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Adaptor protein DOK3 promotes plasma cell
differentiation by regulating the expression of
programmed cell death 1 ligands
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The adaptor Downstream-of-Kinase (DOK) 3 functions as a negative
regulator and attenuates B-cell receptor-mediated calcium signaling.
Although DOK3 is dispensable for early B-cell development, its role
in plasma cell (PC) differentiation is unknown. Here, we show that
Dok3™"~ mice have increased populations of T follicular-helper (Tg,)
and germinal center (GC) B cells upon immunization with a T-cell-
dependent antigen. However, interestingly, they generate signifi-
cantly fewer PCs. Bone marrow reconstitution experiments show
that the PC defect is B-cell intrinsic and due to the inability of
Dok3™"~ B cells to sustain programmed cell death 1 (PD-1) ligand
1 (PDL1) and up-regulate PD-1 ligand 2 (PDL2) expressions that are
critical for PC differentiation. Overexpression of PDL2 rectifies the
PC differentiation defect in Dok3™~ B cells. We further demon-
strate that calcium signaling suppresses the transcription of PD-1
ligands. Abrogation of calcium signaling in B cells by deleting
BTK or PLCy2 or inhibiting calcineurin with cyclosporine A leads
to increased expression of PD-1 ligands. Thus, our study reveals
DOK3 as a nonredundant regulator of PC differentiation by up-
regulating PD-1 ligand expression through the attenuation of
calcium signaling.

Antibody-secreting plasma cells (PCs) with high affinity
against antigens are generated during germinal center (GC)
reactions (1, 2). Within GC, antigen-activated B cells receive
help from a specialized subset of CD4™ T cells called T follicular-
helper (Tg,) cells, undergo proliferation, Ig variable gene somatic
hypermutation, and heavy chain isotype class switching and
subsequently, differentiate into memory B cells and long-lived
PCs (3). The cooperation between GC B and Ty, cells is tightly
regulated and depends on cognate interactions involving a num-
ber of cell surface receptor-ligand pairs such as CD40-CD40L,
CD80/86-CD28, ICOSL-ICOS, and many others (3). Inter-
ruptions of any of these molecular interactions will affect GC
formation and compromise the antibody response.

Programmed cell death 1 (PD-1) and its interacting ligands,
PDL1 and PDL2, are inhibitory molecules that regulate T-cell
activation and tolerance (4, 5). Recently, PD-1 signaling was
demonstrated to be critical for antibody production and di-
versification through regulating the generation and maintenance of
PCs (6-8). PD-1 is not expressed on resting T cells but is inducibly
expressed on activated T-cell subsets including Ty, cells (3). By
contrast, the expression patterns of PDL1 and PDL2 are quite
different. PDL1 is constitutively expressed on numerous immune
cell types including B and T cells, whereas PDL2 expression is more
restricted and is up-regulated upon activation on macrophages and
GC B and dendritic cells (6, 9). Although the role of PD-1/PD-1
ligands interaction in driving PC formation is now beginning to be
defined, it is still unclear how PDL1 and PDL2 expressions are
being regulated in B cells and, in particular, activated B and GC B
cells. Specifically, it is not known what signaling molecule and
pathway would regulate the expression of PDL1 and PDL2 on
activated B cells and affect PC differentiation.

Engagement of antigen by the B-cell receptor (BCR) induces
a number of signaling pathways that culminate in the regulation
of gene expression that drive the differentiation of activated B
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cells toward GC B and ultimately, memory B cells and PCs (10).
One of the critical BCR-activated pathways is that of calcium
signaling. This signaling pathway is initiated when the adaptor
B-cell linker (BLNK) recruits Bruton’s tyrosine kinase (BTK)
to activate phospholipase Cy2 (PLCy2) that together lead to
Ca”* flux in B cells (11, 12). After activation, another adaptor
Downstream-of-kinase (Dok)-3 recruits Grb2 that together se-
quester away BTK to diminish PLCy2 activation and, thereby,
attenuate calcium signaling (12-15). Calcium signaling is known
to induce the cell cycle entry of activated B lymphocytes, but it is
not known whether it regulates the expression of any key mol-
ecules that might be critical for PC differentiation.

