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Involvement of the HCK and FGR src-Family Kinases in
FCRL4-Mediated Immune Regulation

Yanling Liu,* Ksenia Bezverbnaya,* Tiantian Zhao,* Marion J. Parsons,*
Mengyao Shi,* Bebhinn Treanor,”" and Gétz R. A. Ehrhardt*

FCRLA4 is an immunoregulatory receptor expressed by a subpopulation of memory B cells. These tissue-based cells express in-
creased levels of the src-family kinases HCK and FGR. In this study, we investigate the roles of these src-family kinases in
FCRL4-mediated immunoregulation of B cells in the context of previously unrecognized palmitoylation of the receptor. We ob-
served enhanced phosphorylation of FCRL4 on tyrosine residues in the presence of the HCK p59 or FGR. This phosphorylation
was markedly reduced in assays using a palmitoylation-defective mutant of FCRL4. In reporter gene studies, we observe that
FCRLA4 expression enhances CpG-mediated activation of NF-kB signaling. Surprisingly, using a reporter gene linked to activation
of the MAPK substrate Elk-1 in response to Ag receptor ligation, we find that FCRL4 has inhibitory activity in cells coexpressing
FGR but an activating function in cells coexpressing HCK p59. We provide evidence that in primary memory B cells, expression of
FCRILA4 leads to increased expression of IL-10 in the presence of FGR or HCK p59 in response to CpG, but increased levels of IFN-y
only in the context of coexpression of FGR. Our study supports the specific requirement of HCK p59 and FGR src-family
kinases for FCRL4-mediated immunomodulatory activity and indicates that palmitoylation serves as an additional level of

regulatory control of FCRL4. The Journal of Immunology, 2015, 194: 5851-5860.

emory B (Bmem) cells are a key component in pro-
M viding immunity to previously encountered Ags during

the course of either natural infections or vaccinations
(1-3). Originally identified by expression of the CD27 Ag (4), it
has become clear that the pool of Bmem consists of functionally
distinct subpopulations in humans and mice (5, 6). Despite the
prominent position of Bmem cells in humoral immune responses,
our knowledge of regulatory control mechanisms governing the
activation of Bmem subpopulations is incomplete.

A novel family of ITIM- and/or ITAM-bearing receptors im-
plicated in regulating Bmem responses are the FcR-like (FCRL)
molecules. This family of immunoreceptors has been identified by
their sequence similarities to FcRs, neighboring genomic locali-
zation, and conserved gene organization (7—11). The FCRL family
in humans contains six cell-surface receptors, five of which
(FCRL1-5) are preferentially expressed by B lineage cells. The
FCRL members are often most highly expressed by Bmem cells,
implying that Bmem cells are subject to important immunoregu-
latory mechanisms that are poorly understood. FCRL4 is unique in
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that it is expressed exclusively by a limited population of Bmem
cells that are normally based in mucosal lymphoid tissues (5).
Interestingly, an exhausted population of FCRL4" Bmem cells has
been detected in blood samples from viremic HIV-17 individuals,
as well as in individuals from malaria-endemic regions (12—-14)
and in the joint fluid of rheumatoid arthritis patients (15).

The presence of ITAM and/or ITIM sequences in the intracel-
lular domains of FCRL molecules suggests an immunoregulatory
function of these receptors. This is supported by biochemical evi-
dence for several of the FCRL receptors. The intracellular region
of FCRL4 contains three ITIM sequences, the two membrane-
proximal of which could also form a noncanonical ITAM, and
a potent inhibitory function on BCR signaling has been demon-
strated (16). This inhibitory activity was mediated via recruitment
of the SHP-1 and SHP-2 tyrosine phosphatases to the intracellular
domain of FCRL4 after coligation with the Ag receptor. Similarly,
the FCRL2 and FCRLS5 molecules display inhibitory activity upon
coligation with the BCR by a mechanism dependent on tyrosine
phosphorylation and recruitment of the SHP-1 phosphatase (17, 18).
Interestingly, a recent study demonstrated that ligation of FCRLS
in viable motheaten mice lacking a functional SHP-1 phosphatase
enhanced BCR signaling, whereas coligation of FCRLS with the
BCR on B lineage cells derived from Lyn '~ mice inhibited BCR
signals (19). In contrast with the inhibitory activity of FCRL2,
FCRL4, and FCRLS5, FCRL1 functions as coactivator on human
B lineage cells via a mechanism that remains to be elucidated
(20). FCRL3 on human B cells has been found to enhance CpG
signaling but interfere with CpG-mediated plasma cell differ-
entiation (21).

In previous studies we observed that FCRL4™~ Bmem responded
equally well to T-dependent and T-independent stimulation,
whereas FCRL4" Bmem selectively responded to simulated
T-dependent stimulation (5). To further define this distinction, we
performed a comparative transcriptome analysis and identified
differentially regulated transcripts in the FCRL4" and FCRL4~
Bmem cells, including cell-surface receptors, transcription factors,
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cell-cycle regulators, and signal transduction molecules (22). The src-
family members hemopoietic cell kinase (HCK) and feline Gardner-
Rasheed sarcoma viral oncogene homolog (FGR) were among the
most strongly upregulated transcripts in FCRL4™ cells. Given the key
role of src-family kinases in phosphorylating tyrosine residues of
ITIM- and ITAM-bearing receptors (23), we investigated in this study
the role of the HCK and FGR kinases in FCRL4-mediated modula-
tion of BCR signaling. Recent evidence shows FCRL4-mediated en-
hancement of CD23 expression induced by TLR9 stimulation (24),
suggesting a function for FCRL4 at the interface of adaptive and
innate immunity. Therefore, we extended our study to the potential
regulation of signaling by innate receptors. Our findings indicate
a potential role for HCK and FGR in the immunoregulatory activity
of FCRLA4. Furthermore, we provide evidence for FCRL4 palmi-
toylation and lipid raft localization of the FCRL4 receptor.

