, costimulatory receptors, and cytokines, leads to differential

transcriptional regulation that determines the fate of antigen-
activated B cells to commit into GCs (Cyster and Allen, 2019;
Song and Matthias, 2018). Induction of the GC reaction is often
the desirable outcome of an infection or vaccine to provide
antigen-specific long-lasting humoral immunity. Conversely, the
induction of GC-independent EF responses in several disease
models and vaccinations results in early acute production of
short-lived plasmablasts (Elsner and Shlomchik, 2020). The in-
trinsic and extrinsic factors that determine the fate of antigen-
activated B cells, whether to enter GC reactions or to commit to
EF responses, are not yet well defined.

B cells recognize antigens through the BCR and migrate to the
B-T cell border to present the antigen to cognate CD4* T cells
with the engagement of costimulatory molecules, such as
CD40L, CD80, CD86, and inducible T cell costimulator (ICOS)
ligand (ICOSL), to drive the differentiation of T follicular helper
(Tfh) cells. The interaction between antigen-activated B cells
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and cognate Tfh cells, through physical interaction and cyto-
kines, leads to maturation of Tfh cells and GC formation. The
strength of BCR affinity and T cell help through CD40 signaling
has been demonstrated to regulate GC initiation and determine
the fate of GC B cells (Shinnakasu and Kurosaki, 2017; Laidlaw
and Cyster, 2021). GC B cells, with intermediate BCR affinity
and CD40 help, tend to differentiate into memory B cells, while
high BCR affinity with strong CD40 signaling drives B cells to
differentiate into plasma cells fate. Recent studies also showed
that CD40 and BCR signaling is altered as naive B cells differ-
entiate into GC B cells to regulate clonal selection in the light
zone (Luo et al.,, 2019, 2018). However, the B cell-intrinsic
factors and molecular mechanisms that regulate the dynamics
of CD40 and BCR signaling to initiate GC differentiation are not
fully understood.

TANK-binding kinase-1 (TBK1) is a serine/threonine kinase
that is known for its role in innate immunity, especially for type
I IFN (IFN-I) production upon nucleic acid recognition (Hemmi
et al., 2004; Ishii et al., 2008). Apart from its role in IFN-I
production via phosphorylation of IFN regulatory factor 3/7
(IRF3/7), TBKI is also involved in various signaling pathways in
a cell type-specific manner (Xiao et al., 2017; Jin et al., 2012; Zhao
et al., 2018) and in adaptive immunity (Jin et al., 2012; Yu et al.,
2015; Pedros et al., 2016; Marichal et al., 2011). Importantly, si-
lencing Tbkl expression in CD4 T cells using shRNA suggested
the role of TBK1 in Tth cell maturation through ICOS signaling
(Pedros et al., 2016), while TBK1 signaling in B cells was shown
to negatively regulate IgA antibody class switching (Jin et al.,
2012). Moreover, TbkI is one of the genes up-regulated in GC
B cells upon 4-hydroxy-3-nitrophenylacetyl (NP)-CGG immu-
nization (Kaji et al., 2012), suggesting that TBK1 may have a role
in GC formation. However, whether TBKI1 plays a critical role in
Tth-B cell communications remains unclear.

Unlike most infectious diseases against which long-lasting
protection is conferred through induction of immune memory
after recovery from primary infection, malaria is exceptional.
Human malaria infection only induces partial immunity after
subsequent repeated infections (Portugal et al., 2013). An indi-
vidual remains susceptible to repeated malaria infection despite
gaining partial immunity that protects from severe complica-
tions (Coban et al., 2018). How the GC is regulated during ma-
laria infection and impairs immune memory that confers sterile
protection is not fully understood (Akkaya et al., 2020b). Both
host and parasite factors are thought to contribute to the de-
velopment or suppression of protective humoral immunity
(Saito et al., 2017; Akkaya et al., 2020a).

Here, using both malaria infection and immunization models,
we identified B cell-intrinsic TBK1 as an important molecule
involved in regulating GC differentiation. We found that phos-
phorylation of TBKI1 increased in B cells during GC differentia-
tion. Notably, Tbkl deletion in B cells led to impaired GC
formation and therefore increased susceptibility to a nonlethal
malaria infection. Memory B cells generated in the absence of
TBK1-dependent GC failed to confer sterile immunity upon re-
infection challenge. Although TBKI-deficient B cells could be
activated to differentiate into GC precursor cells (Pre-GC), the
fate of these cells was distinct from that of TBKI-sufficient
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B cells. We found that TBKI1 negatively regulates both CD40
and BCR signaling in Pre-GC. Mechanistically, increased CD40-
induced RelB expression in TBKl-deficient Pre-GC enhanced
IRF4 expression that subsequently suppressed B-cell lymphoma
6 (Bcl6) expression, the master regulator of GC formation. Unlike
naive B cells, BCR activation further enhanced CD40-induced
IRF4 expression in Pre-GC in a TBK1-dependent manner. This
study revealed a crucial role of B cell-intrinsic TBK1 as a de-
terminant of GC commitment through the fine tuning of CD40
and BCR signaling.

Results

TBK1 in B cells is indispensable for GC formation

Murine malaria infection with Plasmodium yoelii nonlethal
(PyNL) has been shown to induce robust Tth cell-dependent GC
formation (Arroyo and Pepper, 2020; Pérez-Mazliah et al., 2015;
Fig. SI, A and B). In fact, Tth cell-deficient mice (Cd4crBcl6f)
infected with PyNL could not generate Tth cells and form GCs
and thus could not recover from the infection, suggesting
GC-dependent humoral immunity is responsible for the self-
recovery from PyNL infection (Fig. S1, C-E). To investigate
how TBKI plays a critical role in Tfh-B cell communications, we
first investigated the role of TBK1 at distinct stages of GC dif-
ferentiation from naive B cells to B220* IgD~ CD38* GL7* Pre-GC
and B220* IgD~ CD38~ GL7* mature GC B cells. To examine the
phosphorylation activity of TBK1 at different stages of GC dif-
ferentiation, we purified splenic naive B cells, Pre-GC, and ma-
ture GC B cells on day 0, day 9, and day 30 after PyNL infection,
respectively, and performed Western blot analysis. We found
that TBK1 was constitutively phosphorylated in naive B cells
from mouse (Fig. 1 A) and human peripheral blood mononuclear
cells (PBMCs; Fig. S2 A). Interestingly, both TBK1 protein ex-
pression and TBKI phosphorylation increased in Pre-GC and GC
B cells compared with naive B cells (Fig. 1 A).

Next, to investigate the role of TBKl in GC formation,
B cell-intrinsic TBK1-deficient mice (Mbicre TbkI¥f mice [B
Tbkl"/-]) were generated (Fig. S2 B). The deletion of TbkI in
B cells did not impair normal B cell development in the spleen,
peritoneum, and bone marrow (Fig. S2, C and D). However,
TBK1 deficiency in B cells led to impaired GC formation (Fig. 1,
B-D) and significantly poor recovery from PyNL infection;
eventually, 60% of the mice succumbed to death (Fig. 1, E and F).
To address whether the involvement of TBK1 in GC formation
is limited to malaria infection, we immunized mice with 4-
hydroxy-5-iodo-3-nitrophenyl (NIP)-OVA with alum. After im-
munization, TBK1-deficient B cells, similarly to infection, were
found to have severely impaired GC formation in the draining
LNs and spleens (Fig. 1, G and H).

However, despite the lack of GC formation in B Tbkl~/~ mice,
robust class-switched antibody responses were still de-
tected in the serum upon either malaria infection or im-
munization, albeit significantly less and with lower IgGl
antibody avidity (Fig. S3, A-C). In addition, the absence of
GC in those B Tbkl~/~ mice did not affect IgG class switching,
which is in line with the fact that class-switch recombina-
tion happens before B cells enter GC reactions (Roco et al., 2019).
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Figure 1. TBK1is involved in GC B cell differentiation. (A) Protein expression and phosphorylation of TBK1 in purified naive B cells from naive mice, Pre-GC
B cells from day 9 PyNL-infected mice, and GC B cells from day 30 PyNL-infected mice, pooled from two mice per group. Graph shows the quantitative band
intensity normalized to actin control or total TBK1 protein. (B) Representative FACS analysis of GC B cell population in the spleen on day 24 after PyNL
infection. Plots are gated on CD19* IgD~ cells. (C) Proportions and cell numbers of the GC B cell population in the spleen of PyNL-infected mice over time. n =
4-6 mice/group at each time point from day 0 to day 24; n = 2-6 mice/group at day 35. (D) Immunohistochemical analysis of spleens from B Thk1/~ and B
Thbk1*/* mice that recovered from PyNL infection on day 35 after infection. Staining of CD4 (blue), expressed in CD4 T cells; IgD (red), expressed in mature
follicular B cells; GL7 (green), expressed in the GC. Scale bars, 1 mm. (E) Survival of B Thk1~/~ and B Tbk1*/* mice upon PyNL infection. n = 11-14 mice/group.
(F) Parasitemia of B Thk1~/~ mice that died, n = 8; B TbkI~/~ mice that survived, n = 6; and B Tbk1*/* mice, n = 11; after infection with PyNL. 1, time point of death.
(G) Representative FACS plots and percentages of splenic GC B cell population among total B cells 14 d and 21 d after immunization with NIP-OVA with alum
adjuvant. n = 5-7 mice/group. (H) Immunohistochemical analysis of spleens from B Thk1~/~ and B TbkI*/* mice 21 d after immunization. Scale bars, 200 um.
Each dot represents an individual mouse. Data are representative of two (A) or three (G) independent experiments and pooled from five (C) or three (E and F)
independent experiments, representative of at least two (D) or three (H) biological replicates. Data are shown as mean + SD. *, P < 0.05; **, P < 0.01; ***, P <
0.001; unpaired Student’s t test (C), Mann-Whitney t test (G), or log-rank (Mantel-Cox) test (E). Source data are available for this figure: SourceData F1.