We had studied DOK3 in B cells and shown that it was not
required for early B-cell development (14). DOK3 belongs to
a family of seven related adaptors. DOKI, 2, and 3 are preferen-
tially expressed in the immune system (13). DOKI1 and 2 are found
in T cells, whereas DOK1 and 3 are expressed in B lymphocytes.
DOKI-deficient B cells have increased ERK activation (16). We
and others had demonstrated that DOK3 deficiency resulted in
elevated calcium signaling in B cells and is consistent with
the phenotype of Dok3™'~ mice that had enhanced T-cell-
independent immune response (14, 15). Earlier, we documented no
significant difference in T-cell-dependent antibody response in
Dok37'~ mice although in that study, the antibody titers were
quite varied, which perhaps reflected the not-so-pure genetic
background of the newly generated mutant mice. We had also not
studied in detail whether there was a role for DOK3 in GC B-cell
and PC differentiation.

Here, we examine the role of DOK3 in B-cell terminal dif-
ferentiation and show that DOK3 deficiency leads to the ex-
pansion of GC B and Ty, cells but impairs the formation of PCs.
We further demonstrate that DOK3 promotes PC differentiation
by maintaining an optimal level of PDL1 and up-regulating
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Fig. 1. Expansion of Ts and GC B cells in Dok3™~ mice. Flow cytometry
analysis (A) and quantification of the percentage and numbers (B) of Ty,
(CD4*TCRBTCXCR5*PD-1") and GC B (CD19*CD38 Fas*) cells in the Peyer’s
patches of unimmunized WT and Dok3~~ mice. (C) Representative flow
cytometry analysis of T¢, and GC B cells in spleens of WT and Dok3~'~ mice at
day 10 after immunization. (D) Quantification of Tg, and GC B cells in im-
munized WT and Dok3™~ mice as shown in C. Numbers indicate percentage
of CD4* cells for T¢, cells and CD19™ cells for GC B cells. Each symbol rep-
resents one mouse analyzed. *P < 0.05; **P < 0.01.

PDL2 expression on GC B cells. We also show that calcium sig-
naling represses PDL1 and PDL2 gene expression. Taken together,
our findings establish DOK3 as a key signaling molecule important
for PC differentiation by attenuating calcium signaling to up-regu-
late PD-1 ligand expression.

Results

DOK3 Deficiency Leads to Increased Formation of Ty, and GC B Cells.
We generated Dok3™'~ mice and showed that DOK3 was not
required for early B lymphopoiesis (14). However, DOK3 is
known to attenuate BCR signaling (14, 15), which should affect
B-cell activation and terminal differentiation. So far, whether
DOKS3 has an effect on terminal B-cell differentiation in vivo
after antigen recognition has not been fully explored. To address
this possibility, we first examined the Peyer’s patches (PPs) of
wild-type (WT) and Dok3™~ mice where chronic immune
responses occurred. Interestingly, Dok3™~ mice have signifi-
cantly expanded populations of GC B (CD19*CD38 Fas*) and
Tm (CD4*TCRB'PD-1"CXCR5™) cells compared with WT
controls (Fig. 1 A and B). To determine whether the same
phenomenon could be recapitulated in an acute immune re-
sponse, we immunized WT and Dok3™~ mice with alum-pre-
cipitated T-cell-dependent antigen, NP3s-CGG [4-hydroxy-3-
nitrophenyl-acetyl (NP) coupled to chicken gamma-globulin
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(CGG)]. We also found an approximately twofold enhancement
in the fractions of GC B and Ty, cells in the spleen of Dok3™/~
compared with WT mice at day 10 after immunization (Fig. 1C).
Enumeration of GC B and Ty, cells confirmed that these cells
were significantly increased in antigen-challenged mutant animals
(Fig. 1D). These data indicated that DOK3 deficiency leads to the
expansion of GC B and Ty, cells in mice.

Impaired T-Cell-Dependent Antibody Response in Dok3™~ Mice.
Given that both Ty and GC B cells were significantly ex-
panded in Dok3™'~ mice and that GC B cells give rise to high-
affinity long-lived PCs, we postulated that the mutant mice
would have enhanced T-cell-dependent antibody response. To
test this hypothesis, we measured antigen-specific antibody
production by ELISA using NP,- and NP4,-BSA to detect high-
affinity and total antigen-specific antibodies in WT and Dok3 ™~
mice at various time-points after immunization. The humoral
immune response to NP in mice is dominated by IgM and IgG1
antibodies. Surprisingly, Dok3 ™'~ mice exhibited much lower anti-
NP IgM and IgG1 antibody titers compared with WT controls
(Fig. 2). Antigen-specific antibodies of other isotypes were also
drastically reduced in the mutant mice suggesting that the defect
was not due to skewed generation of antibodies of other isotypes
(Fig. S1). These results indicated that DOK3 signaling is required
for optimal T-cell-dependent antibody responses in mice.