Materials and Methods

Cells and reagents

HEK293T and BOSC23 cells were cultured in DMEM supplemented with
glutamine, 100 U/ml penicillin/streptomycin, and 10% FBS. The IgM* BJAB
human Burkitt’s lymphoma cell line was cultured in RPMI 1640 supplemented
with glutamine, 100 U/ml penicillin/streptomycin, 50 wuM 2-ME, and 10%
FBS. Cells were maintained in a humidified atmosphere at 37°C with 5% CO,.
cDNAs for src-family kinases were obtained from American Type Culture
Collection, and FCRLA sequences have been described previously (10, 16).
Anti-phosphotyrosine Abs were obtained from Millipore (Billerica, MA), and
anti-myc epitope tag Abs were purchased from Cell Signaling Technology
(Danvers, MA). Abs to the cell-surface Ags mCD4 (PE-Cy7, clone RM4-5),
CD20 (PerCP-Cys5.5, clone H1(FB1)), CD27 (FITC, clone M-T271), as well as
anti-IL-6 (PE, clone MQ2-6A3) and anti-IFN-y (PE, clone B27), were pur-
chased from BD Biosciences (San Jose, CA), and anti—IL-10 (PE, clone JES3-
19F2), anti-TNF-a (PE, clone MAb11), and anti-CD3 (allophycocyanin-Cy7,
clone HIT3a) Abs were purchased from Biolegend (San Diego, CA). Unla-
beled anti-IgM (clone G20-127) was also purchased from BD Biosciences.
F(ab’), preparations of goat anti-human Ig Abs for stimulations were obtained
from Jackson Immunoresearch and CpG (ODN2006) from Invivogen (San
Diego, CA). IgA preparations from colostrum were obtained from Sigma
(St. Louis, MO) and heat-aggregated by incubating at 60°C for 30 min.
Recombinant cytokines were purchased from Peprotech (Rocky Hill, NJ).

Generation of expression constructs and transfections

Full-length FCRL4 and the various FCRL4 mutants were modified with an
N-terminal HA epitope tag and cloned into the pMX-PIE vector, which
allows the expression of the gene of interest upstream of an internal ri-
bosome entry site (IRES) sequence and the enhanced GFP marker (25).
The LYN, HCK, and FGR src-family kinases were modified to express
a C-terminal c-myc epitope tag. To generate the long isoform HCK p61,
we replaced the naturally occurring atypical CTG translational initiation
sequence (26) with a conventional ATG sequence for increased expres-
sion. For transient transfections in HEK293T cells, the wild-type (wt)
and constitutively active mutants of the src-family kinases were cloned
into the pIRESpuro2 vector backbone (Invitrogen, Carlsbad, CA). Site-
directed mutagenesis to generate constitutively active mutants of the
various src-family kinases was performed using standard molecular bi-
ology techniques with the following antisense oligonucleotides: LYN
Y508F (5'-taagatctaggcetgcetgetggaattgeccttecg-3'), FGR Y523F (5'-taa-
gatcttgtctgatceccgggetggaactgtggtte-3'), HCK p59 Y500F, and HCK
p61 Y522F (5'-taagatcttggctgctgttggaactggetetetgt-3'). The PCR fragments
were subsequently cloned into the pmyc-IRES vector, a construct based
on the pIRESpuro2 vector designed to add a C-terminal c-myc epitope
tag to the src-family kinases, and sequence fidelity was verified by DNA
sequencing. For stable transfections, the wt src-family kinases were
cloned into a modified version of the pLPCX vector in which the ex-
tracellular and transmembrane regions of murine CD4 were inserted
downstream of an IRES element, thereby generating a cell-surface
marker that allows for purification of cells stably expressing intracellu-
lar proteins. All expression constructs were verified by DNA sequencing.
Transient transfections and retroviral transductions were performed as
described previously (16). In brief, 750,000/well HEK293T cells were
plated in a volume of 2 ml 24 h before transfection. The cells were
transfected using a poly(ethyleneimine) (PEI) approach at a ratio of 3 pg
PEI/1 pg plasmid DNA (27). At these low concentrations of PEI we did
not observe toxic effects on HEK293T cells or BOSC23 cells (viability
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>98%). To use retroviral supernatants from the ecotropic BOSC23
packaging line to transduce human cell lines, we transiently transfected
BJAB cells by electroporation (275 V, 975 wF) 3648 h before viral
transduction with a plasmid expressing the ecotropic receptor (mCAT1),
thereby creating a brief window of opportunity for viral transduction
with ecotropic viral particles. Expression of the various FCRL4 or src-
family kinase constructs in BJAB cells did not alter the expression levels
of the cell-surface Ag receptor (Supplemental Fig. 2).

Immunoprecipitations and Western blot analysis

Stimulations of BJAB cells with anti-Ig Abs or CpG were performed after
starvation of the cells for 2-3 h in medium without FBS, supplemented with
20 mM HEPES, pH 7.4. Ag receptor cross-linkage was performed either
with anti-IgM, thereby not engaging IgA-coated FCRL4, or with Ab prep-
arations recognizing IgA, IgM, and IgG (IgA/M/G), leading to coligation of
IgM on the surface of BJAB cells and IgA-coated FCRL4. For each ex-
periment, 3 X 10° cells were subjected to stimulation. Western blot analysis
was performed as described earlier (16, 25, 28). In brief, the cells were
pelleted by centrifugation and lysed in Nonidet P-40 lysis buffer (1%
Nonidet P-40, 150 mM NaCl, 5 mM EDTA, 50 mM Tris, pH 7.5) in the
presence of protease and phosphatase inhibitors (leupeptin 5 pg/ml, pep-
statin 1 wg/ml, aprotinin 5 pg/ml, soybean trypsin inhibitor 10 pwg/ml, PMSF
40 pg/ml, NazVO,4 0.2 mM, Na,MoO, 1 mM, B-glycerophosphate 10 uM).
The cells were lysed for 10 min on ice, centrifuged at 20,000 X g for 10 min
at 4°C, and the supernatants were subjected to immunoprecipitation using
2 pg anti-HA Abs and 30 wl of a 50% slurry of protein G Sepharose (GE
Healthcare, Pittsburgh, PA). Alternatively, the supernatants were prepared for
analyses of whole-cell lysates by addition of 5X sample loading buffer (final
concentration 2% SDS, 10% glycerol, 40 mM Tris pH 6.8). Subsequently,
the cell lysates and immunoprecipitates were resolved by SDS-PAGE and
transferred onto nitrocellulose membranes (Pall, Port Washington, NY). The
membranes were blocked in 5% BSA in TBS/1%Tween 20 (TBS-T) for 3 h
and incubated with primary Abs overnight at 4°C in 1% BSA in TBS-T,
followed by incubation with secondary Abs for 45 min at room temperature.
Signals were visualized using ECL reagent (Millipore, Billerica, MA) and
a BioRad imaging system (BioRad, Hercules, CA).

