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Abstract

Background—CD19 is a B-cell specific molecule that serves as a major co-stimulatory
molecule for amplifying B cell receptor (BCR) responses. Bi-allelic CD19 gene mutations cause
common variable immunodeficiency (CVID) in humans. BCR and TLR9 induced B-cell responses
are impaired in most CVID patients.

Objective—We sought to analyze whether CD19 is required for TLR9 function in human B
cells.

Methods—The expression of surface activation markers was assessed after anti-lgM or CpG
stimulation using flow cytometry on B cells from patients with one or two defective CD19 alleles,
which decrease or abrogate CD19 expression, respectively. The phosphorylation or interaction of
signaling molecules was analyzed using phosphoflow cytometry, immunoblot or co-
immunoprecipitation in CD19-deficient or control B cells and in a B cell line in which CD19 has
been knocked-down using lentiviral transduced shRNA.

Results—B cells from individuals with one or two defective CD19 alleles showed defective

upregulation in vitro of CD86, TACI and CD23 activation markers after TLR9 stimulation. TLR9
ligands normally induce via MYD88/PYK2/LYN complexes the phosphorylation of CD19, which
allows the recruitment of PI13K and the phosphorylation of BTK and AKT in human B cells with a
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different kinetic than that of BCRs. In addition, inhibition of PI3K, AKT or BTK as well as BTK-
deficiency also result in TLR9 activation defects in B cells similar to those in CD19 deficiency.
Conclusion: CD19 is required for TLR9-induced B-cell activation. Hence, CD19/PI3K/AKT/BTK
is an essential axis integrating BCRs and TLR9 signaling in human B cells.
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INTRODUCTION

CD19 is a B-cell specific transmembrane protein expressed from the pro-B cell stage until
plasma cell differentiation in both humans and mice and functions as a B cell receptor
(BCR) co-receptor. The nine tyrosines in its cytoplasmic domain represent a scaffold protein
that amplifies proximal BCR signaling. When phosphorylated, the tyrosines function as Src
homology 2 recognition motifs that recruit regulatory molecules (1, 2). Hence,
phosphorylated CD19 binds and amplifies the function of the SRC-family kinase (SFK)
LYN as well as other tyrosine kinases and recruits PI3K, thereby promoting BTK and AKT
phosphorylation in B cells (3-6).

CD19 plays an essential role in regulating B-cell activation thresholds and thereby
influences B-cell selection and differentiation. Altering CD19 surface expression in
knockout or transgenic mice significantly changes B-cell development and function (7, 8).
CD19 overexpression results in B cells that are hyper-responsive to BCR triggering, leading
to a lupus-like autoimmune disease with the production of anti-nuclear antibodies (ANAS) in
the serum of transgenic mice (7). The complete abrogation of CD19 expression causes
defective late B-cell differentiation and decreased antibody responses in mice as well as the
development of common variable immunodeficiency (CVID) in humans (7-9).
Paradoxically, mutations in CD19 not only cause CVID in humans but also induced the
development of autoimmune manifestations resembling systemic lupus erythematosus (SLE)
(10, 11). Autoimmunity often develop in CVID patients in which BCR and TLR9 induced
B-cell responses are impaired (12-14). In addition, defective BCRs and TLRs function in B
cells have been associated with altered late B-cell differentiation, decreased antibody
production and abnormal tolerance induction (13-16).

Human B cells mainly express the endosomal TLR7 and TLR9 that are involved in sensing
RNA and DNA, respectively (17). Upon ligation with their specific ligand TLR7 and TLR9
signal through MyD88/IRAK1/4 complexes and activate the NF-xB and MAPK pathways
where BCR-and TLR-signaling pathways intersect in B cells (18). TLR9 activation in
human B cells induces B-cell proliferation, 1g secretion and differentiation into plasmablasts
(19). By analyzing patients with primary immunodeficiencies, it has been suggested that
TLR signaling pathways may play an important role for B-cell tolerance induction in
humans (13, 16, 20). In addition, recent reports indicate that nucleic acid sensing by
endosomal TLRs may provide negative regulation to autoreactive B cells (21). For instance,
TLR9 deficiency exacerbates clinical symptoms in mouse SLE models, suggesting that
defective TLR9 function in CVID may favor autoimmunity (22). However, the etiology of

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 March 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morbach et al.

METHODS

Page 3

the abnormal TLR responses in B cells from CVID patients remains vastly unknown. Since
CD19 deficiency is known to affect BCR responses altered in CVID and that CD19
mutation favors the development of autoimmunity, we assessed TLR9 function in B cells
from subjects carrying one or two mutated CD19 alleles. We found that CD19 plays an
essential role in the regulation of TLR9 responses in human B cells by recruiting PI3K and
mediating AKT and BTK phosphorylation after ligation of nucleic acids.