DOK3 Is Required for the Differentiation of Antigen-Specific PCs.
During T-cell-dependent antibody response, GC B cells differ-
entiate into antibody-secreting PCs (1, 2, 10). Because Dok3 ™/~
mice have expanded GC population but yet have impaired antigen-
specific antibody response, we evaluated whether the absence of
DOK3 would affect the generation of PCs. First, we examined the
population of antigen-specific GC B (CD19"CD38 Fas*NIP™)
cells in the spleens of WT and Dok3~'~ mice at day 10 after
immunization. Although the percentage of NP-specific GC B
cells was reduced by ~50% in Dok3™~~ mice (Fig. 34), the ab-
solute number of NP-specific GC B cells was comparable between
WT and Dok37~ mice (Fig. 3B), and this phenomenon was due
to the overall expansion of GC B cells in the mutants (Fig. 1 C
and D). Thus, DOK3 deficiency does not affect the generation of
antigen-specific GC B cells.

Next, we investigated the differentiation of antigen-specific
PCs. We used ELISPOT to quantitate both anti-NP, and anti-
NP, antibody-secreting PCs in the spleens and bone marrow of
NP33-CGG-immunized mice. At day 14 after immunization, we
found that Dok3™'~ mice generated significantly fewer NP-spe-
cific IgG1 PCs in their spleens and bone marrow compared with
WT mice (Fig. 3 C and D). At day 28 after immunization, the
pool of long-lived PCs in the bone marrow remained drastically
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Fig. 2. Defective T-cell-dependent antibody responses in Dok3™~ mice.
ELISA measurement of NP,- and NP44-binding IgM and IgG1 antibodies in
the sera of WT and Dok3~"~ mice at day 7, 14, 21, and 28 after immunization
with NP3g-CGG. Each symbol represents one animal analyzed.
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Fig. 3. Impaired PC formation in Dok3™~ mice. Flow cytometry analysis (A) and
quantification of the percentage and numbers (B) of NP-specific GCB cells in the
spleens of WT and Dok3™~ mice at day 10 after immunization. (C) ELISPOT
analyses of NP,- and NPq4-binding 1gG1 secreting PCs in the spleen (SP) and
bone marrow (BM) of WT and Dok3™~ mice at day 14 after immunization.
(D) Quantification of NP,- and NP;4-binding 19gG1 secreting cells in the spleen
and bone marrow of WT and Dok3™~ cells at day 14 and 28 after immuniza-
tions. NS, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

reduced in the mutants (Fig. 3D). Thus, the absence of DOK3 in
antigen-activated B cells compromises the generation of the
long-lived PC pool.

DOK3 Deficiency Affects PD-1 Ligand Expression. Previous studies
have shown that interruptions of B-cell-T-cell cognate inter-
actions involving various cell surface receptor-ligand pairs could
affect GC formation and PC differentiation (2, 3, 10). These
receptor-ligand pairs include CD40-CD40L, ICOS-ICOSL, CD80/
86-CD28, Fas-FasL, and OX40-OX40L. To determine whether
DOKS3 deficiency could affect the expression of these molecules,
we examined their cell surface protein expression on B and T cells
of immunized WT and Dok3™"~ mice. We found the expression
levels of Fas, CD80, CD86, Ly108, ICOSL, OX40L, and CD40
to be comparable on CD19" B cells from WT and Dok3 ™~ mice
(Fig. S2A4). There was also no difference in the expression of
these molecules between GC B cells from WT and Dok3~~ mice
at day 10 after immunization. Analyses of ICOS, OX40, and
Ly108 also revealed no defective expression of these molecules on
CD4* T cells or Ty, cells in immunized WT and Dok3™'~ mice
(Fig. S2B).

Ou et al.