Metabolic labeling of cells with [PH]palmitic acid

BJAB cells expressing FCRL4 wt or FCRL4 C410A were incubated with
0.5 mCi [9,10(n)-3H] palmitic acid (Amersham Pharmacia Biotech, Little
Chalfont, U.K.) for 4 h at 37°C in the presence of 10% dialyzed FBS
before lysis. The cells were lysed as described earlier, and the cell lysates
were subjected to immunoprecipitation using anti-HA tag Abs. Eighty
percent of the immunoprecipitates were separated by SDS-PAGE on a
7.5% acrylamide gel, followed by treatment with EN°’HANCE solution
(Perkin Elmer, Waltham, MA) and subsequent autoradiography. The re-
maining 20% of the samples was separated by SDS-PAGE, and immuno-
precipitated FCRL4 proteins were detected by anti-HA epitope tag Western
blotting as described earlier. Palmitoylation of FCRL4 was assessed
in two independently performed metabolic labeling experiments.

Density gradient centrifugation assays

Density gradient centrifugation was performed as described previously (29).
In brief, 1.5 X 107 cells were stimulated as indicated followed by lysis for
30 min on ice in 600 I TNE buffer (1% Triton X-100, 150 mM NaCl, 5 mM
EDTA, 10 mM Tris, pH 7.5) supplemented with leupeptin (5 pg/ml),
aprotinin (5 pg/ml), soybean trypsin inhibitor (10 pg/ml), and NazVO,
(0.2 mM). The cell lysates were treated with 10 strokes of a Dounce ho-
mogenizer with a B-type pestle, followed by centrifugation for 10 min at
900 X g at 4°C. The supernatants were mixed with an equal volume of 85%
sucrose in TNE, transferred to an ultracentrifugation tube, and overlaid with
2 ml of 35% sucrose in TNE and 1 ml of 5% sucrose in TNE. Subsequently,
the samples were subjected to ultracentrifugation for 18 h at 230,000 X g.
After centrifugation, the samples were removed in 11 aliquots of 400 wl
from the top of the ultracentrifugation tubes, mixed with 5X SDS sample
loading buffer, and analyzed by SDS-PAGE and Western blotting with anti-
HA tag Abs, anti-LYN Abs, and anti-CD45 Abs. Lipid raft localized proteins
were typically detected in fractions 3 and 4 from the top of the gradient.

Immunofluorescence microscopy and data quantification/
analysis

Lipid rafts were visualized using 30 pg/ml Alexa 555—conjugated cholera
toxin subunit B (CTB; Life Technologies) in RPMI 1640 for 30 min on ice
and then washed two times with PBS. Cells were then incubated with 20
wg/ml heat-aggregated IgA for 20 min, washed with PBS, and subsequently
stimulated with 20 pg/ml F(ab'), goat anti-human IgA/M/G at 37°C for
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6.5 min. To stop the stimulation, we fixed cells with 4% PFA for 15 min at informed consent. PBMCs were isolated by density gradient centrifugation
37°C, washed, and dispensed into a Lab-Tek II chamber (Nalge Nunc Inter- over lymphocyte separation medium for 20 min at 750 X g. PBMCs (5 X 10°
national). Images were captured using a WaveFX-X1 spinning disc confocal cells) were transfected with 5 g of the indicated FCRL4 and src-family kinase
microscope (Quorum Technologies) equipped with a 63X oil-immersion ob- expression plasmids at a ratio of 2:1 by electroporation using the B cell
jective and an EM-CCD camera (Hamamatsu Photonics). Approximately 0.2- nucleofection system (LONZA, Allendale, NJ). Transfection efficiencies of
to 0.3-pm z-stacks comprising sequential x-y sections = 1.5 wm from the PBMC:s were typically between 20 and 40%. After transfection, the cells were
center plane of the cells (3 wm total) were acquired for at least 50 cells for each cultured in the presence of 200 wg/ml CD40L and 50 ng/ml IL-2 for 20 h
condition. Images were processed and analyzed using Volocity software before addition of CpG (5 pg/ml) or an equal volume of PBS as negative
(Improvision) and ImageJ (National Institutes of Health). Surface colocaliza- control for an additional 48 h. Five hours before harvesting, the cells were
tion between lipid rafts and GFP-FCRL4 was assessed in extended focus treated with 50 ng/ml PMA, 1 pg/ml ionomycin, and 1:1000 dilution of
z-stack images from a 3-pm-thick central section of the cell. Cell surface was brefeldin A solution followed by fixation/permeabilization with Cytofix/

manually selected by drawing around the cell membrane using Volocity, and Cytoperm solution according to the manufacturer’s manual (BD Biosciences,
Pearson’s correlation coefficient was calculated for each cell. Background San Jose, CA). Transfected cells were identified by expression of mCD4.
intensity was set as a minimum threshold for each input channel for calculation Frequencies of mCD4* Bmem cells ranged from 10 to 15% of total Bmem
of correlation coefficient. In total, ~400 cells for each condition were pooled cells. Cell data were acquired using a BD Canto flow cytometer, and the data
for colocalization coefficient analysis from three independent experiments. were analyzed using the FlowJo software package (Ashland, OR).