Patients and healthy donor controls

All CD19-deficient patients and CD19-heterozygous carriers have been described (9, 23).
The specific mutations in BTK have been previously reported in the following family
members: XLA 022 (24) and XLA 596, XLA 796 (25). All samples were collected in
accordance with the institutional review board-reviewed protocols from respective hospitals.

Cell preparation and purification

Peripheral blood mononuclear cells (PBMCs) were purified from the blood of patients and
control donors by density gradient centrifugation. B cells were purified using CD20-
microbeads (Miltenyi Biotec, Bergisch-Gladbach, Germany), the EasySep™ Human B cell
Enrichement Kit or the EasySep™ Human Naive B cell Enrichement Kit (StemCell
Technologies). Plasmacytoid dendritic cells were purified using the Plasmacytoid Dendritic
Cell Isolation Kit (Miltenyi Biotec).

B-cell activation, proliferation and inhibition experiments

Total CD20+ B cells or naive B cells were plated at 150,000 cells/well in a 96-well-plate in
RPMI 10% FBS and 2.5 pg/mL polyclonal F(ab’), anti-human IgM (Jackson
Immunoresearch), 0.5 pg/mL CpG ODNZ2006 (TLR9 agonist, Invivogen), 2.0 ug/mL
Gardiquimod or 1.0 ug/mL Loxoribine (TLR7 agonists, Invivogen). Expression of surface
activation markers was analyzed after 48 hours using flow cytometry. For inhibition
experiments B cell cultures were preincubated with the specific inhibitors for 45 minutes.
Intracellular phosphospecific flow cytometric analysis was performed as described before
(26). Cells were acquired with a FACSCalibur or LSR 11 (BD Biosciences) and analyzed
with FlowJo software. Information on the antibodies and inhibitors used is provided in the
supplemental Methods section.

Co-IP and IB

B cells were stimulated as described above and subsequently lysed in lysis buffer (50mM
Tris, 1% NP-40, 2mM EDTA) including phosphatase inhibitor cocktail 2 (Sigma) and
protease inhibitor (Roche). For co-immunopreciptation cells were lysed in lysis buffer
(50mM Tris, 150mM NaCl, 1ImM EDTA, 0.5% Triton) including protease and phosphatase
inhibitors, pre-cleared with protein A/G beads, incubated with either control- or specific
antibody and precipitated with protein A/G beads (Thermo Scientific). Total cell lysates or
immunoprecipitates were separated by SDS page, transferred to PDVF membranes, probed
with specific antibodies and a secondary antibody coupled to HRP (Cell Signaling), and
detected by chemiluminescence (Amersham ECL Prime Western Blotting detection
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Reagent) using a GBox documentation system (Syngene). Information on the antibodies
used is provided in the supplemental Methods section.

CD19 gene knockdown and Ramos B cell transduction

Ramos B cells were transduced with lentiviral constructs containing an ShRNA targeting
human CD19 cDNA sequence as reported before (27, 28). GFP*CD19~ Ramos B cells were
sorted by flow cytometry with a FACS Aria cell sorter (BD Biosciences) and retained a
stable phenotype in culture.

Statistical analysis

RESULTS

Differences were analyzed for statistical significance with unpaired Student’s t-tests or in
case of paired samples with paired Student’s t-tests, using Prism software (GraphPad). A p-
value of less than 0.05 was considered significant.