Recently, PD-1 and its ligands and, in particular PDL2, were
shown to regulate the formation of long-lived PCs (6). Hence, we
analyzed the expression of PD-1 on T cells, and PDL1 and PDL2
on B cells in WT and Dok3~'~ mice. We found PD-1 expression
and regulation to be normal on CD4* T or Ty, cells in the ab-
sence of DOK3 (Fig. S2B). Interestingly, we consistently found
PDL1 expressions to be lower on GC B cells in Dok3~~ mice
compared with WT controls (Fig. 4 4 and B). As for PDL2, it
failed to be up-regulated on Dok3~'~ GC B cells compared with
WT GC B cells (Fig. 4 A and B). Quantitative real-time PCR
analyses further indicated that DOK3 deficiency affected the
expression of PDL1 and PDL2 at the transcriptional level be-
cause their mRNAs were significantly decreased in Dok3 ™/~
naive B and GC B cells compared with the respective WT con-
trols (Fig. 4C). Thus, taken together, our data suggested that
DOK3 deficiency affects the expression of PDL1 and PDL2 on B
cells and, thereby, perturbs PC differentiation.

B-Cell-Intrinsic DOK3 Signaling Regulates PD-1 Ligand Expression and
PC Differentiation. Because DOK3 is expressed in other cell types
apart from B cells, it remains possible that DOK3 deficiency in
non-B cells indirectly affects Ty, and GC B cells and the ex-
pression of PDL1 and PDL2 on GC B cells, leading to defective
PC formation. To address whether the defects are due to a B-cell
intrinsic lack of DOK3, we constructed bone marrow chimeras by
using CD45.1 and CD45.2 WT cells (50:50), or CD45.1 WT and
CD45.2 Dok3™'~ cells (50:50). Reconstituted mice were left for
6 wk before NP3g-CGG immunization. Splenic Ty, and GC B-cell
populations were then analyzed by flow cytometry at day 10 after
immunization. We found no difference in Ty, cell population
arising from reconstituted CD45.1 WT/CD45.2 WT and CD45.1
WT/CD45.2 Dok3™'~ cells (Fig. 54 and Fig. S34), thus ruling out
Ty cell expansion in Dok3™~ mice is the causal event for the
expansion of Dok3~'~ GC B cells. However, interestingly we
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Fig. 4. DOK3 deficiency leads to impaired PDL1 and PDL2 expression in B cells.
(A) Representative histogram of protein expression levels of PDL1 and PDL2 on
splenic B and GC B cells in WT and Dok3™~ mice at day 10 after immunization. (B)
Cumulative flow cytometry analyses of mean fluorescence intensity (MFI) for
PDL1 and PDL2 protein expression on GC B cells as shown in A. (C) Quantitative
real-time PCR analyses of PDL1 and PDL2 mRNA levels in naive B cells from un-
immunized or GC B cells from immunized WT and Dok3~~ mice. mRNA level is
normalized to that of GAPDH. *P < 0.05; **P < 0.01; ***P < 0.001.
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observed a significant increase in CD45.2 Dok3™~ GC B cells
compared with CD45.1 WT GC B cells (Fig. 54 and Fig. S34).
The expression levels of PDL1 and PDL2 on CD45.2 Dok3~~ GC
B cells were also lower (Fig. S3B). These data suggested that
DOKS3 regulates GC B cells and the expression of PDL1 and
PDL2 in a B-cell-intrinsic manner.

To further confirm that defective PC formation in Dok3 ™/~
mice is B-cell intrinsic, we constructed another set of bone
marrow chimeras that have only B cells lacking DOK3. This
experiment was accomplished by transferring bone marrow cells
in 20:80 ratio from Dok3~'~ and B-cell-deficient pMT mice into
irradiated pMT recipients. After reconstitution, the B-cell com-
partment in the chimera would be wholly DOK3 deficient,
whereas the other hematopoietic cells present would mainly be
WT with respect to DOK3. Mice were again immunized and,
consistent with the data in Fig. 1, antigen-challenged Dok3~~/uMT
mice (uMT mice reconstituted with Dok3™~ and pMT bone mar-
row cells) have more Ty, and GC B cells compared with immunized
Dok3"*/uMT mice (uMT mice reconstituted with Dok3"* and
pMT bone marrow cells) at day 10 after immunization (Fig. 5B and
Fig. S3C). Similarly, both PDL1 and PDL2 were significantly

Awr (CD45.1) Recipient WT (CD45.1) Recipient
WT (CD45.2) (CD45.1) KO (CD45.2) (CD45.1)
CD45.1 CD45.2 CD45.1 CD45.2

down-regulated on GC B cells from Dok3~~/uMT mice compared
with Dok3™*/uMT mice (Fig. 5 C and D). Furthermore, the for-
mation of NP-specific IgG1 producing PCs was impaired in the
spleens and bone marrow of Dok3™~/uMT mice (Fig. 5E). These
data further confirmed the B-cell intrinsic role of DOK3 in PC
formation and also suggested that the expansion of Tg, cells in
Dok37'~ mice depends on Dok3™~ B cells, possibly due to the
impaired expression of PDL1 and PDL2.