Two-tailed ¢ tests were performed on data using Prism 6 (GraphPad Software).

Reporter gene expression assays Results

Elk-1 activity was assessed using the PathDetect system (Stratagene, Src-family kinases mediate phosphorylation of FCRLA
La Jolla, CA) at a transfection ratio of 1:2 of the reporter gene expression Because increased levels of expression of the HCK and FGR src-
plasmids Gal-4/Elk and 5xGal4/luciferase. NF-kB activity was evaluated using . . . + . .

a luciferase reporter gene under control of five NF-kB binding sites. BJAB cells family kinases were found in FCRL4" Bmem cells, we investigated

(5 X 10° were transiently transfected with 5 pg of the indicated plasmids by the potential involvement of the HCK (p59 and p61 isoforms),
electroporation using a BioRad Gene Pulser Xcell instrument (275 V, 975 uF). FGR, and LYN kinases in the phosphorylation of the intracellular
Twenty-four hours after transfection, the cells were incubated with 20 wg/ml domain of FCRL4. Cotransfection of constitutively active HCK

heat-aggregated IgA, washed with PBS, and stimulated as indicated for an . . .
additional 24 h before harvesting. Reporter gene activity was determined using p59 Y > F with FCRL4 in HEK293T cells resulted in a strong

the Dual-Luciferase reporter assay system (Promega, Madison, WI) according tyrosine phosphorylation signal in FCRL4 immunoprecipitates.
to the manufacturer’s instructions and normalized to reporter activities from Moderate tyrosine phosphorylation was also detected after co-
0.5 g cotransfected plasmids encoding Renilla luciferase under control of the transfection of constitutively active FGRY > F or LYN Y > F
TK-promoter. with FCRL4, whereas HCK p61 Y > F cotransfection had only
Flow-cytometry and intracellular cytokine staining marginal effect on tyrosine phosphorylation of FCRL4 (Fig. 1B).
Peripheral blood was obtained from healthy donors and heparinized. The study As expecte.d, tyrosine p hosphory.latlon could not be df.:tected up on
was approved by the Ethics Review Board of the University of Toronto in cotransfection of src-kinases with the phosphorylation-deficient
accordance with the Declaration of Helsinki, and all participants gave written, FCRLA4-FFF mutant, in which the tyrosine residues in the ITIM
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FIGURE 1. HCK- and FGR-induced phosphorylation of FCRL4. (A) Graphic representation of HA-epitope tagged FCRL4 with introduced point
mutations. Positions of the tyrosine residues of ITIM sequences are indicated. (B) Phosphorylation of FCRL4 after cotransfection with constitutively active
myc-epitope tagged src-family kinases. FCRL4 wt or FCRL4 FFF was cotransfected with the indicated src-family kinases in HEK293T cells. The cell
lysates were subjected to immunoprecipitation with anti-HA Abs, and the cell lysates and immunoprecipitates were analyzed by Western blotting using
anti-phosphotyrosine and anti-myc Abs. Equal loading was verified by reprobing the membranes with anti-HA and anti-actin Abs, respectively. A rep-
resentative of five independently performed experiments is shown. The degree of tyrosine phosphorylation of FCRL4 was assessed by densitometry and is
shown normalized to the signal obtained after reprobing of the membranes with anti-HA Abs. (C) Phosphorylation of FCRL4 wt and the indicated FCRL4
mutants in response to cotransfection with constitutively active HCK p59 Y > F or FGR Y > F. The transfected cells were lysed and FCRL4 proteins were
immunoprecipitated and analyzed for tyrosine phosphorylation as in (B). A representative of five independently performed experiments is shown.
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sequences are mutated to phenylalanines. Phosphorylation of
FCRLA4 in response to cotransfection of constitutively active FGR
and HCK p59 did not differ from that seen with single transfection
of HCK p59, nor did cotransfection of constitutively active FGR
with HCK p61 differ from the effects of FGR alone. To further
investigate the phosphorylation of FCRL4 in response to consti-
tutively active HCK p59 or FGR, we generated single or double
tyrosine to phenylalanine mutants (Fig. 1A) and evaluated their
phosphorylation status after cotransfection with the src-family
kinases. As expected, we observed the strongest tyrosine phos-
phorylation signals in experiments in which HA-FCRL4 wt was
cotransfected with the active src-kinases and reduced signals
in experiments involving the single and double tyrosine-to-
phenylalanine mutants, and the FCRL4-FFF mutant was devoid
of any phosphotyrosine signal (Fig. 1C). Interestingly, the HA-
FCRL4 Y493F mutant consistently showed stronger phospho-
tyrosine signals in the context of cotransfection with HCK p59
Y > F, whereas the HA-FCRL4 Y451F mutant yielded stronger
phosphotyrosine signals in cotransfection experiments with FGR
Y > F. These results demonstrate that FCRL4 can be differen-
tially phosphorylated by distinct src-kinase family members.

Binding of aggregated IgA to cells expressing FCRL4

To further investigate the roles of these src-kinase family members
in FCRL4-mediated immune regulation, we took advantage of the
recently reported IgA-binding activity of FCRL4 (30). We con-
firmed binding of heat-aggregated human IgA to the Burkitt’s
lymphoma BJAB cell line expressing FCRL4 (Fig. 2A). This
allowed us to establish an experimental system in which
BJAB cells expressing the various FCRL4 mutants were pre-
incubated with heat-aggregated IgA followed by stimulation with
IgM-specific Igs (anti-IgM) or Igs reactive with IgA, IgM, and IgG
isotypes (anti-IgA/M/G), thereby triggering an Ag receptor signal
with or without coengaged FCRL4 (Fig. 2B).