CD19 mutations interfere with TLR9-induced B-cell activation

To investigate a role for CD19 in TLR9-induced B-cell responses, we assessed if decreased
or abrogated CD19 expression affected TLR9 function in purified B cells from individuals
carrying mutations in one or two CD19 alleles from two unrelated families. B cells carrying
a single functional CD19 allele displayed about half the amount of CD19 expression on their
cell surface compared to B cells from siblings with 2 functional alleles, whereas CD19 failed
to be expressed on B cells carrying bi-allelic CD19 mutations as previously reported (9) (Fig
1, A). In agreement with CD19 being a major positive BCR co-receptor, decreased CD19
expression affected BCR-induced B-cell activation as illustrated by the defective induction
of CD86 expression after BCR-triggering, which was almost absent on CD19-deficient B
cells (Fig 1,B and C). The induction of CD86 after TLR9 stimulation by its agonist CpG
showed a similar CD19 gene dosage dependence (Fig 1, B and C). Defective induction of
TACI and CD23 was also observed on CD19-deficient B cells after CpG stimulation (Fig 1,
B and C). These defects were not the result of a global failure of CD19-deficient B cells to
be activated by TLR9 since they normally upregulated CD25 and CD69 expression after
CpG stimulation (Fig 1, B and C). The normal expression of TLR9 in CD19-deficient EBV-
immortalized B-cell lines (EBV-BCL) suggests that abnormal TLR9 responses in CD19-
mutated B cells were not likely due to an altered expression of this receptor (Fig E1, A).
Impaired BCR responses in CD19-deficient B cells were also not the result of decreased cell
surface BCR/IgM expression, which was similar to their counterpart expressing CD19 (Fig
E1, B). In addition, plasmacytoid dendritic cells (pDCs), which do not express CD19,
displayed normal CD80 and CD86 induction in CD19-deficient patients after TLR9
triggering, revealing that TLR9 activation defects were restricted to B cells carrying mutated
CD19 allele(s) (Fig E1, C). Decreased CD19 expression also affected TLR7-induced B-cell
activation as illustrated by the defective induction of CD86 and TACI expression after
Loxoribine stimulation (Fig E2). We therefore conclude that CD19 appears to play an
important role in mediating BCR- but also TLR7- and TLR9-induced responses in human B
cells.
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TLR9 stimulation induces CD19 phosphorylation

BCR-triggering induces a rapid phosphorylation of specific tyrosine residues of CD19
followed by recruitment of signaling transduction molecules (29). To analyze whether TLR9
triggering also activates the CD19 pathway, we first tested the phosphorylation of CD19 by
immunoblot (1B) analysis using lysates from primary human B cells after BCR-triggering or
TLR9 stimulation with CpG. The activation of purified human B cells isolated from the
peripheral blood of healthy controls by anti-BCR or CpG induced CD19 phosphorylation at
residue Y531, a tyrosine that is deleted in the truncated mutant product of both CD19-
deficient families (Fig 2, A and B). However, the kinetics of phosphorylation induced by
BCR or TLR9 triggering were different in that the former resulted in early phosphorylation
events occurring between 2—10 minutes whereas CpG induced CD19 phosphorylation
peaking at much later 20-40 minute time points (Fig 2, A and B). Activation of B cells by
the TLR7 ligand Gardiquimod also induced phosphorylation of CD19 with similar kinetics
as CpG stimulation (Fig E3).

To decipher CD19-dependent TLR7 and TLR9 pathways in human B cells, we analyzed the
phosphorylation of signaling molecules mediating CD19 function. BCR- or TLR9-triggering
induced BTK phosphorylation at residue Y551 and AKT phosphorylation at residue S473,
with phosphorylation peaking later for TLR9 stimulation compared to BCR triggering (Fig
2, C). A similar trend was observed when stimulating the B cells with the TLR7-ligand
Gardiquimod (Fig E3). However, not all kinases involved in BCR signaling seemed to be
phosphorylated in B cells after TLR7 or TLR9 stimulation. Indeed, BCR triggering strongly
induced SYK phosphorylation at residue Y352, whereas CpG or Gardiquimod stimulation
only had a marginal effect on the phosphorylation of SYK (Fig 2, C and Fig E3). In
addition, CpG stimulation did not induce phosphorylation of the immunoglobulin-associated
protein alpha (Iga, CD79A), which is required for initiation of the signal transduction
cascade activated by BCRs (Fig 2, C). Hence, in agreement with CD19 mediating some
TLR7 and TLR9 functions in B cells, stimulation of these TLRs induces CD19
phosphorylation as well as the phosphorylation of a group of signaling molecules known to
mediate CD19 function after BCR triggering.