PDL2 was reported to be important for PC differentiation (6).
Because Dok3~'~ GC B cells could not up-regulate PDL2 ex-
pression, we ask whether PDL2 overexpression in Dok3™~ B
cells could rescue the defective PC formation in Dok3™~ mice.
Hence, we constructed chimeric mice overexpressing PDL2 in
Dok3™'~ B cells. This set of experiments was achieved by trans-
ferring pMT bone marrow cells and Dok3~~ bone marrow pro-
genitor cells transduced with retrovirus encoding PDL2 and
GFP in 70:30 ratio into irradiated pMT recipients. After re-
constitution, approximately 20-40% of the B cells had higher
level of PDL2 expression (Fig. 5F). We were able to detect anti-
NPy, IgG1 producing PCs in the spleens of chimeras at day 10
after immunization and, consistent with our hypothesis, PDL2
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Fig. 5. B-cell-intrinsic DOK3 signaling regulates Tg, and GC B-cell compartments, PD-1 ligand expression, and PC formation. (4) Representative flow cytometry

analysis of chimeras reconstituted with either WT (CD45.1)AWT (CD45.2) or WT (CD45.1)/KO (CD45.2) bone marrow cells to show Tg, and GC B cells at day 10 after
immunization. (B) Flow cytometry analyses of T¢, and GC B cells in the spleen of recipient pMT mice reconstituted with Dok3™/uMT or Dok3**/uMT bone marrow cells
at day 10 after immunization. (C) Histogram depiction of PDL1 and PDL2 expression on GC B cells from the immunized reconstituted mice as shown in B. (D) Cu-
mulative flow cytometry analyses of MFI for PDL1 and PDL2 protein expression as shown in B. (E) Enumeration of NP,- and NPq4-binding IgG1-secreting PCs from the
reconstituted mice as shown in B. (F) Representative flow cytometry analysis of PDL2 expression on splenic B cells from recipient pMT mice reconstituted with pMT and
retroviral transduced WT or Dok3™~ bone marrow cells. (G) ELISPOT analyses of NP44-binding IgG1 secreting PCs in the spleen of reconstituted mice at day 10 after
immunization as shown in F. (H) Quantification of NP44-binding IgG1 secreting cells as shown in F. *P < 0.05; **P < 0.01; ***P < 0.001.
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overexpression in Dok37~ B cells significantly enhanced the
formation of PCs in reconstituted pMT mice (Fig. 5 G and H).
Taken together, these data indicated that DOK3 signaling in B
cells is required to up-regulate PDL2 expression and drive PC
differentiation.