Posttranslational modification of the intracellular domain of
FCRILA4

The intracellular domain of FCRL4 contains a cysteine residue at
position 410 in a sequence environment similar to cysteine residues
in the CD4 and CDS8f coreceptors, which are targets for post-
translational palmitoylation (31-34) (Fig. 3A). We therefore
generated a predicted palmitoylation-deficient mutant of FCRL4
(HA-FCRL4 C410A) by mutating cysteine 410 to alanine to de-
termine whether cysteine 410 of the FCRL4 molecule could serve
as acceptor site for palmitic acid. Metabolic labeling experiments
showed that FCRL4 wt, but not the FCRL4 C410A mutant, in-
corporated [*H]-labeled palmitic acid (Fig. 3B), thereby impli-
cating palmitoylation as a potential immunoregulatory factor af-
fecting FCRLA4 activity.

Translocation of cell-surface receptors after receptor engage-
ment into ordered membrane microdomains resistant to anionic
detergents (lipid rafts) has been reported for multiple receptor
systems, including the B cell Ag receptor (35). Furthermore,
palmitoylation of cell-surface receptors is also recognized as
a mechanism supporting lipid raft localization (36, 37). We
therefore performed density gradient centrifugation experiments
to investigate the potential of FCRL4 to localize to lipid rafts and
found a fraction of HA-FCRL4 wt in detergent insoluble fractions
(Fig. 3C, top panels). Using this experimental approach, we did
not detect quantitative differences of FCRL4 localized in deter-
gent insoluble fractions when comparing cells without IgA pre-
incubation, with IgA preincubation or with IgA preincubation
followed by Ag receptor engagement. In contrast, we detected
only minute quantities of HA-FCRL4 C410A in detergent insol-
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A

HA-FCRL4 wt ‘empty vector’

0o 1 2 alogldl o 4 5 3logi0]

a-IgA
B anti-IgM anti-IgA/M/G

0’:‘0

aggr. IgA BCR aggr. IgA || BCR

FCRL4 (1gM) FCRL4 (1

FIGURE 2. IgA binding by BJAB cells expressing FCRL4. (A) BJAB
cells expressing HA-FCRL4 wt or empty vector control cells were incu-
bated with heat-aggregated IgA (open histograms) or left untreated (filled
histograms) followed by incubation with anti-human IgA Abs and anal-
ysis by flow cytometry. A representative of four independent experiments
is shown. (B) Experimental system to analyze the effects of full-length
FCRL4 on Ag receptor engagement. Treatment of BJAB cells with ag-
gregated IgA (gray) followed by stimulation with anti-IgM (dotted lines)
Abs leads to engagement of the Ag receptor on BJAB cells without
coengagement of FCRL4 (left). Stimulation of these cells with anti—Ig
Abs (solid lines) reactive with IgA, IgM, and IgG (anti-IgA/M/G) leads to
coengagement of FCRL4 (right).

uble fractions after extended exposure of the membranes (Fig. 3C,
middle panels). We used Abs to endogenous CD45 and LYN to
determine the fractions containing detergent soluble and detergent
insoluble proteins (Fig. 3C, bottom panels). To independently
validate these results, we used BJAB cells expressing fusion
proteins consisting of the GFP fused to either FCRL4 wt or
FCRL4 C410A and used immunofluorescence microscopy to
evaluate colocalization of FCRL4 with the fluorescently labeled
lipid raft marker CTB. This approach also allowed us to quantitate
potential lipid raft translocation of FCRL4 after coligation with
the Ag receptor. As expected, we found that FCRL4 wt colo-
calized with CTB at a higher frequency than the FCRL4 C410A
palmitoylation-deficient mutant (Fig. 3D, 3E). We further deter-
mined that the frequencies of FCRL4 wt and FCRL4 C410A
colocalization with CTB increased after coengagement of FCRL4
with the Ag receptor. These experiments indicate that palmitoy-
lation and lipid raft localization may represent a regulatory factor
in the immunomodulation mediated by FCRL4.

Preferential phosphorylation of FCRLA wt but not FCRLA
C410A after coengagement with the B cell Ag receptor

To address the effects of the FGR and HCK kinases on FCRL4-
mediated B cell regulation, we expressed epitope-tagged FGR wt,
HCK p59 wt, or HCK p61 wt together with HA-FCRL4 wt, the
palmitoylation-deficient HA-FCRL4 C410A mutant, or the HA-
FCRL4 FFF mutant in the BJAB Burkitt’s lymphoma cell line
(Supplemental Fig. 1). Quantitative RT-PCR determined that
FCRLA4 expression had no influence on the endogenous levels of
these src-family kinases and LYN; similarly, stable expression of
the src-family kinases did not induce expression of endogenous
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FIGURE 3. Palmitoylation and lipid
raft localization of FCRL4 wt. (A) Se-
quence analysis of the membrane-proxi-
mal regions of the intracellular domains
of FCRL4, CD8@B, and CD4. Cysteine
residues that are targets for palmitoyla-
tion in CD4 and CDS8p or are a predicted
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zation of FCRL4. HA-FCRLA wt and HA-
FCRL4 C410A-expressing cells were
treated as indicated before cell lysis and
sucrose density centrifugation, and the
location of the FCRL4 proteins was
determined by Western blotting with anti-
HA Abs (top and middle panels). Separa-
tion of detergent soluble and insoluble -
fractions was demonstrated by probing of
the membranes with anti-CD45 and anti-
LYN Abs, respectively (bottom panel). A
representative of six independently per-
formed experiments is shown. (D and E)
Preferential colocalization of FCRL4 wt
with CTB. BJAB cells expressing FCRL4
wt-GFP or FCRL4 C410A-GFP were
stained with CTB and analyzed for coloc-
alization (D) or cocapping (E) of the fluo-
rescent signals. Cells were treated with
aggregated IgA and stimulated with anti- -
IgA/M/G where indicated. Statistical
significance was determined using a two-
tailed Student ¢ test. Statistical signifi-
cance is indicated by an asterisk (*p <
0.05).