TLR9-induced AKT and BTK phosphorylation is dependent on CD19 and PI3K function

CD19 is one of the main regulators of PI3K activity, which converts phosphatidylinositol-
(3,4)-biphosphate (PIP,) to phosphatidylinositol-(3,4,5)-triphosphate (PIP3) that bind
molecules containing pleckstrin homology domains, such as AKT and BTK (30). We
therefore tested if TLR9 induced AKT and BTK phosphorylation depended on CD19 and/or
PI3K function by analyzing the phosphorylation by flow cytometry of AKT and BTK in
CD20*CD21*CD27™ naive B cells from CD19-deficient patients and healthy controls after
BCR-triggering or CpG stimulation. Since TLR7 triggering induced weaker but qualitatively
similar phosphorylation signals than TLR9 (Fig 2 and Fig E3), we decided to focus on
TLR9. Phosphorylation of AKT at S473 was still induced after BCR triggering in CD19-
deficient B cells compared with control B cells but was found reduced after CpG stimulation
(Fig 3, A and B). In addition, CD19-deficient B cells showed reduced phosphorylation of
BTK at Y551 after both, BCR-triggering or CpG stimulation (Fig 3, A and B). To confirm
the role of CD19 in mediating TLR9 induced BTK and AKT phosphorylation, we generated
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a Ramos B-cell line in which CD19 expression has been knocked down using a specific
shRNA (Fig E4) and assessed AKT and BTK phosphorylation after BCR or TLR9 triggering
using 1B analysis (Fig 3, C and D). In agreement with our observations in freshly isolated B
cells, AKT phosphorylation at S473 was strongly reduced in the absence of CD19 after CpG
stimulation whereas CD19 knock-down B cells only showed slightly decreased AKT
phosphorylation after BCR-triggering (Fig 3, C and D). BTK phosphorylation at Y551 was
also diminished and virtually abrogated in the absence of CD19 expression after BCR or
CpG stimulation, respectively (Fig 3, C and D). To further characterize the involvement of
CD19 on the TLR9 signaling pathway, we analyzed the activation of MAPK and NF-«B in
the CD19 knock down B cells after CpG stimulation. In contrast to AKT and BTK, the
phosphorylation of p38 MAPK and JNK as well as the phosphorylation/degradation of k-
Ba were not altered in the absence of CD19 after CpG stimulation (Fig 3, E and F).

We then assessed if PI3K, which mediates most CD19 function, interacts with CD19 after
TLR9 stimulation by immunoprecipitating CD19 from non-stimulated or CpG-stimulated
human tonsil B cells and probing for p85 PI3K. We found that CpG stimulation induced
interaction of p85 PI3K with CD19 (Fig 4, A). Interfering with PI3K function the LY 294002
inhibitor strongly reduced or even blocked the phosphorylation of AKT and its downstream
transcription factor FoxO1 as well as BTK in purified peripheral blood B cells of healthy
controls after CpG stimulation (Fig 4, B). Similarly to CD19 knock-down in B cells,
inhibition of PI3K function had only little or no effects on the phosphorylation of p38
MAPK and JNK or the degradation of lk-Ba, respectively (Fig 4, C). In summary, CD19
and PI3K are required for the induction of AKT and BTK phosphorylation after TLR9
stimulation, whereas these molecules seem more dispensable for TLR9-induced MAPK and
NF-xB activation.

TLR9-induced CD19 phosphorylation and interaction with p85 PI3K is dependent on PYK2
and SRC family kinases

CD19 becomes phosphorylated by the Src family kinase (SFK) LYN after BCR-triggering,
allowing the recruitment of PI3K (31). It has been suggested that the tyrosine kinase PYK2
interacts with MyD88 and might induce LYN phosphorylation after TLR9-stimulation (32).
In addition, BTK has been shown to interact with MyD88 in myeloid cells and malignant B
cells and mediate proximal TLR signaling (33, 34). We therefore tested if LYN, PYK2 or
BTK were mediating CD19 phosphorylation after TLR9 stimulation in primary human B
cells. Both PP2 (SFK inhibitor) and AG-17 (PYK2-inhibitor) blocked CpG-induced CD19
phosphorylation at residue Y531, whereas PCI32765 (BTK inhibitor) had no significant
effect on the phosphorylation of CD19 after CpG stimulation (Fig 5, A).

To determine if these signaling molecules might interact with each other, we
immunoprecipitated MyD88 from non stimulated or CpG-stimulated human primary tonsil
B cells or EBV-BCL derived from healthy donors and probed for CD19, BTK and PYK2.
We found that MyD88 interacted with BTK and PYK?2 but not with CD19 (Fig 5, B). This
interaction was already present in unstimulated B cells and was not modified by CpG
stimulation (Fig 5, B). Of note, we could not find an interaction between TLR9 and CD19
(data not shown). We also precipitated PYK2 from EBV-BCL and probed against LYN.
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Interestingly, LYN seemed to be released from PYK2/MY D88 complexes upon TLR9
activation (Fig 5, C). Moreover, CpG stimulation induced the recruitment of PI3K p85 to
CD19 and this association was dependent on PYK2 and SFK function, demonstrating that
PYK2 and SFKs are involved in the phosphorylation of tyrosines from CD19, which are
critical for its binding to PI3K p85 (Fig 5, D). Thus, PYK2 and SFK including LYN are
responsible for the phosphorylation of CD19 and the recruitment of PI3K following TLR9
stimulation.