Although B cell-intrinsic TBK1 was not required for antibody- lower capacity of antibody production. Collectively, these
secreting cell (ASC) formation (Fig. S3 D), the lack of GC data suggested that B cell-intrinsic TBK1 is absolutely
in B Tbkl~/~ mice suggests that those ASCs in B Tbki~/~ required for GC formation but is dispensable for ASC
mice were of GC-independent origin and therefore had a differentiation.
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Tfh cell formation is independent of B cell-intrinsic TBK1

GC formation relies on cytokines and costimulatory signals from
cognate Tth cells (Nutt and Tarlinton, 2011). Interaction between
antigen-activated B cells and cognate CD4* T cells at the border
of the B cell follicle drives Tth cell differentiation. Tfh cells then
signal cognate activated B cells to further differentiate into GC
B cells, while signals from GC B cells are important to sustain Tth
cell maintenance. We therefore sought to determine whether the
defect in GC formation in the absence of TBK1 in B cells was due
to impaired B cell signals to drive Ttfh cell formation. Surpris-
ingly, the population of Tth cells in B Tbkl~/~ mice during PyNL
infection was comparable to the WT counterparts in a time-
course analysis up to day 22, despite the lack of GC in B
Tbkl~/~ at this time point (Fig. 2 A). However, the Tth cell pop-
ulation was unsustainable at a later time point on day 24 in B
Tbkl~/~ mice (Fig. 2 A). To address the functionality of these Tfh
cells, we further examined the expression of BCL6, the master
regulator of Tfh cells, IL-21, and ICOS, which determine the
differentiation and functionality of Tfh cells (Nurieva et al.,
2009; Vogelzang et al., 2008), on day 24 after infection. While
the expression of BCL6 and IL-21 increased as T cells differen-
tiated and matured into a Tth cell population (Fig. 2 B), Tth cells
induced by Tbki-deficient B cells expressed BCL6 and IL-21
(Fig. 2 C) comparable to that in WT B cells, suggesting TbkI de-
ficiency in B cells did not impair cognate T cell priming for Tth
cell differentiation. Furthermore, ICOS expression on activated
CD4* T cells (CXCR5™ PD1*), pre-Tth cells (CXCR5" PD1*), and
mature Tth cells (CXCR5M PD1*) was not suppressed in B Thkl~/~
mice (Fig. 2 C), suggesting that Thkl-deficient B cells were able to
interact with and activate CD4* T cells. The induction of BCLS6,
IL-21, and ICOS expression in Tth cells in B ThkI~/~ mice suggests
that the lack of GC in B TbkI~/~ mice was not due to impaired Tfh
cell formation. The T follicular regulatory (Tfr) cell is a new
player that limits GC formation by suppressing Tth cell function
(Wing et al., 2017). However, the populations of Tfr cells were
comparable between B Tbkli~/~ and the WT counterpart
(Fig. 2 D), suggesting the lack of sustainable Tth cells was not
due to inhibition by Foxp3* Tfr cells. The maintenance of Tth
cells is known to be dependent on constant interaction with GC
B cells. Therefore, we investigated the costimulatory molecule
expression on B cells. We found that ICOSL and CD86 expression
on B cells was significantly reduced in B Tbkl~/~ mice on day 24
after infection (Fig. 2 E), suggesting that TBK1 sustains B-T cell
interaction for Tth cell maintenance. The increase of ICOS ex-
pression on Tfh cells in PyNL-infected B Thkl~/~ mice was likely
due to the higher parasitemia, because immunization-induced
up-regulation of ICOS expression on Tfh cells was not higher
in B TbkI~/~ mice than in the WT mice (Fig. 2 F), indicating the
suppressed ICOSL on B cell was not indirectly affected by ICOS
expression on Tth cells.

To understand whether the impaired GC formation in B
Tbkl/~ mice was due to an unsustainable Tth cell population,
we immunized mixed bone marrow chimeric mice containing
50:50 Tbkl~/~ and WT B cell populations (Fig. 2 G). The supposed
Tth cell population can at least be maintained by WT B cells
within the same mouse; yet, Tbkl~/~ B cells failed to effectively
differentiate into GC B cells (Fig. 2, H and I), indicating that TBK1

Lee et al.

TBK1in B cells is essential for germinal center formation

controls B cell-intrinsic signaling for GC B cell differentiation.
Consistently, we also observed a marked reduction of ICOSL
expression on the small population of Tbkl~/~ GC B cells formed
in the chimeric mice. Taken together, all data suggest that Thkl-
deficient B cells were able to activate cognate CD4 T cells and
initiate Tfh cell differentiation; however, in return, the lack of
GC formation could not sustain Tth cell maintenance in the long
term due to unsustainable ICOS-ICOSL interaction.

CD4* T cell-intrinsic TBK1 is dispensable for Tfh cell
maturation

We next sought to directly investigate whether CD4* T cell-
intrinsic TBK1 is required for Tth cell maturation and GC forma-
tion, because TBK1 was reported to be involved in the maturation
of Tth cells using adoptive transfer of CD4* T cells transduced with
shRNA to silence the Tbkl gene (Pedros et al., 2016). We generated
Cdacre Thkiflox (T Tbki~/-) mice in which Tbkl was specifically de-
leted in CD4* T cells (Fig. 3 A). We found that Tbkl-deficient CD4*
T cells could differentiate into mature Tth cells with BCL6, IL-21,
and ICOS expression comparable to that of the WT counterparts in
both PyNL infection and immunization models (Fig. 3, B-D). We
further examined the functionality of these Tfh cells by evaluating
the ability of Tbkl-deficient Tth cells to induce GC formation in
both PyNL infection and immunization models. Surprisingly,
unlike the previous report that Tbkl knockdown in CD4* T cells
was unable to induce GC formation (Pedros et al., 2016), we could
detect comparable GC B cell populations in T Tbkl~/~ mice and the
WT counterparts (Fig. 3, E and F). Overall, collectively, these data
show that B cell-intrinsic but not CD4* T cell-intrinsic TBK1 plays
an important role in the regulation of GC formation.

TBK1 determines B cell fate by controlling the transcriptional
profile of Pre-GC
As TBK1 phosphorylation increased in CD38* GL7* Pre-GC cells
compared with naive B cells (Fig. 1 A), we examined whether
TBK1 is essential for B cells to proliferate and differentiate into a
Pre-GC population. There was no impaired proliferation of ac-
tivated B cells, as malaria-activated B cells from B Tbkl~/~ mice
had equal proliferation capacity in response to CD40 or IgM
stimulation as the B Tbkl*/* mice (Fig. 4 A). Moreover, a sub-
stantial amount of the Pre-GC population could be detected in
the spleen on day 9 after PyNL infection, regardless of the pres-
ence of TBK1 in B cells, albeit less in B TbkI~/~ mice (Fig. 4 B), with
significantly reduced IgGl class switching (Fig. 4 C). To determine
whether the lack of GC formation was due to impaired Pre-GC
proliferation, we performed an in vivo 5-ethynyl-2’-deoxyuridine
(EdU) assay; however, we did not find differences in cell cycle and
proliferation between Tbkl~/~ and TbkI*/* Pre-GC (Fig. 4 D), nor did
cell death increase in Pre-GC due to Tbk! deficiency (Fig. 4 E).
Next, to identify the TBK1-mediated factors that determine
differentiation of Pre-GC into mature GC, we sorted Pre-GC
populations from B Tbkl~/~ and B Tbkl*/* mice for RNA se-
quencing (RNA-seq). Gene set enrichment analysis (GSEA;
Subramanian et al., 2005) using hallmark gene sets from the
Molecular Signatures Database (MSigDB) revealed that gene
signatures highly enriched in Tbkil~/~ Pre-GC were related to
Myc target genes and NF-«B signaling (Fig. 4 F), which are
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Figure 2. TBK1-deficient B cells drive Tfh cell differentiation despite the lack of GC B cells. (A) Time-course analysis of Tfh cell proportions and cell
numbers in the spleens of B Tbk1™~ and B Tbk1*/* mice infected with PyNL analyzed by FACS. n = 4-6 mice/group. (B) Representative FACS plots and
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histograms of BCL6, IL-21, and ICOS expression in naive T cells (TCRB* CD4* PD1~ CXCR5"), activated T cells (TCRB* CD4* PD1* CXCR5"), pre-Tth cells (TCRB*
CD4* PD1* CXCR5), and mature Tfh cells (TCRB* CD4* PD1* CXCR5") in the spleens of B Thk1~/~ and B Tbk1*/* mice on day 22 after infection with PyNL.
(C) Mean fluorescence intensity (MFI) of BCL6, IL-21, and ICOS expression in subsets of T cells in the spleens of B TbkI~/~ and B Thk1*/* mice on day 24 after
infection with PyNL. n = 4-5 mice/group from two independent experiments. (D) Tfr population in the spleens of B Tbk1~/~ and B Tbk1*/* mice on day 24 after
infection with PyNL. n = 4-5 mice/group. (E) MFI of ICOSL, CD86, CD40, and CD80 expression on B cells on day 24 after infection with PyNL. n = 4-6 mice/
group. (F) Tth cell population and ICOS expression on Tfh cells in the dLN on day 12 after immunization with NIP-OVA and alum. n = 5 mice/group. (G-1) Mixed
bone marrow (BM) chimeric mice were immunized with NIP-OVA and alum. Schematic diagram of the experimental protocol (G), flow cytometry gating
strategy (H), flow cytometry analysis of CD45.1~ B Thk1/~ B cells and CD45.1* WT B cells (1). n = 5 mice. Representative of two independent experiments. Each
dot represents an individual mouse. Data are from four experiments (A) or are representative of two experiments (B-1). Data are shown as mean + SD. *, P <