DIC

FCRL4 wt
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FCRL4 (data not shown). We observed slightly increased back-
ground phosphorylation in cells expressing HCK p59 or FGR
(Fig. 4A, top panel). Treatment of cells with aggregated IgA,
which is expected to cross-link the FCRL4 molecule, did not
result in increased tyrosine phosphorylation in the absence of anti-
IgA/M/G treatment (data not shown). When the various cell types
were preincubated with heat-aggregated IgA before BCR ligation
with anti-IgM Abs or anti-IgA/M/G Abs, densitometric analyses
of phosphorylation of FCRL4 and normalization to the signals
obtained from unstimulated controls revealed statistical signifi-
cance only after anti-IgA/M/G treatment (Fig. 4A). In experiments
with cells expressing HCK p61, the level of tyrosine phosphory-
lation, although detectable, did not reach statistical significance
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(Fig. 4A). The reduced FCRL4 phosphorylation is in agreement
with the low phosphorylation levels observed in transient trans-
fection assays using constitutively active HCK p6l Y > F;
however, lower levels of expression of HCK p61 wt in BJAB cells
(Supplemental Fig. 1C) could contribute to this result. Although
we detected tyrosine phosphorylation of FCRL4 C410A, the
degree of phosphorylation of the palmitoylation-deficient mutant
of FCRL4 did not reach statistical significance (Fig. 4A, bottom
panel). Phosphorylation of FCRL4 in HCK p59 cells occurred
rapidly after coligation (Fig. 4B) and required Ab concentration
>5 pg/ml (Fig. 4C). As expected, no tyrosine phosphorylation
signal could be detected with the FCRL4 FFF mutant, indicating
specificity of the assays.
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FIGURE 4. Phosphorylation of FCRL4 wt and FCRL4 C410A in response to Ag receptor ligation and TLR9 stimulation. FCRL4 wt or FCRL4 C410
BJAB cells coexpressing the indicated wt src-family kinases were pretreated with heat-aggregated IgA (A-C) or left untreated (D—F). Time courses (B and
E) and titrations (C and F) were performed with HCK p59—expressing cells. After pretreatment with IgA, the cells were then stimulated with 15 pg/ml anti-
1gM or anti-IgA/M/G for 3 min (A), with 15 pg/ml anti-IgA/M/G for the indicated time points (B), and for 3 min with the indicated concentrations of anti-
IgA/M/G (C). The cell lysates were subjected to immunoprecipitation with anti-HA Abs and analyzed with anti-phosphotyrosine Abs. Membranes were
reprobed with anti-HA tag Abs to ascertain equal loading. The degree of FCRL4 phosphorylation was assessed by densitometry and was normalized to the
signal obtained by reprobing of the membranes with anti-HA Abs, and is displayed as “fold induction” over the corresponding unstimulated control. Bar
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CpG concentrations (F). Negative controls received an equal volume of PBS. The cell lysates were subjected to immunoprecipitation with anti-HA Abs,
analyzed with anti-phosphotyrosine Abs, and the membranes were reprobed with anti-HA tag Abs to ascertain equal loading as described for Ag receptor
stimulations.

A recent study by Sohn et al. (24) implicated FCRL4 as an
immunoregulatory factor positioned at the interface of innate and
adaptive immune signaling. Similar to our observation of FCRL4
phosphorylation after Ag receptor ligation, we observed increased
phosphorylation of the intracellular domain of FCRL4 in response
to CpG stimulation of HCK p59-expressing cells (Fig. 4D, top

port a role of HCK in FCRL4-mediated immune regulation and
indicate palmitoylation as a factor impacting FCRL4 function.

Regulatory effects of FCRL4 on Elk-1— and NF-kB-mediated
reporter gene activation in HCK p59— and FGR-expressing
cells

panel); the observed phosphorylation was greatly decreased in
cells with the FCRL4 C410A palmitoylation-deficient mutant
(Fig. 4D, bottom panel). Unlike the observed FCRL4 phosphor-
ylation at early time points in the response to Ag receptor ligation,
FCRL4 phosphorylation was most prominent at later time points
after TLRO stimulation (Fig. 4E) and could be detected with CpG
concentrations of 5 wg/ml (Fig. 4F). These results are in accor-
dance with FCRL4 phosphorylation observed in response to
transfection of constitutively active src-family kinases. They sup-

To investigate the potential effects of FCRL4 on MAPK activation
by BCR ligation, we used the luciferase reporter gene driven by
the ETS-family Elk-1 transcription factor, a target for phosphory-
lation by activated MAPKs (38). These experiments were per-
formed in cells expressing FGR or HCK p59 in the context of anti-
IgA/M/G treatment because we observed significant phosphoryla-
tion of the intracellular domain of FCRL4 under these conditions.
Unexpectedly, we found that anti-I[gA/M/G stimulation of
BJAB transfectants expressing HCK p59 resulted in a significant in-
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crease of Elk-1 reporter gene activity (Fig. 5A, top row). In
contrast, BCR ligation in cells expressing FCRL4 and FGR re-
sulted in decreased Elk-1 reporter gene activity (Fig. SA, top
row). These effects were not seen in FCRL4- and HCK p59-ex-
pressing cells when the FCRL4 wt was replaced by the FCRL4-
FFF mutant or the palmitoylation-deficient FCRL4 C410A mutant
(Fig. 5B, top row). The reduced reporter gene activity observed
in FCRL4 and FGR coexpressing cells could be partially re-
established in cells expressing the FCRL4-FFF mutant, but not in
cells expressing the FCRL4-C410A mutant (Fig. 5B, fop row), in-
dicating that additional factors may contribute to the reduced lu-
ciferase activity in this experimental system. We did not observe
significant induction of Elk-1-mediated reporter gene activity in
response to CpG stimulation in BJAB cells. Similarly, in subsequent
experiments, we did not observe significant NF-kB reporter gene
activity after Ag receptor ligation (data not shown).