Inhibition of PI3K, AKT and BTK mimic B-cell activation defects induced by CD19-

deficiency

We assessed if the inhibition of PI3K, BTK or AKT, which are molecules involved in the
CD19 signaling pathway induced TLR9-activation defects resembling those resulting from
the absence of functional CD19. PI3K, BTK or AKT blockade using chemical inhibitors
mimicked CD19-deficiency in that it decreased BCR- and TLR9-induced CD86, TACI and
CD23 induction in human B cells (Fig 6, A and B). However, similar to CD19-deficient B
cells, CD69 induction on B cells after TLR9 stimulation remained intact after PI3K, BTK or
AKT inhibition, whereas inhibition of PI3K and BTK did block CD69 induction after BCR
triggering (Fig 6, A and B). Similar observations were obtained when stimulating B cells
with the TLR7-ligand Gardiquimod and PI3K, BTK or AKT blockade (Fig E5). In addition,
these findings could be reproduced with a second set of chemically unrelated inhibitors
(LY294002 P13K-inhibitor, LMF-A13 BTK-inhibitor and MK-2206 AKT-inhibitor; data not
shown). Since the specificity of kinase inhibitors may always be argued, we analyzed B-cell
responses in X-linked agammaglobulinemia (XLA) patients who display non-functional
BTK molecules (25). We found that activation of CD20*CD27~ naive B cells from XLA
patients after BCR triggering was completely abrogated as illustrated by the lack of CD86
and CD69 induction, further demonstrating BTK requirement for BCR functions (Fig 7, A).
In contrast, BTK-deficient CD20*CD27~ naive B cells stimulated by CpG were similar to
CD19-deficient B cells in that they normally upregulated CD69 but failed to induce CD86
expression (Fig 7, A and B). The majority of circulating CD20*CD27~ naive B cells in XLA
patients displays a phenotype similar to new emigrant/transitional B cells with high
expression of IgM and CD38 whereas mature naive B cells predominate in healthy controls
(35). To rule out that defective TLR9- activation of BTK-deficient B cells might be
explained by B-cell developmental differences and a predominance of new emigrant/
transitional B cells in these patients we compared B-cell activation after CpG stimulation
between sorted new emigrant/transitional and mature naive B cells of healthy controls. We
could not find significant differences in the extent of B-cell activation between both B-cell
subsets (Fig 7, C). Moreover, the XLA patient displayed in Figure 7A was unique in that he
only displayed a milder reduction in peripheral CD19*CD10~CD21*IgM*CD27~ mature
naive B cells compared to other XLA patients. These BTK-deficient mature naive B cells
failed to upregulate CD86 after TLR9 stimulation but normally upregulated CD69 (Fig 7,
A). Hence, abnormal PI3K, AKT or BTK function reproduced the defects observed in
CD19-deficient B cells after TLR9 stimulation, further revealing that these 3 molecules
mediate CD19-dependent TLR9 function in human B cells.
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DISCUSSION

The recognition of nucleic acid containing antigens by human B cells through TLR9 induces
robust activation, proliferation and Ig production (19). Impaired or altered TLR9 responses
have been associated with the development of antibody deficiencies (e.g. CVID) and
autoantibody production (e.g. in SLE) (13, 14, 36). We reported herein that CD19 plays an
essential role in mediating TLR9 functions in human B cells. Indeed, CD19-deficient human
B cells displayed impaired activation responses after TLR9 stimulation whereas pDCs from
the same patients that do not express CD19 showed normal TLR9-induced activation,
excluding a general and unspecific defect of TLR9-signaling in these patients.