0.05; **, P < 0.01; Mann-Whitney t test (A, C-F, and I).

signaling downstream of BCR and CD40 activation. Of the 588
significantly up-regulated genes and 557 down-regulated genes
in B Tbkl~/~ Pre-GC cells compared with B Tbkl*/* Pre-GC, we
focused on those that were up-regulated or down-regulated by
1.33-fold (adjusted P < 0.05), which were 131 genes and 147
genes, respectively (Fig. 4 G). Gene ontology (GO) analysis for
biological process consistently showed that most up-regulated
genes were related to regulation of signal transduction, includ-
ing Nfkbid, Nfkbia, Ebi3, Irf4, and Myc, which are associated with
CD40 and BCR signaling (Fig. 4 H and Fig. S4 A). Therefore, we
further analyzed gene signatures of BCR and CD40 signaling
(Victora et al., 2010), and we found significant up-regulation of
CD40- and BCR-induced genes in ThkI-deficient Pre-GC (Fig. 4
and Fig. S4 B), suggesting that TBK1 acts as a negative regulator
of CD40 and BCR signaling in Pre-GC. A Myc* Pre-GC-specific
gene signature (Calado et al., 2012) further confirmed that TBK1
negatively regulates Myc-related genes (Fig. 4 I). Consistent
with the phenotype of previously reported Myc* Pre-GC (Calado
et al., 2012), we found that Thki-deficient Pre-GC had increased
Nfkbia and Nfkbid expression indicative of enhanced NF-«B ac-
tivation. Notably, enhanced Myc and Irf4 expression in Pre-GC
was shown to suppress GC-related genes (Dominguez-Sola et al.,
2012). Collectively, these findings suggest that TBKI regulates
Myc and NF-«B signaling via CD40 and BCR signaling for GC fate
decision.

TBK1 negatively regulates IRF4 in Pre-GC

IRF4 is an early transient transcription factor induced by CD40
signaling that is essential for the transcriptional regulation of GC
genes such as Bcl6 (Ochiai et al., 2013). However, IRF4 has been
shown to act as a double-edged sword with opposing roles in the
regulation of GC differentiation, depending on its expression
levels at different stages of GC differentiation (Zhang et al,
2017). Although IRF4 drives the expression of Bcl6, sustained
up-regulation of IRF4 expression in turn suppresses the tran-
scription of Bcl6 (Saito et al., 2007). Consistent with our RNA-seq
data (Table S1), we additionally found that TbkI-deficient Pre-GC
had increased expression of IRF4 and decreased BCL6 by flow
cytometric analysis (Fig. 5, A and B). Tbkl-deficient B cells
preferentially differentiated into a IRF4* Bcl6~ population, in
contrast to the increase of the Bcl6* IRF4~ Pre-GC population in B
TbkI*/* mice (Fig. 5 C). The decreased ratio of BCL6/IRF4 ex-
pression in Pre-GC (Fig. 5 D) indicates that TbkI-deficient Pre-GC
has a lower potential to further differentiate into mature GC
B cells. Indeed, the population of BCL6* B cells was consistently
suppressed in B Tbkl~/~ mice, while BCL6* B cells expanded
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ninefold and differentiated into GC B cell in B ThkI*/* mice on
day 24 after infection (Fig. 5 E). The Pre-GC population has been
shown to have the potential to either differentiate into GC or GC-
independent plasmablast/memory B cells (Taylor et al., 2012).
Notably, IRF4 is also a transcription factor that drives the gene
expression of Prdml that encodes BLIMP-1, the master regulator
of plasmablast differentiation (Klein et al., 2006). Our RNA-seq
data also showed that Prdml gene expression was significantly
up-regulated in Tbkl-deficient Pre-GC (Table S1), indicating that
the differentiation commitment of this population was skewed
to a plasmablast fate instead of a GC B cell fate. Consistently,
with the increased Prdml expression in Thkl-deficient Pre-GC,
the population of CD138* ASCs was significantly higher in B
Tbkl-/~ mice at the acute phase of infection (Fig. 5 F). These
findings strongly support that TBK1 dictates the fate of the Pre-
GC population to predominantly differentiate into GC by con-
trolling the expression of IRF4.

TBK1 limits the activation of CD40 signaling in B cells via TNF
receptor-associated factor 2 (TRAF2)
CD40 stimulation of B cells induces both canonical and non-
canonical NF-«B signaling with differential roles in B cell sur-
vival, proliferation, isotype switching, and differentiation fate
(Zarnegar et al., 2004; Heise et al., 2014). IRF4 is a downstream
target of NF-kB upon CD40 stimulation in B cells (De Silva et al.,
2016). Indeed, we found that CD40 stimulation, but not BCR
stimulation, strongly induced IRF4 expression in naive B cells
(Fig. 5 G). Furthermore, noncanonical NF-kB signaling was en-
hanced upon CD40 stimulation (Fig. S5). To examine whether
TBK1 modulates IRF4 expression via NF-kB in Pre-GC, we ex-
amined the expression of noncanonical NF-xB molecules RelB
and p52 in a Pre-GC cell population in B Tbkl/~ and B ThkI*/*
mice. We found that the expression of RelB and p52 was sig-
nificantly higher in Tbki-deficient Pre-GC than in the WT
Pre-GC (Fig. 5 H). Collectively, our findings suggest that TBKI1
negatively regulates CD40 signaling via noncanonical NF-«B
that skews the balance of IRF4/BCL6 to promote GC formation.
We next sought the role of CD40 stimulation on the induction
of TBK1 phosphorylation; therefore, we stimulated purified na-
ive B cells with anti-CD40 and then performed Western blot
analysis. To our surprise, we found that CD40 stimulation down-
regulated TBK1 phosphorylation as early as 10 min after stim-
ulation (Fig. 5 I). This prompted us to hypothesize that TBK1
limits the activation of CD40 signaling in steady state to prevent
CD40 overactivation spontaneously in the absence of CD40L and
that a reduced phosphorylation level of TBK1, but not complete

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20211336

6 0of 19


https://doi.org/10.1084/jem.20211336

. — Tth cells
B PyNL-infected 2
Naive WT T Tbk1-/- T Tok1++ & °
33 186 ag30 |—|ns
; %5 20
B-actin M g 45 0 | 33 % %
) Oo 0 04 &) 10 .
1 Tbk1-/- T cells 6 ] % 3
2 Tbk1+/+ T cells 0 0 0 S® 0 , ,
> FO
c 3 Tbk1+/+ B cells PD1 > T bkt T ket
A A
ICOS expression
ns
T Tbk1-I- 4000 : —
° . o] . 3000 [ A
0 o0 0 S 2000 5
ns
10001 1 :
T Thk1+/+ o “
Te] 5 0 T —T T T
& o 5 ] Naive  Tfh cells
6 8 0 0 0 T cell
0 0 0 0 o) - e +H+
PD1———» BCL6——» [L-21 ———» ICOS—» T FRAH T okt H
Naive T cell Activated T cells [] Pre-Tfthcells [ Tfhcells
D NIP-OVA + alum immunization é 3 Tk eells
. o T,; ns
Naive WT T Tbk1-/- T Tbk1+/+ + =10
< 38"
T 7.62 2 08 7 .
Oxo06
@ ] $004 %
) . o~
< 04 0 O+ 02
o i s
> = & 0.0l— :
Fo
» o X T Tbk1-I- T Tbk1+/+
20
E PyNL-infected
D GC B cells
Naive WT T Tbk1-/- T Tbk1+/+ 8 2 =5 s
0.44 ‘ 27.0 O o
+ 3 40 o
Q0o
; N30
=S 5 i B o0 : 20 °
5 S0 98 e=w
0 0 80 ol — .
GL7 > T Tbk1-- T Tbk1+/+
F NIP-OVA + alum immunization 5 GC B cells
Naive WT T Tbk1-/- T Tbk1+/+ 8 g 6 ns
0 3.40 3.51 O 4
B ~ANIiEs
N m [ )
Je -
g o Q 0 0 + 72 2 .
a 25
o 0 0 0 oo . ‘
GL7 > O T Tbk1-- T Tbki++