To investigate potential effects of FCRL4 on TLR signaling, we
transfected cells with plasmids encoding the luciferase reporter gene
under the control of the NF-«B transcription factor. FCRL4 ex-
pression in HCK p59 transfectants and in FGR transfectants resulted
in enhanced NF-kB reporter gene activity (Fig. SA, bottom row). In
both cases, the enhancement was abolished when FCRL4 wt was
replaced with the FCRL4-FFF mutant or the palmitoylation-deficient
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FCRL4 C410A mutant (Fig. 5B, bottom row). The enhancement of
NF-kB reporter gene activity by FCRL4 is independent of IgA
binding because we observed the same effect on NF-«kB activation
in cells subjected to pretreatment with aggregated IgA before CpG
stimulation (data not shown). These findings indicate a potential
regulatory role for FCRL4 in TLR9-mediated signaling.

FCRLA4 and HCK p59 or FGR promote expression of IL-10 and
IFN-vy in human Bmem cells

The positive regulatory effect of FCRL4 on the NF-«kB reporter gene
activity prompted us to investigate the role of FCRL4 on TLRO-
mediated responses in primary human B cells. To this end, we
transiently transfected PBMCs with FCRLA4 and the HCK p59 and
FGR kinases, and evaluated the induction of the cytokines IL-10,
IL-6, and TNF-a. Expression of these cytokines by human B cells
in response to CpG is well documented (39-41). In cotransfection
experiments of FCRL4 wt with wt HCK p59 or wt FGR, we observed
a significant increase of IL-10 production in the Bmem cell com-
partment (Fig. 6A), but not in naive B cells (data not shown). Ex vivo
culture of PBMC:s in the presence of IL-2 and CD40L did not lead to
induction of endogenous FCRL4 (data not shown). The IL-10 signal
obtained for HCK p59 transfectants was frequently stronger than the
IL-10 signal in FGR transfectants, although this difference did not
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FIGURE 6. Modulation of cytokine secretion by Bmem cells. (A) Tran-
siently transfected PBMCs with HCK p59 or FGR in the presence of FCRL4
wt or “empty vector” control were stimulated with CpG at 5 g/ml or PBS as
negative control for 48 h, followed by intracellular staining of Bmem cells for
IL-10, TNF-o, IFN-vy, and IL-6, and assessment of changes in the percentage
of cytokine-expressing cells. Bmem gating was set on CD3~/CD20*/CD27*
lymphocytes. Between 6 and 10 independent samples were cotransfected with
plasmids encoding FCRL4 wt and the indicated src-family members (iden-
tified as mCD4", as shown in Supplemental Fig. 1D). Statistically significant
differences for CpG-induced cytokine expression in the presence or absence
of FCRLA wt are indicated by asterisks (*p < 0.05, **p < 0.01) and were
determined using the paired Student # test. (B) Mutually exclusive pattern of
expression of IL-10 and IFN-vy in transfected Bmem cells.

reach statistical significance. In contrast, FCRLA4 transfection did
not affect CpG-mediated induction of IL-6 or TNF-a in memory or
naive B cell compartments. The increased levels of IL-10 in cells
expressing FCRL4 wt together with HCK p59 or FGR led us to
investigate whether the regulation of additional B cell effector mol-
ecules was affected. Using cDNA from primary human B cells
cotransfected with FCRL4 wt and HCK p59 or FGR to survey
a panel of transcripts modulated by IL-10 revealed the induction
of IFN-y by CpG in cells expressing FGR and FCRL4 wt (data
not shown). Flow-cytometric analysis of transfected CpG-stimulated
B cells confirmed increased IFN-y production by FCRL4 wt and
FGR-expressing cells (Fig. 6A). In contrast with the induction of
IL-10, modulation of IFN-y production by FCRL4 in HCK
p59—expressing cells did not reach statistically significant levels.
Furthermore, we noticed that Bmem cells transfected with FGR and
FCRL4 wt induced IFN-y and IL-10 expression in a mutually ex-
clusive manner (Fig. 6B). These results are consistent with our earlier
observation of enhanced NF-kB reporter gene activity in BJAB
transfectants and indicate that FCRL4 expression may have distinct
influences on immune responses dependent on expression or activa-
tion levels of the FGR and HCK src-family kinases.

Discussion
FCRLA expression defines a distinctive population of Bmem cells in
MALTs. Gene expression profiling indicated that these cells express

HCK AND FGR IN FCRL4-MEDIATED IMMUNE REGULATION

increased levels of the src-family kinases HCK and FGR, thus raising
the possibility that these kinases are involved in FCRL4-mediated
immunoregulation. Although FGR and HCK are typically regarded
as src-family members involved in the regulation of myeloid lineage
cells, expression of HCK and FGR in human B lineage cells has
been reported (42—44). The results presented in this article indicate
that FCRLA, after binding to aggregated IgA, exerts highly flexible
modulation of Ag receptor signaling in the context of distinct
sre-family kinases, specifically HCK pS9 or FGR. In addition, we
showed that FCRL4 augments CpG-induced NF-kB activation and
IL-10 production in the presence of HCK p59 or FGR. In contrast,
increased levels of IFN-y could be observed only in the presence of
FGR and FCRLA4 wt.

The finding that FCRL4 expression in HCK p59-expressing cells
results in increased Elk-1 reporter gene activity in response to Ag
receptor ligation was unexpected. In earlier experiments, we had
shown that coligation of the BCR with a fusion protein consisting of
the extracellular and transmembrane domains of CD32 and the
intracellular domain of FCRL4 with the BCR resulted in strong
inhibition of Ag receptor signaling in the A20-IIA1.6 mouse Bmem
cell line (16). However, our initial analysis using fusion proteins did
not allow us to monitor any effects of the transmembrane region of
FCRLA or of the membrane proximal cysteine 410. Similarly, Sohn
et al. (24) reported inhibitory activity of FCRL4 in response to Ag
receptor ligation in the R2G6 cell line, a subline of Ramos B cells.
Expression of FCRLA4 in this model system also resulted in sig-
nificant constitutive tyrosine phosphorylation of FCRL4 and its
constitutive association with SHP-1 and SHP-2 phosphatases, and
these characteristics might contribute to the observed discrepancy.
It will be interesting to investigate the expression levels of FGR
and HCK in this cell line and to evaluate BCR signal modulation
in cells engineered to express increased levels of HCK p59.