DOK3 Regulates PD-1 Ligand Expression via Attenuating Calcium
Signaling. At the biochemical level, DOK3 is known to restrict
the intensity of calcium signaling in B cells (14, 15). Hence, we
hypothesized that Ca®* signaling might regulate the expression
of PD-1 ligands. Because DOK3 deficiency led to higher in-
tensity of calcium signaling but lower expression of PDL1 and
PDL2 (Fig. 4), we further speculated that Ca** signaling sup-
pressed the transcriptional up-regulation of PDL1 and PDL2.
If this hypothesis is correct, then inhibition of Ca** signaling
could lead to up-regulation of PD-1 ligand expressions. At the
molecular level, DOK3 had been shown to recruit Grb2, and
together they negatively regulate BTK and PLCy2, the two key
enzymes involved in signaling Ca** mobilization in B cells (12,
14, 15). To test the hypothesis that calcium signaling negatively
regulates PD-1 ligand expression, we first examined PDL1 and
PDL2 gene expression in B cells lacking BTK or PLCy2. Indeed,
we were able to show that Btk™'~ (Fig. 6 4 and B and Fig. S4) and
Plcy2™'~ (Fig. 6 D and E and Fig. $4) B cells had higher mRNA
and protein levels of PDL1. PDL2 protein level was also found
to be higher on Plcy2™~ B cells compared with control (Fig. 6F
and Fig. S4), although its level was unchanged on naive Btk”'~ B
cells but slightly higher on Btk~'~ GC B cells (Fig. 6C and Fig. S4).
These data supported the view that calcium signaling inhibits
PDL1 and PDL2 expression in B cells.
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Fig. 6. Calcium signaling represses the transcript levels of PDL1 and PDL2.
Quantitative real-time PCR analyses (A and D) and representative histograms
of PDL1 (B and E) and PDL2 (C and F) expression levels in naive B cells (A, B,
and D-F) and GC B cells (C) from WT, Btk~'~, and Plcy2~"~ mice. mRNA level is
normalized to that of GAPDH. ***P < 0.001. (G) Quantitative real-time PCR
analyses of PDL1 and PDL2 mRNA in WT B cells that were pretreated with
various doses of CsA for 1 h and subsequently left unstimulated (media) or
stimulated with 10 pg/mL anti-lgM antibodies for 3 h. Figure shown is rep-
resentative of three independent experiments.
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To further confirm the role of calcium signaling in the negative
regulation of PD-1 ligand expression, we used cyclosporin A (CsA),
a commonly used inhibitor that specifically targets calcineurin, to
block calcium-activated signaling pathways and transcription fac-
tors/repressors in WT B cells. Consistent with the data obtained so
far, we were able to observe the transcriptional up-regulation of
PDLI1 and PDL2 gene expression in anti-IgM-activated B cells that
were concurrently treated with either 10 or 100 ng/mL of CsA (Fig.
6G). Taken together, the data indicated that inhibition of calcium
signaling up-regulates PDL1 and PDL2 expression and further
suggested that DOK3 up-regulates PD-1 ligand expression in part
through the attenuation of calcium signaling in B cells.

Discussion

We report here that DOK3 plays an unexpected role in regu-
lating the antigen-driven phase of B-cell differentiation. We
show that the formation of PCs was severely curtailed although
GC B and Ty, cells were present in greater fractions in mice
lacking DOK3. We further demonstrate that DOK3-deficient
GC B cells have defective PD-1 ligand expressions, and over-
expression of PDL2 in Dok3~'~ B cells could rescue the defect of
PC formation in the mutant mice (Figs. 4 and 5). Hence, our
present study suggests that DOK3 plays an important role in PC
differentiation through its regulation of PD-1 ligand expressions.

Tg, cells are important for GC B-cell differentiation and an-
tibody response. The critical role of PD-1 signaling in Ty, cell
differentiation had been examined recently (6-8). Blocking PD-1
signaling by deleting either PD-1 or PD-1 ligands resulted in the
expansion of Ty, cells with altered cytokine production and im-
paired antibody production and IgA diversification (6, 8). It was
also reported that PD-1 pathway inhibits the function of Ty, cells,
and PD-1-deficient Ty, cells have enhanced suppressive ability to
restrict antibody production (7). In our study, the expression of
PD-1 on T cells was not changed, whereas the expressions of PD-1
ligands on GC B cells were significantly impaired in Dok3™~ mice
(Fig. 4 and Fig. S2). By constructing different bone marrow chi-
meras, we confirmed that the expansion of Ty, cells in Dok3™~
mice was not T-cell intrinsic but rather dependent on Dok3™~ B
cells (Fig. 5 and Fig. S3). Taken together, our data strongly
suggest that the expansion of Ty, cell in Dok3™~ mice is due to
the down-regulation of PDL1 and PDL2 on Dok3™"~ GC B cells.

Although the role of PD-1 ligands in PC differentiation is
beginning to be appreciated, what is not known is the signaling
events or pathways that regulate the expression of these mole-
cules in activated B cells. Our current study directly implicates
DOK3 and its associated signaling pathways as critical regulators
of PD-1 ligand expressions. DOK3 is an adaptor molecule in-
volved in the negative regulation of BCR signaling. At the bio-
chemical level, it recruits another adaptor, Grb2, and together,
they sequester BTK and diminish PLCy2 activation and, thereby,
attenuate calcium signaling (14, 15). Thus, DOK3 might regulate
PD-1 ligand expression through restricting the intensity of cal-
cium signaling. In support of this model, we first show that
DOKS3 signaling directly regulates PD-1 ligand expression at the
transcriptional level (Fig. 4). In the absence of DOK3 with ele-
vated calcium signaling, the transcript levels of PDL1 and PDL2
were decreased. In the absence of BTK or PLCy2 where calcium
signaling is blocked, the transcript levels of PDL1 and PDL2
were increased (Fig. 6). Hence, these data suggest that calcium
signaling inhibits PDL1 and PDL2 expression.