Figure3. CD4* T cell-intrinsic TBK1 is dispensable for Tfh cell maturation. (A) Depletion efficiency of Tbk1 in splenic CD4* T cells of Cd4<™ Tbk1/f mice (T
Tbk1-/-) and Cd4"t Tbk1"/f mice (T Tbk1*/*) was analyzed by immunoblotting. B cells from WT mice were used as a control. (B) Population of Tth cells in the
spleens of T Thk1~/~ and T TbkI*/* mice on day 24 after infection with PyNL analyzed by FACS. n = 4-5 mice/group. (C) Representative FACS plots and
histograms of BCL6, IL-21, and ICOS expression in naive T cells, activated T cells, pre-Tth cells, and mature Tth cells in the spleens of T Thk1~/~ and T Tbk1*/*
mice on day 24 after infection with PyNL. n = 4-5 mice/group. MFI, mean fluorescence intensity. (D) Population of Tth cells in the spleens of T Thk1~/~ and T
Tbk1*/* mice on day 12 after immunization with NIP-OVA with alum. n = 5 mice/group. (E) GC population in the spleens of T Tbk1~/~ and T Thk1*/* mice on day
24 after infection with PyNL. n = 4-5 mice/group. (F) GC population in the spleens of T Thk1~/~ and T Tbk1*/* mice on day 12 after immunization with NIP-OVA
with alum. N = 5 mice/group. Each dot represents an individual mouse. Data are representative of two independent experiments (A-F). Data are shown as
mean + SD. Mann-Whitney t test (B-F). Source data are available for this figure: SourceData F3.
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Figure 4. TBK1 deficiency alters the gene expression in Pre-GC. (A) Representative histograms and expansion index of CTV-stained splenic B cells of day
9 PyNL-infected B Tbk1~/~ and B Tbk1*/* mice stimulated with anti-CD40, anti-IgM, or anti-CD40* anti-IgM for 4 d analyzed by FACS. n = 4-5 mice/group.
(B) Population and cell number of CD38* GL7* Pre-GC cells gated from CD19* B220* IgD~ population in the spleen of B Thk1~/~ and B Thk1*/* mice on day 9 after
infection with PyNL analyzed by FACS. n = 4-6 mice/group. (C) IgG1 class switching of Pre-GC of B Thk1~/~ and B TbkI*/* mice on day 9 after infection with
PyNL. n = 4-6 mice/group. (D) Cell cycle analysis of Pre-GC on day 9 after infection with PyNL. n = 4-5 mice/group. (E) Apoptotic cell death analysis of Pre-GC
on day 9 after infection with PyNL. n = 4-5 mice/group. (F) Pre-GC isolated from day 9 after infection with PyNL analyzed by RNA-seq. n = 4 mice/group. Gene
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sets enriched for DEGs between B TbkI~/~ Pre-GC and B Tbk1*/* Pre-GC analyzed by GSEA using gene signatures from MSigDB Hallmark (false discovery rate
[FDR] q value <0.25%; P < 0.05). NES, normalized enrichment score. (G) Volcano plot of DEGs (1.33-fold; P < 0.05) between B Thk1~/~ Pre-GC and B Tbk1*/* Pre-
GC isolated from day 9 after infection with PyNL analyzed by RNA-seq. n = 4 mice/group. (H) Gene expression of Irf4, myc, Nfkbid, and Nfkbia presented as
fragments per kilobase of exon per million reads mapped (FPKM) values in RNA-seq of B Thk1~/~ Pre-GC and B Tbk1*/* Pre-GC. (1) Enrichment of genes up-
regulated by CD40 and BCR and expressed in c-Myc* B cells in B Thk1~/~ Pre-GC compared with B Tbk1*/* Pre-GC analyzed by GSEA. NES, normalized en-
richment score. Each dot represents data from an individual mouse. Data are representative of two (A and C~E) or three independent experiments (B) or from
one experiment (F-1). Data are shown as mean # SD. *, P < 0.05; **, P < 0.0]; Mann-Whitney t test (A-E and H). AAD, SYTOX AADvanced.

abrogation of TBK1, may be required to allow optimal CD40
activation. TRAF2 is a molecule downstream of CD40 that reg-
ulates noncanonical NF-«B. Therefore, we examined the phos-
phorylation of TRAF2 at serine 11 upon CD40 stimulation and
found that phosphorylation of TRAF2 S11 was partially depen-
dent on TBKI (Fig. 5 I). Collectively, our findings suggest that
TBKI negatively regulates CD40 signaling to skew the balance of
IRF4/BCL6 to promote GC formation via TRAF2 phosphorylation
and noncanonical NF-«B signaling.

TBK1 fine-tunes CD40 together with BCR signaling in Pre-GC
The alteration of CD40 and BCR signaling as naive B cells dif-
ferentiate into GC suggests that fine tuning of CD40 and BCR
signaling may be important to determine the differentiation fate
of Pre-GC (Luo et al., 2018, 2019). Therefore, we sought to ex-
amine the role of TBK1 in the regulation of CD40 and BCR sig-
naling, specifically in Pre-GC. Due to the difficulty of isolating
the small population of Pre-GC for ex vivo stimulation, we
stimulated splenocytes from PyNL-infected mice on day 9 and
gated on the GL7* B cells as Pre-GC and the GL7~ B cells as
non-Pre-GC control (Fig. 6 A). Unlike in naive B cells (Fig. 5 G),
BCR activation alone strongly up-regulated IRF4 expression in
GL7* Pre-GC, and it was further enhanced by CD40 cos-
timulation (Fig. 6 B). We also found that the synergistic effect of
BCR and CD40 stimulation on IRF4 is boosted in TbkI-deficient
GL7* Pre-GC and GL7- non-Pre-GC (Fig. 6 B). This finding sup-
ports our RNA-seq data showing that TBK1 negatively regulates
IRF4 via both CD40 and BCR signaling in Pre-GC. Notably, IRF4
and c-Myc expression was slightly but significantly higher in
unstimulated TbkI-deficient Pre-GC and was enhanced by CD40
and BCR costimulation (Fig. 6 C). Although BCR stimulation is a
strong inducer of c-Myc expression, we found that CD40 stim-
ulation alone, but not BCR stimulation, strongly enhanced c-Myc
expression in Pre-GC. CD40 stimulation further augmented
c-Myc expression in Tbkl-deficient Pre-GC (Fig. 6 C). This
finding indicates that the dynamics of CD40 and BCR sig-
naling in Pre-GC were tightly regulated by TBKI.

AKT is a signaling molecule downstream of BCR activation
that plays an important role in GC formation (Zhu et al., 2019).
BCR activation in naive B cells induces AKT phosphorylation at
the S473 hydrophobic motif by mammalian target of rapamycin
complex 2 (mTORC2). However, strong AKT phosphorylation at
the T308 activation loop by PDK1 in GC B cells was shown to
inhibit AKT phosphorylation at S473 (Luo et al., 2019). TBK1 has
been shown to phosphorylate AKT at S473 and T308 sites in-
dependent of mTORC2 and PDK]1, depending on the stimulus and
cell types (Ou et al., 2011; Xie et al., 2011); however, the in-
volvement of TBK1 in AKT phosphorylation in Pre-GC B cells is
unknown. We examined AKT phosphorylation in Pre-GC B cells
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from PyNL-infected mice on day 9 and found that TbkI deficiency
significantly enhanced phosphorylated AKT (pAKT) at T308 but
only slightly at S473 (Fig. 6 D). Collectively, these data suggest
that TBKI acts as a limiting factor to regulate CD40 and BCR
signaling in Pre-GC through the regulation of c-Myc, IRF4, and
AKT for GC B cell differentiation.

TBK1is essential for long-lasting protective humoral immunity
While GC formation gives rise to affinity-matured memory
B cells for long-term protection from infection, memory B cells
could be generated in the absence of GC (Kaji et al., 2012; Taylor
et al., 2012). To determine the effect of the lack of TBKI1 in
B cells on memory B cells, we treated both B Tbkl~/~ and WT mice
with hydroxychloroquine (HCQ) antimalarial daily when they
reached the peak parasitemia on day 15 after infection, and we
reinfected them with PyNL after they had fully recovered from
the primary infection (Fig. 7 A). We found that B Thkl~/~ mice
were fully susceptible to reinfection, while WT controls were
protected (Fig. 7 B). We examined GC formation and the gen-
eration of affinity-matured memory B cells identified by CD73
expression, which correlates with somatic hypermutation
(Anderson et al., 2007). While GC was not formed in B Thki~/~
mice (Fig. 7 C), CD73 expression was up-regulated on IgGl*
memory B cells in WT mice, but not in B Tbkl~/~ mice (Fig. 7 D).
Moreover, B Tbkl~/~ mice had significantly fewer IgG1* memory
B cells (Fig. 7 E). This suggests that TBKI is crucial for the
generation of affinity-matured IgGl* memory B cells through
GC reaction. Notably, PyNL infection mainly induced IgG1* GC
B cells, while IgG2c* GC B cells were hardly detectable (Fig. 7 F),
suggesting that IgG1* memory B cells were mostly derived from
GC, while IgG2c* memory B cells were of EF origin. Therefore,
CD73 expression on IgG2c* memory B cells was up-regulated in
neither WT nor B Tbkl-/~ mice (Fig. 7 D). Even though B Thki-/~
mice had increased IgG2c* memory B cells compared with WT
mice and were capable of producing IgG2c and IgM antibodies
upon reinfection (Fig. 7 G), B Tbkl/~ mice were still susceptible
to reinfection due to the lack of IgGl and perhaps IgG3 anti-
bodies, suggesting the importance of GC-derived memory B cells
to produce affinity-matured antibodies. Taken together, these
findings clearly reveal the importance of TBKI1 for the generation
of long-lasting and high-quality memory B cells through GC
formation, which is important for sterile immunity.