TLR9 engagement in B cells is followed by phosphorylation of IRAK1 and 4, recruitment of
these kinases to MyD88, and interaction with TRAF6, which then triggers downstream
signaling resulting in the activation of NF-xB and MAPKSs (18) (Fig 8). However,
phosphorylation of Ik-Ba and p38 MAPK after CpG stimulation was only slightly affected
in B cells in which CD19 expression has been silenced by shRNA, suggesting that CD19
does not appear to play an essential role in mediating TLR9-induced activation of NF-xB
and MAPK pathways in human B cells. In contrast, the phosphorylation of BTK and AKT
after CpG stimulation was decreased in the absence of CD19, suggesting that CD19 mainly
controls BTK- and AKT-dependent TLR9-signaling pathways in human B cells. The
specific requirement of CD19 in TLR9-induced BTK and AKT phosphorylation was
demonstrated in B cells from CD19-deficient patients that displayed impaired BTK and
AKT phosphorylation after TLR9 stimulation. In addition, B-cell stimulation by CpG
induced recruitment of p85 PI3K to CD19 and inhibition of PI3K function severely
diminished CpG induced BTK and AKT phosphorylation. The inhibition of PI3K, BTK or
AKT function using small molecular inhibitors resulted in TLR9-induced B-cell activation
defects similar to those observed in CD19-deficient B cells, further demonstrating the
important role of CD19/PI3K/BTK/AKT axis in mediating TLR9 functions in B cells. These
conclusions were further supported by the activation defects induced by the lack of
functional BTK in B cells from XLA patients following TLR9 stimulation and which
reproduced those of CD19 deficiency or induced by BTK inhibitor. Moreover, the analysis
of TLRY responses in CD19-deficient B cells or when blocking PI3K, BTK or AKT function
revealed activation defects similar to those after TLR9 stimulation. Hence, CD19 is essential
for complete B-cell activation after TLR7 or TLR9 stimulation in human B cells and
depends on a PI3K-mediated BTK and AKT signaling pathway (Fig 8).

In contrast to TLR9 activation, the absence of CD19 had only small effects on BTK and
AKT phosphorylation after BCR-triggering. This is in agreement with previous studies in
CD19-deficient mouse models or cell lines, suggesting that CD19 is not required for AKT
phosphorylation after BCR-triggering and is involved in prolongation or amplification of
BTK-mediated signaling rather than serving as a mandatory molecule for BTK activation
after BCR-triggering (6). Despite some controversial data regarding the involvement of
CD19 in mediating BTK and AKT activation after BCR-triggering (37, 38), it is generally
believed that PI3K function is essential for activation of AKT-dependent signaling pathways
after BCR-triggering (39). Interestingly, other adaptor molecules such as BCAP and Nck
have been shown to be involved in controlling the PI3K-AKT pathway after BCR-triggered

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 March 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morbach et al.

Page 9

B-cell activation and might serve as adaptor molecule in addition to CD19 (31, 40).
Although phosphorylation of AKT and BTK after TLR9-stimulation was significantly
decreased or almost abolished in the absence of CD19, we cannot rule out that - similar to
the BCR-pathway — other adaptor molecules than CD19 might also be involved in mediating
the TLR9-PI3K-AKT pathway in human B cells. However, it is tempting to speculate that
the BCR and TLR9 signaling might intersect at the level of CD19 and branch into a PI3K
mediated signaling pathway involving BTK and AKT (Fig 8).

PI3K blockade in B cells impaired activation following TLR9-stimulation, suggesting that
CD19 and PI3K are key molecules for TLR9 signaling and amplify its responses in human B
cells. In contrast, PI3K activation downstream of TLR ligation mediated by the signaling
adaptor BCAP in myeloid cells inhibits macrophage activation and promotes negative
regulation of TLR responses (41, 42). Hence, different cell type specific receptors and
adaptor molecules may be responsible for mediating the functions of the same TLRs in
different cell types. In line with this hypothesis, CD14 acts as a positive co-receptor for
TLR7 and TLR9 in macrophages (43). In addition, integrin CD11b, which is highly
expressed in monocytes and macrophages, is a negative regulator of TLR signaling in these
cells (44). Interestingly, CD19 has been reported to play a role in mediating the signaling of
the TLR family receptor RP105 (CD180) in murine B cells (45). Moreover, the paired Ig
like receptor B (PIR-B) negatively regulates TLR9 signaling in murine B-1 cells by
dephosphorylating BTK, further identifying BTK as a key player mediating both TLR9 and
BCR signaling in B cells (46).