The intracellular domain of FCRL4 contains three consensus
ITIMs; however, the two membrane-proximal ITIMs could also
form a potential ITAM upon dual phosphorylation. In support of
this, a synthetic peptide spanning the two membrane-proximal
ITIM sequences with phosphorylated tyrosine residues was
able to bind to PLCy (16), indicating a potential activating
function. In our initial studies we noticed that tyrosine residue
451, located in the membrane-proximal ITIM of the intracellular
domain of FCRL4, was not phosphorylated in response to Ag
receptor ligation in A20-IIA1.6 cells (16). In contrast, we ob-
served increased phosphorylation of the HA-FCRL4 Y493F mu-
tant in the context of cotransfected HCK p59 when compared
with the Y451F or Y463F mutants, suggestive of increased phos-
phorylation of the two membrane-proximal tyrosine residues.
This raises the possibility that HCK p59 may be required for
dual phosphorylation of the two membrane-proximal tyrosine
residues of the intracellular domain of FCRL4 and that, depen-
dent on specific src-family kinase activation, FCRL4 engage-
ment may provide activating or inhibitory immunomodulatory
signals. Our observations come from an experimental system
based on IgA binding to FCRL4, allowing us to monitor FCRL4
phosphorylation and modulation of Ag receptor signaling. How-
ever, this system does not exclude the possible engagement of
additional receptors by aggregated IgA distinct from FCRLA4.

Regulation of TLR signaling by ITAM/ITIM-bearing receptors
has been reported, and an incompletely understood mechanism
involving src-family kinases has been suggested (45-47). Our ob-
servations of enhanced cytokine expression levels in FCRL4 wt
transfected Bmem cells after CpG treatment are in agreement with
observations of increased CD23 expression in R2G6 cells and
primary human B cells in response to TLR9 engagement (24).
Investigations into cytokine secretion by B cells have increased
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over the last decade and led to the recognition of regulatory B cell
functions rooted in the modulation of proinflammatory and anti-
inflammatory cytokine levels. The positioning of FCRL4* Bmem
cells at mucosal surfaces places them into an environment where
they will readily come into contact with innate immune stim-
ulators. In this regard, it is notable that we observed differential
effects of FCRL4 on B cell cytokine expression that were de-
pendent on the coexpressed FGR or HCK p59 src-family kinases.
Induction of IFN-vy after CpG stimulation was stronger in FGR-
transfected cells, whereas IL-10 induction was stronger in HCK
p59—transfected cells; loss-of-function experiments targeting the
individual src-family kinases in primary human Bmem cells will
help to further delineate the function of HCK and FGR in FCRL4-
mediated immunoregulation. Our previous work demonstrated that
the unfractionated tonsillar FCRL4" Bmem cells express high
levels of HCK and FGR (22). This study also indicated that
FCRL4* Bmem cells are heterogenous with respect to other cell-
surface markers such as CD27, CDI11b, and CD23. It will be
important to determine whether the HCK and FGR kinases are
uniformly expressed in all FCRL4" Bmem cells (and thus may
require differential levels of activation of src-family kinases to
lead to induction of IL-10 or IFN-y) or whether distinct sub-
populations of FCRL4-bearing Bmem cells express varying levels
of FGR and HCK.

Palmitoylation of proteins is a reversible posttranslational
modification that is implicated in regulation of intracellular traf-
ficking, as well as in the partition of proteins in ordered micro-
domains of biomembranes (37, 48). Our finding that FCRL4 is
subject to palmitoylation and that it localizes to lipid rafts reveals
an additional level of regulation by which this receptor modulates
B cell responses. This may affect the positive regulatory activity
of FCRL4 on CpG stimulation in the context of FGR or HCK p59
expression, or on BCR signaling in the context of HCK p59 ex-
pression because the increase in the observed reporter gene ac-
tivity was dependent on expression of a palmitoylation-proficient
FCRL4. Palmitoylation of FCRL4 may therefore facilitate the
colocalization of FCRL4 with FGR and HCK p59 src-family
kinases, which are subject to the same posttranslational modifi-
cation and are found in detergent insoluble fractions (49-51). In
support of this possibility, it is noteworthy that we observed reg-
ulatory activity of FCRL4 in the context of FGR or HCK p59, but
not HCK p61. The two HCK isoforms are generated by usage of
an alternative translation start site and differ by 21 aa at the N
terminus (26). Whereas the shorter HCK p59 isoform is palmi-
toylated and predominantly located at the plasma membrane,
HCK p61 is nonpalmitoylated and found in endocytic compart-
ments; generation of a palmitoylation-deficient mutant of HCK
p59 led to colocalization of HCK p59 with HCK p61 on lyso-
somes (52-54).

In conclusion, we provide evidence for involvement of HCK
and FGR in FCRLA4-mediated immunoregulation and for the func-
tional importance of posttranslational modifications of the FCRL4
molecule. The system we used for our studies, namely, pretreating
cells with aggregated IgA as a surrogate for IgA immune com-
plexes, is likely to reflect the condition of FCRL4 on Bmem cells in
the mucosal microenvironment. Our results indicate that FCRL4*
Bmem cells are a functionally distinct subpopulation of Bmem
cells and that FCRL4 is positioned to exert positive or negative
regulatory roles for these cells in a context-dependent manner.
We do not have sufficient information on the factors governing
FCRLA expression on only a subpopulation of Bmem cells. How-
ever, our findings underscore the complexity of human Bmem cells
and suggest a key role for FCRL4 in the regulation of adaptive
recall responses in the mucosa.
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