Discussion

B cells rely on various extrinsic signals from T cells and follicular
dendritic cells, as well as cell-intrinsic signals, to determine their
fate of differentiation (Cyster and Allen, 2019). Here, we iden-
tified a novel role of B cell-intrinsic TBKI as a determining factor
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Figure 5. TBK1 negatively regulates IRF4 by limiting CD40 signaling in Pre-GC. (A and B) Representative histograms (A) and mean fluorescence intensity
(MF1) of IRF4 and BCL6 expression (B) in GL7- B cells and GL7* Pre-GC of B Thk1~/~ and B Tbk1*/* mice on day 9 after infection with PyNL analyzed by FACS.
FMO, fluorescence minus one control. n = 4-5 mice/group. (C) Representative FACS plots and proportion of IRF4* Pre-GC and BCL6* Pre-GC populations in the
spleen of B Tbk1~/~ and B TbkI*/* mice on day 9 after infection with PyNL. n = 4-5 mice/group. (D) Ratio of BCL6* Pre-GC and IRF4* Pre-GC populations in the
spleen on day 9 after infection with PyNL. n = 4-5 mice/group, representative of two independent experiments. (E) Time-course analysis of BCL6" B cell
population during PyNL infection. n = 4-6 mice/group. (F) Population of ASCs in the spleens of B Thk1~/~ and B Tbk1*/* mice on day 9 after infection with PyNL.
n = 4-5 mice/group. (G) IRF4 expression in WT naive B cells stimulated for 16 h with 10 pg/ml anti-CD40 and/or with anti-lgM analyzed by FACS. n = 3 mice.
(H) RelB and p52 expression in splenic GL7* Pre-GC (CD19* B220* GL7*) of B Thk1™/~ and B Thk1*/* mice on day 9 after infection with PyNL. N = 4 mice/group.
(1) Immunoblot analysis of the time course of in vitro stimulation of naive B cells from B Thk1~/~ and B Thk1*/* mice with 1 ug/ml anti-CD40. Each dot represents
data from an individual mouse. Data are representative of two independent experiments (A-D and F-I) or from three independent experiments (E). Data are
shown as mean # SD. *, P < 0.05; **, P < 0.01; Mann-Whitney t test (B-F and H) or unpaired Student’s t test (G). Source data are available for this figure:

SourceData F5.
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Figure 6. TBK1is a limiting factor that fine tunes CD40 and BCR signaling in Pre-GC. (A) Schematic diagram of ex vivo splenic B cells isolated from day
9 PyNL-infected B Thk1~/~ and B Tbk1*/* mice with CD40 and/or BCR stimulation for the evaluation of IRF4 and c-Myc expression on gated B220* GL7* Pre-GC
and B220* GL7~ non-Pre-GC B cell population by FACS. (B and C) Representative histograms and graphs showing IRF4 expression (B) and c-Myc expression (C)
of GL7* Pre-GC and GL7- non-Pre-GC upon CD40 and/or BCR stimulation. n = 4 mice/group. (D) Representative histograms and graph showing AKT
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C), Mann-Whitney t test (D). gMFI, geometric mean fluorescence intensity.

for GC commitment, and we also confirmed that TBKI in CD4*
T cells plays a limited role in GC formation. TbkI-deficient
B cells can differentiate up to the Pre-GC stage and drive Tth
cell differentiation; however, they failed to further differentiate
into GC. Instead, Tbki-deficient Pre-GC committed to a GC-
independent fate to differentiate into plasmablasts and memory
B cells, but with lack of affinity maturation, and therefore they
could not protect the host from an otherwise nonlethal malaria
infection. Mechanistically, TBK1 negatively regulates CD40 and
BCR signaling to down-regulate IRF4 and c-Myc expression
in Pre-GC that leads to the up-regulation of the GC master
regulator, BCL6. We further showed that B cell-intrinsic TBK1
fine tunes both CD40 and BCR signaling by negatively regulating
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noncanonical NF-kB, TRAF2, and AKT T308 phosphoryla-
tion and thereby synergistically controls IRF4 expression in
Pre-GC.

Although known for its role in phosphorylating molecules
involved in nucleic acid sensing to produce IFN-I, TBK1 is a
pleiotropic kinase that is involved in the regulation of various
signaling pathways (Louis et al., 2018). The lack of a consensus
binding sequence gave rise to the hypothesis that the involve-
ment of TBK1 depends on its cellular location and abundance
(Helgason et al., 2013). This hypothesis is supported by a recent
study showing the differential localization of phospho-TBK1 in
response to the same stimulant in a cell type-specific manner
(Suzuki et al., 2013). Therefore, we would expect TBKI to have
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Figure 7. B cell-intrinsic TBK1 deficiency impairs immunity to reinfection. (A) Schematic diagram of PyNL infection, treatment, and reinfection for the
evaluation of memory B cells. iRBC, PyNL-infected erythrocytes. (B) Giemsa-stained blood smears of B Tbk1~/~ and B Tbk1*/* mice on day 6 after challenge with
PyNL infection. Scale bar, 200 mm. (C) Population of GC B cells in the spleen of B Thk1/~ and B Thk1*/* mice on day 6 after challenge with PyNL infection
analyzed by FACS. (D) Expression of CD73 on IgG1* or IgG2c* memory B cells (CD19* IgD~ CD138~ CD38*) of B Thk1~/~ and B Tbk1*/* mice on day 6 after
challenge with PyNL infection analyzed by flow cytometry. MFI, mean fluorescence intensity. (E) Population of IgG1* and IgG2c* GC B cells in the spleens of B
Thk1*/* mice on day 6 after challenge with PyNL infection. (F) Population of IgG1* memory B cells in the spleens of B Thk1~/~ and B TbkI*/* mice on day 6 after
challenge with PyNL infection. (G) Serum antibody levels of B Thk1~/~ and B Thk1*/* mice on day 6 after challenge with PyNL infection. Each dot represents data
from an individual mouse. n = 5-6 mice/group. Data are representative of two independent experiments (A-G). Data are shown as mean + SD. *, P < 0.05;

** P < 0.01; Mann-Whitney t test (A-G).

multiple roles in each cell type, depending on the stimulant and
differentiation stage. TBK1 is a downstream molecule of cyclic
GMP-AMP synthase (cGAS)-STING activation that leads to the
induction of IFN-I. Enhanced GC formation in IFNAR KO mice
infected with PyNL suggests that IFNAR is not essential for GC
formation, but rather has a negative regulatory role (Sebina
et al., 2016). Furthermore, cGAS in B cells was shown not to
be responsible for GC formation; instead, its expression in innate
immune cells mediates B cell responses (Hahn et al., 2018). TBK1
is also involved in autophagy by phosphorylating autophagy
receptors to facilitate the recruitment of LC3 molecules (Richter
et al., 2016). A study using B cell-specific Atg7-deficient mice
suggested that autophagy is not essential for GC formation
and maintenance, although it is crucial for memory B cell
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maintenance (Chen et al.,, 2014). Collectively, these studies
suggest that the mechanism of TBK1 regulation of GC differ-
entiation is beyond its role in nucleic acid recognition, IFN-I
signaling, and autophagy.

It was previously shown that TBK1 regulates IgA class
switching, while it did not affect IgG class switching or antibody
production (Jin et al., 2012). Therefore, our study clearly sug-
gests the possibility that the increased IgA production in B cell-
intrinsic TBK1-deficient mice shown by Jin et al. originated from
GC-independent responses. However, whether IgA* GC in Pey-
er’s patches is regulated by TBK1 in a manner similar to that in
spleen and LNs requires further investigation. Consistently, we
found that TBK1 deficiency did not abolish serum IgG production
upon immunization or infection; however, these antibodies
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arose from GC-independent plasmablasts. Without affinity
maturation in the GC, the quality of antibodies produced was
compromised and could not protect the mice from malaria in-
fection. It was long believed that IgG class switching occurs in
the GC, but a recent study found that IgG class switching actually
happens before B cells enter the GC (Roco et al., 2019), which
explains the detection of serum IgG in the absence of GC. Despite
the robust IgG2c antibody induction upon PyNL infection, the
lack of GC-derived IgGl in B cell-intrinsic TBK1-deficient mice
suggests the importance of IgGl for sterile protection against
malaria and that antibody quality is more crucial than the
magnitude of antibody production. Our finding that IgG1* B cells
instead of IgG2c* B cells were selected to enter GC during PyNL
infection implies the difference in their antigen affinity, because
generally higher-affinity B cells outcompete lower-affinity
B cells for GC seeding (Schwickert et al., 2011).

A recent study developed a small molecule inhibitor of TBK1
and IKKe, WEHI-112, to treat antibody-dependent arthritis
(Louis et al., 2019). It was suggested that the drug might target
the innate immune cells to suppress IFN-I and IL-6 and may
directly or indirectly suppress Tth cells, which led to GC inhi-
bition. With our current findings, it is plausible that the TBK1
inhibitor targets B cells directly to suppress GC formation.
Surprisingly, we found that CD4* T cell-intrinsic TBK1 had a
redundant role in GC differentiation, which is in contrast to a
report showing that adoptive transfer of lymphocytic chorio-
meningitis virus (LCMV)-specific CD4* T cells knocked down
for TBKI1 failed to induce GC formation upon acute LCMV in-
fection due to impaired Tth cell maturation (Pedros et al., 2016).
The discrepancy could possibly be due to the homing ability of
the adoptively transferred TBK1-deficient CD4* T cells to the
T cell zone, as Tbkl-deficient T cells were shown to exhibit im-
paired migration (Yu et al., 2015). Adoptive transfer of CD4*
T cells into a Cd4<*Bcl6f/f host constitute only a small proportion
of T cells among the pool of endogenous host T cells, which may
limit the interaction with cognate B cells due to competition
with endogenous Bclé-deficient T cells. Complete deletion of Tbk1
in CD4* T cells using Cd4°"Tbkif°* mice allowed us to overcome
these limitations in this study.