How does TLR9 initiate its CD19/P13K-dependent signaling pathway? Co-
immunoprecipitation experiments revealed that TLR9 and MyD88 do not interact with
CD19 directly. However, we identified an association between MyD88 and BTK in human
B cells and confirmed MyD88 interactions with PYK2/LYN complexes (32). Since
inhibition of PYK2 and SFK but not BTK function blocked TLR9-induced CD19
phosphorylation, we propose that PYK2/LYN complexes, which bind MyD88, are
responsible for TLR9-induced CD19-phosphorylation (Fig 8). It has been reported recently
that DOCKS functions as an adaptor that recruits PYK2/LYN to MyD88 and links TLR9/
MyD88 to a SYK-STAT3 signaling pathway, essential for B-cell proliferation and
differentiation into memory B cells (32). However, the normal up-regulation of CD86 and
CD23 in DOCKS8-deficient B cells after TLR9 stimulation suggests that the MyD88-
PYK2/LYN/DOCK8-SYK-STAT3 pathway does not overlap with the MyD88-PYK2/LYN-
CD19-PI3K/BTK/AKT pathway that controls the induction of these molecules after TLR9
triggering (32, 47). Hence, PYK2/LY N associated with MyD88 in human B cells might
initiate distinct signaling pathways mediating various TLR9 functions. In agreement with
this hypothesis, DOCK8 mediates TLR9-induced and STAT3-dependent B-cell
proliferation, whereas CD19 controls PI3K/AKT-dependent early expression of B-cell
surface molecules that include TACI, CD23 and CD86. Similarly to CD19-deficient B-cells,
TLR9 induced upregulation of CD86 is decreased in individuals carrying TACI mutated
alleles (13, 14). In addition, TACI can interact with MyD88 and both TLR7 and TLR9 upon
engagement of these receptors (13, 48). TLR7 and TLR9 may then recognize RNA- and
DNA-containing complexes, leading to TLR proteolytic activation and interaction with
TACI, which in turn may allow the amplification of IRAK4/MY D88-dependent signals.
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Since up-regulation of TACI following TLR7 or TLR9 stimulation is impaired in CD19-
deficient B cells and CVID patients with TACI- or CD19-mutations display an overlapping
immunological and clinical phenotype, one might speculate that activation of TACI and
interaction with TLR7/MYD88 or TLR9/MY D88 might also be involved in the
amplification of the described CD19-dependent TLR7 or TLR9 signaling pathway in human
B cells.

In summary, we found that CD19 mediates not only BCR but also TLR7 and TLR9
signaling pathways in human B cells. This novel CD19-dependent TLR pathway is mediated
by a MyD88/PYK2/LYN and CD19/PI3K loop, which amplifies BTK and AKT
phosphorylation, and controls both early B cell activation and proliferation.
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Abbreviations

ANA Anti-nuclear antibody

BCR B-cell receptor

CVID Common variable immune deficiency

pDC plasmacytoid dendritic cell

1B immunoblot

SFK Src family kinase

SLE Systemic lupus erythematosus

TACI Transmembrane Activator and CAML Interactor

TLR Toll-like receptor

XLA X-linked agammaglobulinemia
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Key messages
e CD19 controls TLR9 function in human B cells

 TLR9 induces CD19/PI3K-interaction and activation of BTK and AKT
pathways

e The CD19/PI3K axis integrates BCR and TLR9 pathways
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Defective BCR- and TLR9-induced B-cell activation in CD19-deficient patients. A,
Decreased CD19 cell surface expression in subjects carrying CD19 mutated allele(s). The
cell surface expression of CD19 and CD20 was analyzed on CD20* purified B cells from
healthy family members (CD19-non carrier), CD19-heterozygous carriers (CD19-het.) and
CD19-deficient patients (CD19-def.) of two unrelated families using flow cytometry. B,
Altered TLR9 responses in B cells carrying CD19 mutated allele(s). Surface expression of
TACI, CD23, CD80, CD86, CD69 and CD25 on CD20*CD27" naive B cells of a healthy
family member (CD19-non carrier), a CD19-heterozygous carrier (CD19-het.) and a CD19-
deficient patient (CD19-def.) after no stimulation or in vitro stimulation with F(ab’), anti-
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IgM or the TLR9 ligand CpG for two days. The frequency for the various B-cell surface
markers after activation for two days as analyzed above is represented in C. Each symbol
represents an individual, horizontal bars display the mean.
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FIG 2.

TLR9 stimulation induces phosphorylation of CD19, BTK and AKT in human B cells. A,
Phosphorylation of CD19 was assessed by immunaoblot in lysates from purified healthy
control peripheral blood B cells stimulated or not for various time points with F(ab’), anti-
IgM or TLRI ligand CpG. B, Fold induction of CD19 phosphorylation after F(ab’), anti-
IgM or TLR9 stimulation (mean+SEM; n=3). Phosphorylation of BTK, AKT, SYK and Iga
was assessed in C. The numbers below each immunoblot indicate the fold induction of
phosphorylation compared to the unstimulated sample. Data are representative of two
independent experiments with similar results.
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FIG 3.
TLR9 induced AKT and BTK signaling in human B cells is defective in the absence of