That calcium signaling directly negatively regulates PD-1 li-
gand gene expression is further corroborated and extended by
our calcineurin inhibition study. We found that calcineurin in-
hibition up-regulated the expressions of PDL1 and PDL2 (Fig.
6G). Calcineurin is a serine-threonine phosphatase that is acti-
vated by calcium signaling and dephosphorylates NFAT and
MEF2 families of transcription factors and, thereby, allowing
them to translocate to the nucleus to drive or inhibit gene
expressions (12, 17-21). It has been reported that different
NFATSs have different roles in B cells. NFAT2 deletion was
found to impair BCR-mediated proliferation and facilitate
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activation-induced cell death, whereas NFAT1 deficiency ren-
dered B cells resistant to BCR-mediated apoptosis (18, 19, 22, 23).
We have attempted to identify whether any of the NFAT tran-
scription factors could be involved in repressing PD-1 ligand ex-
pression, but we were not successful. Thus, a combination of NFAT
factors and or other yet-to-be identified transcription factors could
mediate the repression of PD-1 ligand gene expression.

Our findings in this study also provide more detailed insights
to the cellular model of GC B-Ty, cell interaction, leading to the
generation of long-lived PCs. In this model, DOK3 is activated in
GC B cells after antigen recognition and, subsequently, attenu-
ates BCR-mediated calcium signaling to constrain the size of GC
B cells and to maintain optimal PDL1, and up-regulates PDL2
expression to allow for the generation of long-lived PCs. PDL1
and PDL2 on GC B cells also engage PD-1 on Ty, cells and limit
the size of this compartment. Thus, in the absence of DOK3 in B
cells, the reduced PDL1 and PDL2 expression on GC B cells
lead to Ty, cell expansion. That PDL2 is important for PC for-
mation also suggests that there is likely PDL2 reverse signaling in
GC B cells, and this possibility needs to be further studied.

Materials and Methods

Mice. C57BL/6, CD45.1, Btk~~, and pMT mice were obtained from The Jackson
Laboratory. PIcyZ”’ and Dok3™"~ mice were described (14, 24) and bred to
C57BL/6 background for more than 10 generations. All mice were housed
under specific pathogen-free conditions in accordance with the protocols
approved by the A*STAR Biological Resource Centre Institutional Animal
Care and Use Committee. Mice were immunized i.p. with 100 pg of NP3g-CGG
(Biosearch Technologies) precipitated in Imject Alum (Pierce).

Flow Cytometry. Single-cell suspensions from spleens, bone marrow, and
Peyer’s patches were prepared and cells were stained with various com-
binations of fluorochrome-conjugated antibodies to CD4, CD19, PDL1,
CD38, B220, CD45.1, CD45.2 (BioLegend), CD40, TCRp, ICOS, PD-1, CXCR5,
Fas, Ly108, ICOSL, OX40L, PDL2, OX40, CD80, and CD86 (BD Biosciences).
Antigen-specific GC B cells were detected with anti-CD19, anti-CD38, and
anti-Fas antibodies and NIP. Samples were acquired on LSRII cytometer (BD
Biosciences) and analyzed with FlowJo (Tree Star).

. Klein U, Dalla-Favera R (2008) Germinal centres: Role in B-cell physiology and ma-
lignancy. Nat Rev Immunol 8(1):22-33.

. Victora GD, Nussenzweig MC (2012) Germinal centers. Annu Rev Immunol 30:429-457.

. Crotty S (2011) Follicular helper CD4 T cells (TFH). Annu Rev Immunol 29:621-663.

4. Nishimura H, Nose M, Hiai H, Minato N, Honjo T (1999) Development of lupus-like
autoimmune diseases by disruption of the PD-1 gene encoding an ITIM motif-carrying
immunoreceptor. Immunity 11(2):141-151.

. Okazaki T, Chikuma S, Iwai Y, Fagarasan S, Honjo T (2013) A rheostat for immune
responses: The unique properties of PD-1 and their advantages for clinical application.
Nat Immunol 14(12):1212-1218.