Initial antigen encounter through the BCR is essential for
both GC-dependent and GC-independent humoral responses.
Although high-affinity B cells outcompete low-affinity B cells for
GC seeding, even B cells with low BCR affinity are able to mi-
grate to the T-B border to receive T cell help to form the GC in
the absence of high-affinity B cells (Dal Porto et al., 2002;
Schwickert et al., 2011), indicating that T cell help plays a crucial
role in determining GC commitment. However, recent evidence
also suggested that overactivation of BCR signaling induces
plasmablast and GC B cell death (Yam-Puc et al., 2021). The
ability of Tbkl-deficient B cells to induce normal Tfh cell dif-
ferentiation suggests that antigen presentation was not im-
paired. The amount of T cell help through CD40 signaling is
particularly important for B cell fate decision. GC formation is
abolished in CD40-deficient mice (Kawabe et al., 1994); however,
CD40-mediated gene signatures were only found in Pre-GC and
post-GC memory B cells and were absent during GC expansion
(Basso et al., 2004). We found that TBK1 is not required in the
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initiation of Pre-GC differentiation, but rather involved in the
fate decision of Pre-GC, by limiting CD40 and BCR signaling for
the progression of GC differentiation. Excessive CD40 signaling
was shown to halt Pre-GC further differentiation into GC
through sustained noncanonical NF-kB-activated IRF4 expres-
sion (Zhang et al., 2017). Although CD40-induced noncanonical
NF-«B and IRF4 are essential for GC initiation, the expression of
RelB and IRF4 is transient during GC initiation and absent from
mature GC (De Silva et al., 2016; Willis et al., 2014). Increased
noncanonical NF-«kB and IRF4 expression in TBK1-deficient Pre-
GC inhibits GC differentiation by inhibiting BCL6 expression, as
high IRF4 expression directly binds to the promoter site of the
Bcl6 gene as a transcription repressor (Saito et al., 2007). CD40-
induced IRF4 was also shown to down-regulate ICOSL expres-
sion in B cells (Ochiai et al., 2018); therefore, it is likely that the
high IRF4 expression in Thkl/~ B cells caused unsustainable
ICOSL-ICOS interaction between Tth cells and cognate B cells.
Additionally, we found that TBK1 is involved in the synergy of
CD40 and BCR activation to negatively regulate IRF4 expression
and BCR-mediated AKT T308 phosphorylation in Pre-GC.

AKT phosphorylation at T308 and S473 was shown to be
TBK1 dependent in fibroblasts upon stimulation with glucose or
growth factors (Ou et al., 2011); however, the loss of TBK1 un-
expectedly promotes pAKT at S473 in CD4* T cells upon TCR
activation, suggesting cell type specificity and stimulant de-
pendency (Yu et al., 2015). Therefore, although TBK1 has been
shown to phosphorylate AKT at T308 in other non-B cells, there
has been no information indicating whether TBK1 also phos-
phorylates AKT at T308 in B cells. Our data show that TBK1 acts
as a negative regulator of AKT phosphorylation at T308 in Pre-
GC B cells. Notably, a recent paper showed that increased pAKT
T308 inhibits pAKT S473 to allow migration of GC dark zone
B cells to reenter the GC light zone to interact with T cells (Luo
et al., 2019). Therefore, the increased pAKT T308 in ThkI~/~
B cells before GC maturation might inhibit pAKT S473 in early
BCR activation and sustain Pre-GC interaction with T cells and
thus inhibit Pre-GC progression into GC. Furthermore, our data
also showed increased CD40 signaling in Thkl~/~ Pre-GC, sug-
gesting that the increased pAKT T308 in Thkl~/~ Pre-GC might
promote T cell interaction and thus enhanced CD40 signaling.

CD40 activation recruits TRAF proteins to its cytosolic do-
main, leading to downstream signaling (Elgueta et al., 2009).
TRAF?2 is involved in CD40 signaling for the induction of non-
canonical NF-«B. Dephosphorylation of TRAF2 at S11 was shown
to be required for NF-kB-inducing kinase (NIK) accumulation to
drive noncanonical NF-«kB in CD40-stimulated naive B cells
(Workman et al., 2020). Consistently, we found that CD40
stimulation gradually dephosphorylates TRAF2 over a time
course in a TBK1-dependent manner. Interestingly, the trend of
TRAF2 dephosphorylation coincides with TBK1 dephosphoryl-
ation upon CD40 stimulation. Notably, TBKI is constitutively
phosphorylated in unstimulated naive B cells, but not in other
non-B cells, in the spleen. Together, these findings further
suggest that phospho-TBK1-mediated TRAF2 S11 phosphoryla-
tion is required to constantly degrade NIK to prevent sponta-
neous noncanonical NF-kB activation in the absence of CD40
stimulation. TRAF2-deficient B cells also exhibited a phenotype
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similar to that of TBK1-deficient B cells with impaired GC for-
mation (Gardam et al., 2011), suggesting the importance of TBKI1
in CD40 regulation via TRAF2 for optimal GC formation.

The GC provides stringent quality control for B cells through
clonal selection, coupled with several rounds of somatic hyper-
mutation to produce antigen-specific high-affinity B cells that
exit as either long-lived plasma cells or memory B cells. Upon
reencountering antigen, GC-derived memory B cells can im-
mediately differentiate into ASCs or reenter the GC for further
rounds of somatic hypermutation to increase its affinity matu-
ration. Memory B cells are heterogeneous, and recently a few
markers have been used to identify subsets of antigen-specific
memory B cells (Tomayko et al., 2010). CD73 is an ecto-5'-nu-
cleotidase expressed by a subset of memory B cells that corre-
lates with somatic hypermutation (Anderson et al., 2007; Kaji
et al,, 2012) and therefore is considered to be a good candidate to
distinguish GC-derived memory B cells. CD80* memory B cells
were shown to immediately differentiate into plasmablasts upon
antigen reencounter instead of entering the GC (Zuccarino-
Catania et al., 2014), while CD80* memory B cells were also
induced in B cell-intrinsic Bcl6-deficient mice that lack the GC
(Kaji et al., 2012), suggesting its GC-independent origin. Notably,
we noticed that CD80 expression was up-regulated in TBKI1-
deficient Pre-GC, which is consistent with the notion that GC-
independent memory B cells arise early before GC formation.
Challenge with PyNL infection suggests that these GC-
independent memory B cells confer limited protection for
sterile immunity.

Plasmodium spp. parasites evolve various strategies to evade
host immunity, making it difficult to develop a vaccine that can
provide sterile immunity (Rénia and Goh, 2016). In humans,
recovery from malaria infection does not induce long-lasting
immune memory to protect from subsequent infection, al-
though the partial immunity is able to reduce parasite burden
and disease complications (Lee and Coban, 2018). Recent studies
showed that the impaired humoral immunity in malaria patients
is associated with impaired Tth cell phenotypes (Obeng-Adjei
et al, 2015) that give rise to short-lived atypical memory
B cells (Weiss et al., 2009; Obeng-Adjei et al., 2017) that produce
transient antibodies. However, there is a lack of evidence
whether malaria has a direct pressure on B cells to suppress GC
differentiation to give rise to long-lived plasma cells and mem-
ory B cells. The gene expression of Tbkl in human PBMCs was
found to correlate with the severity of acute Plasmodium falci-
parum infection (Yamagishi et al., 2014). However, Plasmodium
parasites were shown to evade host immunity by antagonizing
TBK1 activity. Indeed, host receptor transporter protein 4 and
FOS-like antigen 1 induced by malaria infection were shown to
inhibit TBK1 phosphorylation and TBKI interaction with IFN-I
signaling molecules, exacerbating the severity of infection (He
et al., 2020; Cai et al.,, 2017). In addition, several studies have
shown the inhibitory effects of parasite factors or host factors on
B cell immunity during malaria, such as Plasmodium-expressing
repetitive interspersed families of polypeptides (Saito et al.,
2017), ApiAP2 (Akkaya et al, 2020a), and plasmepsin-4
(Spaccapelo et al., 2010), as well as host LAIR] and LILRBI,
which are expressed on host immune cells, including B cells
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(Saito et al., 2017), or indirectly through the dysregulation of
CD4* T cells (Butler et al., 2011; Zander et al., 2015; Kurup et al.,
2017; Obeng-Adjei et al., 2017). Together, this evidence suggests
that malaria evades B cell immunity through multiple mecha-
nisms, including the inhibition of TBK1 activity in B cells to limit
GC formation, thereby suppressing long-lasting immune mem-
ory. Here, for the first time, we address the crucial role of TBK1
in GC formation and highlight its importance in long-lasting
humoral responses required for sterile immunity against ma-
laria infection.

In conclusion, our study demonstrated the role of B cell-
intrinsic TBK1 in the B cell fate decision for GC differentiation
and the importance of GC-dependent antibody production and
long-lived memory B cell formation for the protection against
pathogen reinfection. The involvement of TBKI in various sig-
naling pathways makes it act as a double-edged sword in dif-
ferent diseases. TBKI is required for IFN-I-mediated antiviral
immunity, while here we additionally showed its importance in
GC-mediated humoral immunity. However, TBK1 is also in-
volved in the pathogenesis of autoimmune diseases (Louis et al.,
2018). TBK1 inhibitors such as amlexanox have been used in
clinical treatment for asthma (Inagaki et al., 1992) and have
recently been proposed for the treatment of obesity-related
metabolic disease (Reilly et al., 2013; Oral et al., 2017). Our
findings suggest that TBK1 inhibitors should be administered
with caution, considering their possible effect on humoral im-
munity in case of infection and vaccination. Moreover, the
timing of TBK! inhibitor administration may be important to
target TBK1 in specific cell types during disease progression and
to prevent its suppressive effects on vaccine efficacy.