CD19. A and B, The phosphorylation of AKT and BTK after F(ab’), anti-lgM or CpG
stimulation for 15 minutes was analyzed by flow cytometry in CD20+CD21+CD27- naive B
cells from CD19-deficient patients and healthy controls. Overlays of a representative
experiment are shown in A. The fold induction of AKT and BTK phosphorylation in naive
B cells of CD19-def. patients (n=4) and healthy controls (n=6) after F(ab’), anti-lgM or CpG
stimulation compared to the unstimulated sample is shown in B. C and D, Phosphorylation
of AKT and BTK was analyzed in lysates of a Ramos B-cell line transduced with lentiviral
constructs containing no ShRNA (pTRIP control) or a ShRNA targeting CD19 (pTRIP CD19
shRNA) and stimulated for various time points with F(ab’), anti-lgM or CpG. Each bar
shows the fold induction of phosphorylation at a given time point (mean+SEM; n=3;
*p<0.05, *p<0.01, compared with pTRIP control). E and F, Phosphorylation of p38 and
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JNK or Ix-Ba was assessed as described in A-D. Data are representative of two independent
experiments with similar results.
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FIG 4.
PI3K mediates CD19-dependent AKT and BTK phosphorylation after TLR9 stimulation in

human B cells. A, Lysates of a healthy control CD20™ tonsil B cells stimulated with CpG or
F(ab), anti-IgM for various time points were immunprecipitated with anti-CD19 or an
isotype control antibody (1gG) followed by immunblot analysis of p85 PI3K. B, C, and D,
The phosphorylation of AKT, FoxO1 and BTK, p38 and JNK or the degradation of Ix-Ba
was analyzed in lysates of purified peripheral blood B cells from a healthy control
stimulated for various time points with CpG with or without addition of a PI3K inhibitor
(LY294002). Data are representative of two independent experiments with similar results.
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FIG 5.
A MyD88/PYK2/LYN complex mediates TLR9 induced p85 PI3K recruitment to CD19. A,

The phosphorylation of CD19 was analyzed in lysates of purified peripheral blood B cells
from a healthy control stimulated with CpG with or without addition of a src family kinase
inhibitor (PP2), a PYK2 inhibitor (AG-17) or a BTK inhibitor (PC132765). Lysates of
healthy control CD20+ tonsil B cells (B) or EBV-transformed B-cell lines (C) stimulated or
not with CpG for 30 minutes were immunprecipitated with anti-MyD88 (B), anti-PYK2 (B)
or an isotype control antibody (IgG) followed by immunablot analysis. D, EBV-transformed
B-cells from a healthy control were stimulated or not for 30 min with CpG without inhibitor
or in the presence of a src family kinase inhibitor (PP2) or a PYK2 inhibitor (AG-17).
Lysates were immunoprecipitated with anti-CD19 or an isotype control antibody (I1gG)
followed by immunoblotting against p85 PI13K.
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FIG 6.
Inhibition of PI3K, AKT or BTK mimics TLR9 induced B-cell activation defects observed

in CD19-deficient B cells. Surface expression of TACI, CD23, CD86 and CD69 on purified
CD19*CD27™ naive B cells of healthy individuals after in vitro stimulation with F(ab”),
anti-IgM or TLR9 ligand CpG for two days with or without addition of a PI3K-inhibitor
(CAL-101), a BTK-inhibitor (PCI32765) or an AKT inhibitor (AKT-1V inhibitor) was
analyzed by flow cytometry. Dot blots of a representative experiments are shown in A and
the data of five independent experiments is summarized in B. Each bar represents the mean
+ SEM frequency, horizontal dashed lines represent the mean of the unstimulated samples.
(* p<0.05; ** p<0.01; *** p<0.001).
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FIG 7.

Defective TLR9 induced B-cell activation in BTK-deficient XLA patients. A, Surface
expression of B-cell activation markers on CD19*CD27~ naive B cells of a XLA-patient
harboring a BTK mutation after no stimulation or in vitro stimulation with F(ab’), anti-lgM
or TLR9 ligand CpG for two days. B, Quantification of CD86 and CD69 expression on
CD19*CD27™ naive B cells of healthy controls (n=23) or XLA-patients (n=3) after in vitro
stimulation with the TLR9 ligand CpG for two days. Each bar represents the mean + SEM
frequency.

C, Surface expression of the B-cell activation markers CD69 and CD86 on purified
CD19*CD10*CD27~ new emigrant/transitional or CD19*CD10~CD27~ mature naive B
cells from a healthy control after in vitro stimulation as described above.
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FIG 8.

Scheme of CD19-dependent TLR7 and TLR9 signaling pathways in B cells. TLR7 or TLR9
stimulation induces the PYK2/LYN dependent phosphorylation of CD19. CD19
phosphorylation allows the recruitment of PI3K and mediates AKT and BTK
phosphorylation required for proper B cell activation and proliferation. Early BCR signaling
pathways involving CD19 are also represented.
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