. Good-Jacobson KL, et al. (2010) PD-1 regulates germinal center B cell survival and the
formation and affinity of long-lived plasma cells. Nat Immunol 11(6):535-542.

. Sage PT, Francisco LM, Carman CV, Sharpe AH (2013) The receptor PD-1 controls follic-
ular regulatory T cells in the lymph nodes and blood. Nat Immunol 14(2):152-161.

. Kawamoto S, et al. (2012) The inhibitory receptor PD-1 regulates IgA selection and
bacterial composition in the gut. Science 336(6080):485-489.

. Keir ME, Butte MJ, Freeman GJ, Sharpe AH (2008) PD-1 and its ligands in tolerance
and immunity. Annu Rev Immunol 26:677-704.

10. Oracki SA, Walker JA, Hibbs ML, Corcoran LM, Tarlinton DM (2010) Plasma cell de-

velopment and survival. Immunol Rev 237(1):140-159.

11. Xu S, et al. (2000) B cell development and activation defects resulting in xid-like im-

munodeficiency in BLNK/SLP-65-deficient mice. Int Immunol 12(3):397-404.

12. Scharenberg AM, Humphries LA, Rawlings DJ (2007) Calcium signalling and cell-fate

choice in B cells. Nat Rev Immunol 7(10):778-789.

13. Mashima R, Hishida Y, Tezuka T, Yamanashi Y (2009) The roles of Dok family adapters

in immunoreceptor signaling. Immunol Rev 232(1):273-285.

14. Ng CH, Xu S, Lam KP (2007) Dok-3 plays a nonredundant role in negative regulation

of B-cell activation. Blood 110(1):259-266.

w N

5]

o

~

oo

©

11436 | www.pnas.org/cgi/doi/10.1073/pnas.1400539111

Bone Marrow Chimeras. Bone marrow reconstitution studies ware performed as
described with minor modifications (25). Briefly, 3 x 10% mix bone marrow cells
of uMT and WT (80%:20%), pMT and Dok3 ™~ (80%:20%), WT CD45.1 and WT
CD45.2 (50%:50%), or WT CD45.1 and Dok3 ™~ CD45.2 (50%:50%) origins were
injected i.v. into lightly irradiated uMT mice (800 rads) or WT CD45.1 mice (900
rads). Recipient mice were left for 6 wk before NP3g-CGG immunization.

To overexpress PDL2 in Dok3~"~ B cells, 5-fluorouracil-treated WT and
Dok3™"~ bone marrow cells were harvested and cultured in DMEM media
supplemented with IL-3 (20 ng/mL), IL-6 (50 ng/mL), and stem cell factor
(50 ng/mL) for 24 h. Cells were then transduced twice with retroviruses
packaged from either MIGR1 vector or PDL2-overexpressing MIGR1-PDL2
vector over 2 d. Transduction efficiency was ~30% as demonstrated by
GFP-positive cells. After transduction, cells were mixed with pMT bone
marrow cells (30%:70%) and injected i.v. into lightly irradiated pMT mice
(800 rads).

ELISA and ELISPOT. NP-specific antibodies and PCs were detected via ELISA
and ELISPOT, respectively, as described (26).

Cell Isolation and Culture. Total B cells were isolated from the spleens by using
anti-CD43 magnetic beads (Miltenyi) according to the manufacturer’s instructions.
For inhibitor studies, purified B cells were pretreated for 1 h with CsA (10 ng/mL
or 100 ng/mL) and stimulated with anti-IgM for 3 h in the presence of CsA.

Quantitative Real-Time PCR. Total RNA was isolated and real-time PCR was
performed by using SYBR Green reagents. The primers are as follows: Gapdh
forward, 5 TGTGTCCGTCGTGGATCTGA 3/, reverse, 5 TTGCTGTTGAAGTCG-
CAGGAG 3’; PdI1 forward, 5' TCAGCTACGGTGGTGCGGACT 3/, reverse, 5’
AGCTTCTGGATAACCCTCGGCCT 3'; PdI2 forward, 5" CCGGCCTGCACCATCGC-
TTT 3, reverse, 5" TCCCAAGACCGCAGGTCCAGAT 3.

Statistical Analysis. Two-tailed unpaired and paired t tests were performed
by using Prism software.
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