Materials and methods

Mice

WT C57BL/6] mice were purchased from CLEA Japan. Female
CD45.1* C57BL/6] mice were purchased from Sankyo Laboratory
Service. uMT mice were purchased from The Jackson Labora-
tory. Cd4-cre mice (The Jackson Laboratory) were crossed with
Bcleflox/flox to generate Cd4<re Bcl6f/f mice and Cd4™t Bcl6™/f mice
(Lee et al., 2019; Ise et al., 2014). Mbl-cre mice, kindly provided
by M. Reth (University of Freiburg, Freiburg, Germany; Hobeika
et al., 2006), and Cd4-cre mice were crossed with Thkiflox/flox
mice (Taconic) to generate Mblcre/wt Tbkif/f and Cd4cre/wt Thkif/f
mice, respectively. TbkI/f littermates were used as control WT
counterparts. Animal experiments were conducted in accor-
dance with institutional guidelines and approved by the review
board for animal experiments of The Institute of Medical Sci-
ence, The University of Tokyo (approval PA19-48).

Malaria infection and treatment

Mice were infected with 10° PyNL-infected erythrocytes i.p. or
otherwise as mentioned in the figure legends (Lee et al., 2017).
Parasitemia during the course of infection was quantified by
Giemsa-stained blood smears or flow cytometry (Lelliott et al.,
2014). In Fig. 7, PyNL-infected mice were treated with 10 mg/kg
HCQ orally from day 15 to day 30 after infection. Parasitemia
resolution was confirmed by Giemsa-stained blood smears.
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HCQ-treated mice recovered from PyNL infection were re-
infected with 5 x 10> PyNL-infected erythrocytes 1 wk after the
end of HCQ treatment to prevent the prophylactic effect of HCQ.

Immunization

Mice were immunized with 100 pg NIP-OVA (Biosearch Tech-
nologies) mixed with alum (InvivoGen) intradermally (i.d.). Sera
were collected for antibody assay, inguinal LNs were collected
for cellular analysis by flow cytometry, and spleens were col-
lected for immunohistochemical analysis on day 12 or day 21
after immunization.

Mixed bone marrow chimera

Bone marrow mixtures from female Ly5.1- MbIc**/**Tbk1/f mice,
Ly5.1* WT mice, and uMT mice were mixed at a 1:1:8 ratio and
injected i.v. into lethally irradiated (8.5 Gy) male uMT mice.
Mice were fed enrofloxacin (Elanco) in drinking water for 5 wk.
Mice were immunized with NIP-OVA and alum i.d. 7 wk after
bone marrow transfer. Spleens were analyzed by flow cytome-
try on day 12 after immunization.

B cell isolation

Human PBMC purified B cells were isolated by Ficoll-Paque,
followed by anti-CD19 magnetic beads (Miltenyi Biotec). Splenic
naive B cells were purified using a B cell isolation kit by negative
selection (Miltenyi Biotec). Splenic Pre-GC and GC B cells were
first enriched by streptavidin magnetic beads conjugated with a
mixture of biotinylated anti-CD1lb, anti-CDllc, anti-IgD, anti-
CD138, anti-CD3, and anti-Terl19 (Miltenyi Biotec), followed by
cell sorting using a BD FACSAria III Cell Sorter. Splenic Pre-GC
cells defined as B220* IgD~ CD38* GL7* cells were isolated from
PyNL-infected mice on day 9 after infection. Splenic mature GC
B cells defined as B220* IgD- CD38~ GL7" cells were purified from
mice recovered from PyNL infection after day 28 infection.

RNA-seq

5 x 10* cells were directly sorted into TRIzol reagent (In-
vitrogen). RNAs were purified following the manufacturer’s
instructions with the addition of RNA grade glycogen (Thermo
Fisher Scientific). RNA integrity number >9.7 was confirmed
using the RNA 6000 Nano kit on an Agilent 2100 Bioanalyzer.
DNA libraries were constructed using the TruSeq Stranded
mRNA Sample Prep Kit. RNA-seq was performed by the Genome
Information Research Center of Osaka University using NovaSeq
6000 (Illumina) in a 100-bp single-end read mode. Sequence
reads were mapped to mouse reference genome sequence mm10
using TopHat version 2.0.13, Bowtie2 version 2.2.3, and SMtools
version 0.1.19. Fragments per kilobase of exon per million reads
mapped were calculated by Cufflinks version 2.2.1. Data were
analyzed using iDEP.91 and GSEA software version 4.0.3
(Subramanian et al., 2005). GSEA results were analyzed based
on the collection of MSigDB gene sets and gene signatures up-
regulated or down-regulated by CD40 and BCR stimulation as
described previously (Victora et al., 2010). GO enrichment
analysis was performed using iDEP.91. Heatmaps for dif-
ferentially expressed genes (DEGs) were generated by iDEP.91 or
Morpheus after filtering out genes with low statistical significance
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(P > 0.05). Genes presented in the heatmaps were arranged from
top to bottom with descending differential expression. The RNA-seq
data are available in the Gene Expression Omnibus database (ac-
cession no. GSE188659).

Antibody assay

Antibody titers were measured from sera collected from PyNL-
infected or immunized mice by ELISA. High-binding 96-well
microtiter plates were coated overnight with 10 pg/ml PyNL
parasite crude extract, uninfected RBC extract, or 4-Hydroxy-3-
nitrophenylacetyl hapten conjugated BSA ratio 30 (Biosearch
Technologies) and blocked with 5% skim milk or 1% BSA (Na-
calai Tesque). Sera were serially diluted, and antibodies were
detected using HRP-conjugated goat anti-mouse IgGl, IgG2c,
IgG3, and IgM antibodies (SouthernBiotech). Anti-PyNL antibody
levels were calculated by subtracting autoantibodies against
uninfected RBCs. Antibody avidity assays were performed as
described (Coban et al., 2004). Briefly, after overnight incubation
of sera in antigen-coated plates, antibodies were dissociated
with various concentrations of sodium thiocyanate at 0, 1, 2, or
4 M for 15 min. Plates were washed extensively six times before
proceeding to subsequent antibody detection by ELISA as
described above.

In vitro and ex vivo B cell stimulation

B cells were cultured in RPMI 1640 (Nacalai) supplemented with
10% FBS (Sigma-Aldrich), penicillin and streptomycin anti-
biotics (Nacalai), Hepes (Nacalai), glutamine (Nacalai), sodium
pyruvate (Nacalai), nonessential amino acids (Nacalai), and
B-mercaptoethanol (Nacalai). Purified naive B cells were stimu-
lated with 1 pg/ml anti-CD40 (HM40-3; eBioscience) or 1 pg/ml
F(ab'), goat anti-IgM (16-5092-85; eBioscience) or 1 ug/ml F(ab’),
goat anti-IgG (16-5098-85; eBioscience). For ex vivo stimulation of
Pre-GC, splenocytes from day 9 PyNL-infected mice were stimu-
lated with 1 ug/ml anti-CD40 (eBioscience) and/or with 1 pg/ml
anti-IgG (eBioscience) and 1 pg/ml anti-IgM (eBioscience). Cells
were harvested at the time points indicated in the figure legends.

Cell proliferation and apoptosis assay

5 x 10* cells were stained with prewarmed CellTrace Violet
(CTV; Invitrogen) in serum-free RPMI for 10 min at 37°C and
washed twice with RPMI containing 10% FCS. Cells were stim-
ulated with 1 pg/ml anti-CD40 (eBioscience) and/or with 1 ug/ml
anti-IgM (eBioscience). After 4 d, cells were washed with cold
PBS and proceeded to flow cytometric analysis. Cell proliferation
was indicated by the dilution of CTV fluorescence intensity. For
the in vivo EdU pulse assay, mice were injected with 1 ug EdU in
PBS, and spleens were collected 30 min later. Cell cycle and
proliferation were detected using the Click-iT EdU assay kit
(Invitrogen) and SYTOX AADvanced (Invitrogen). For cell death
and apoptosis assay, cells were stained with the CellEvent Cas-
pase-3/7 Green Flow Cytometry Assay Kit (Invitrogen).

Flow cytometry

Spleen or inguinal LNs were crushed on ice and were passed
through 70-pm mesh to collect single-cell suspensions. Eryth-
rocytes were lysed using ammonium-chloride-potassium lysis
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buffer (Lonza) and washed twice with PBS supplemented with
2% heat-inactivated FCS. Cells were incubated with Fc blocker
(BioLegend) for 5 min at room temperature before staining with
fluorophore-conjugated antibody mixtures at 4°C for 30 min for
surface antigen staining. Dead cells were excluded using LIVE/
DEAD Fixable Dead Cell Stain (Invitrogen). Cells were fixed and
permeabilized with the Foxp3/Transcription Factor Fixation/
Permeabilization kit (eBioscience) for intracellular staining.
Detection of phosphoproteins and signaling molecules was
performed as described previously (Rip et al., 2020). Briefly,
cells were fixed with 2% paraformaldehyde (Nacalai Tesque) for
10 min, permeabilized with permeabilization buffer (eBio-
science), and stained with Fc blocker followed by rabbit anti-
mouse primary antibodies (Cell Signaling Technology) against
pAKT T308 (D25E6), pAKT S473 (193H12), c-Myc (D84C12), p65
(D14E12), and p52 or RelB (CIE4) for 30 min at 4°C. After
washing with permeabilization buffer, samples were further
stained with Alexa Fluor 488-conjugated goat anti-rabbit sec-
ondary antibody (Invitrogen) together with the mixture of
fluorophore-conjugated antibodies for surface antigen staining.
Fluorescence minus one control contains all antibodies except
primary antibodies. Samples were analyzed using an LSRFor-
tessa flow cytometer (BD Biosciences). Data were analyzed with
Flow]Jo 10.7.1. Anti-B220 (RA3-6B2), IgD (11-26c.2a), IgG1 (A85-
1), IgM (RMM-1), CD138 (281-2), CD38 (90), TCRP (H57-597),
CD4 (RM-4-5), CD44 (IM7), CXCRS5 (L138D7), BCL6 (7D1), CTLA-
4 (UC10-4B9), ICOS (C398.4A) and IRF4 (IRF4.3E4) were pur-
chased from BioLegend. Anti-GL7 (GL-7), PD-1 (J43), Foxp3
(FJK-16s) and IL-21 (FFA21) were purchased from eBioscience.
Goat anti-mouse IgG2c human ads-PE were purchased from
SouthernBiotech.

Western blotting

Purified B cell populations were lysed with radioimmunopre-
cipitation assay buffer (Nacalai Tesque) supplemented with
protease inhibitor cocktail (Sigma-Aldrich), phosphatase inhib-
itor cocktail III (Sigma-Aldrich), and PMSF (Cell Signaling
Technology). Subcellular fractionation was performed using the
Cell Fractionation Kit (Cell Signaling Technology). Protein con-
centrations were quantified using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific). Cell lysates were boiled at 95°C
for 5 min with NuPAGE LDS Sample Buffer (Invitrogen) and
NuPAGE Sample Reducing Agent (Invitrogen). Proteins were
separated by SDS-PAGE electrophoresis in NuPAGE 4-12% Bis-
Tris Mini Gel (Invitrogen) at 100 V. Proteins were transferred to
polyvinylidene fluoride membrane using the iBlot2 gel transfer
device (Thermo Fisher Scientific). Membranes were blocked
with 5% skim milk or BSA in Tris-buffered saline with Tween 20
(Nacalai Tesque) before overnight incubation with the following
rabbit anti-mouse primary antibodies (Cell Signaling Technol-
ogy): phospho-TBK1 (D52C2), TBK! (D1B4), phospho-TRAF2
Serll (E2B6L), TRAF2 (C192), NIK, phospho-NF-«B p65 Ser536,
NF-«B2 pl00/p52, RelB (ClE4), B-actin (D6AS), B-tubulin
(D2N5G), or lamin Bl (D4Q4Z). Goat anti-rabbit IgG HRP (Cell
Signaling Technology) was used as a secondary antibody. Lu-
minescence was captured and measured using an Amersham
Imager 600 (GE Healthcare). The protein amount was normalized
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with the band intensity of the loading control. WB stripping
solution (Nacalai Tesque) was used to remove membrane-
bound antibodies before subsequent antibody staining.

Immunohistochemical analysis

Spleens were collected directly into 4% paraformaldehyde on ice
and fixed at 4°C overnight. Samples were transferred into 30%
sucrose solution at 4°C overnight with constant shaking. Sam-
ples were then embedded in Tissue-Tek 0.C.T. Compound (Sa-
kura Finetek) and instant frozen at -80°C. Samples were then
sectioned with a cryostat at 10-ym thickness and -20°C. Sections
were washed with PBS and blocked for 30 min with 3% BSA in
Tris-buffered saline with Tween 20. Sections were stained with
rat anti-mouse Alexa Fluor 488-GL7 (GL7; BioLegend) overnight
at 4°C, washed, and further incubated overnight at 4°C with
biotin-CD4 (RM4-5; BioLegend), followed by staining with
streptavidin Alexa Fluor 405 (Invitrogen) for 2 h at room tem-
perature and finally with Alexa Fluor 647-IgD (11-26c.2a; Bio-
Legend) for 1 h at room temperature. Stained tissue sections
were mounted on coverslips using fluorescence mounting me-
dium (Dako). Tissue sections were observed and captured with
an all-in-one fluorescence microscope (Keyence).

Statistical analyses

Reported n values are the total number of samples per group.
Each sample represents an individual mouse. Graphs were
plotted and analyzed with GraphPad Prism 9.0 software. The
Mann-Whitney t test was used for comparing two groups, while
one-way ANOVA was used for comparing more than two groups.
Survival between two groups was compared by log-rank
Mantel-Cox test.

Online supplemental material

Fig. S1 shows Tfh and GC B cell formation during the course of
PyNL infection and parasitemia and survival of Tfh cell-
deficient mice. Fig. S2 shows phospho-TBK1 in purified human
B cells and mouse splenic B cells; depletion efficiency of B Thkl~/~
mice; and B cell subsets in spleen, peritoneum, and bone mar-
row. Fig. S3 shows a comparison of antibody responses and ASC
formation between B Tbkl~/~ mice and B Tbkl*/* mice following
PyNL infection or NIP-OVA + alum immunization. Fig. S4 shows
heatmaps of RNA-seq data for the GO biological process pathway
related to regulation of signal transduction and TBK1-dependent
genes up-regulated by CD40 or BCR stimulation in Pre-GC. Fig.
S5 shows a comparison of CD40-induced NF-«B activation be-
tween Tbkl~/~ and Tbkl*/* naive B cells. Table S1 shows RNA-seq
data of Tbkl~/- and Tbki1*/* Pre-GCs isolated from PyNL-
infected mice.
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Figure S1. Tfh cells and GC formation are essential for recovery from PyNL infection. (A) Parasitemia of WT mice infected with PyNL. n = 24 mice pooled
from four independent experiments. (B) Time-course analysis of Tfh cells and GC formation in the spleens of WT mice infected with PyNL. n = 4-5 mice per
time point from four independent experiments. (C and D) Representative FACS plots of Tth (C) and GC (D) populations in the spleens of Cd4<eBcl6” (Tfh~/-)
mice and Cd4*'Bcl6™/f (Tfh*/*) mice infected with PyNL. n = 4 mice/group representative of two independent experiments. (E) Parasitemia and survival of Tfh=/~
mice and Tfh*/* mice infected with PyNL. n = 9-10 mice/group pooled from two independent experiments. Each dot represents data from an individual mouse.
Data are pooled from four independent experiments (A and B) or representative of two independent experiments (C and D). Data are shown as mean
+ SD. **, P < 0.01; ***, P < 0.001; Mann-Whitney t test (E), log-rank (Mantel-Cox) test (E).
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Figure S2. TBK1 expression in B cell and deletion efficiency in B cells and T cells using a Cre-loxP system. (A) Expression and phosphorylation of TBK1 in
human B cells from PBMCs and mouse splenic B cells by immunoblotting. (B) Depletion efficiency of TBK1 in splenic B cells was analyzed by immunoblotting.
(C) Analysis of subpopulations of B cells in spleen, peritoneum, and bone marrow isolated from B Tbk1~/~ and B Tbk1*/* mice by flow cytometry. FSC-A, forward
scatter area. (D) Immunohistochemical staining of B cell zone (red; IgD) and T cell zone (blue; CD4) in the spleens of B Thk1/~ and B TbkI*/* mice. Data are
representative of two (A) or five (B) independent experiments or from one experiment with a representative of three independent biological samples (C and D).
Scale bars, 500 um. Source data are available for this figure: SourceData FS2.
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Figure S3. B Tbk1~/~ mice could produce antigen-specific antibodies, albeit less of them, despite the lack of GC formation. (A) PyNL-specific serum
antibody measurement by ELISA on days 28-35 after infection with PyNL. n = 6-10 mice/group from three independent experiments. (B) Avidity assay of PyNL-
specific serum antibody on days 19-35 after infection with PyNL. n = 10-12 mice/group from five independent experiments. (C) NP5, (4-hydroxy-3-nitro-
phenylacetyl hapten conjugated BSA ratio 30)-specific serum antibody measurement by ELISA on day 21 after immunization with NIP-OVA with alum i.d. n =
6-7 mice/group representative of two independent experiments. (D) ASC population in the spleens of PyNL-infected mice on day 24 analyzed by FACS. n = 4-5
mice/group representative of two independent experiments. Each dot represents data from an individual mouse. Data are pooled from three (A) or five (B)

independent experiments and representative of two independent experiments (C and D). Data are shown as mean = SD. ¥,

Mann-Whitney t test (A-D).
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Figure S4. TBK1 negatively regulates CD40 and BCR signaling. (A) Heatmap of GO biological process pathway analysis by GSEA (preranked fast GSEA)
based on RNA-seq analysis. (B) TBK1-dependent genes up-regulated by CD40 or BCR stimulation in Pre-GC analyzed by GSEA based on RNA-seq data (related
to Fig. 4 1). Data are from one experiment. n = 4 mice/group. NES, normalized enrichment score.
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Figure S5.  TBK1 negatively regulates CD40-induced noncanonical NF-kB signaling in B cells. Time-course analysis of cytosolic and nuclear fractions of
Tbk1/~ and B Tbk1*/* naive B cells stimulated with 1 pg/ml anti-CD40 and analyzed by immunoblotting. Representative of two independent experiments.

Source data are available for this figure: SourceData FS5.

Provided online is one table. Table S1 provides RNA-seq data of Pre-GC isolated from B Tbk1~/~ mice versus B Tbk1*/* mice on day 9

post-PyNL infection.
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