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Spatial Raft Coalescence Represents an Initial Step in FcyR
Signaling’

Hajime Kono,* Takeshi Suzuki,* Kazuhike Yamamoto,* Masato Okada,* Tadashi Yamamoto,"
and Zen-ichiro Honda?*

Characterization of lipid rafts as separated membrane microdomains consist of heterogeneous proteins suggesting that lateral
assembly of rafts after Ag receptor cross-linking represents the earliest signal generating process. In line with the concept,
cross-linked Ag receptors have been shown o associate with detergent-insoluble raft fraction without the aid of Src family kinases.
However, it has not been established whether spatial raft coalescence could also precede Src family kinase activation. In this study,
we showed that spatial raft coalescence after low-aflinity FeyR cross-linking in RAW264.7 macrophages is independent of Src
family kinase activity. The lateral raft assembly was found to be ascribed to the action of ligand-binding subunits, rather than to
immunoreceptor tyrosine-based activation motif-bearing signal subunits, because monomeric murine FeyRIIb expressed in rat
basophilic leukemia cells successfully induced spatial raft reorganization after cross-linking. We also showed that extracellular and
transmembrane region of FeyRIlb is sufficient for raft stabilization. Moreover, this receptor fragment triggers rapid caleium
mobilization and linker for activation of T cells phosphorylation, in a manner sensitive to Src family kinase inhibition and to
chalesterol depletion. Presence of immunoreceptor tyrosine-based inhibitory motif and addition of immunoreceptor tyrosine-
based activation motif to the receptor fragment abolished and enhanced the responses, respectively, but did not affect raft
stabilization. These findings support the concept that ligand-binding subunit is responsible for raft coalescence, and that this event

triggers initial biochemical signaling.

eceptors for Ig Fc region (FcR) belong to a family of

multichain immune recognition receptors (MIRRs)®

composed of TCR and B cell Ag receptors {(BCRs) and
the FeRs (1, 2), Upon the recognition of multivalent ligands or
multiple MHC-peptide complexes, MIRRs trigger Src family ki-
nase-dependent phosphorylation of tyrosine in immune receptor
tyrosine-based activation motifs (ITAMs) (1, 3). Syk/Zap-70 ty-
rosine kinases are recruited to the [ITAMSs and then phosphorylate
central adapter proteins such as linker for activation of T ¢ells
(LAT) or B cell linker protein (4, 5). These scaffolding proteins
subsequently recruit phospholipase C+, Grab family proteins, and
phosphatidylinositol 3-kinases, thus forming signal transduction
machinery (6).
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In addition to these melecular assemblies via protein-protein
interactions, recent studies have revealed the significance of pro-
tein compartmentalization that relies on spatially segregated
plasma membrane domain, referred to as detergent-insoluble mem-
branes (DIM) or lipid rafts (7). Several of Src family kinases and
LAT constitutively associate with lipid rafts, and TCR and FceRI
signaling is transduced solely by the raft-associating Src family
members (8, 9). Clustering-dependent association of MIRRs and
downstream signaling molecules with lipid rafts has been shown in
a variety of systems (10-13}. Upon the contact with APCs, T cells
polarize to form spatially organized molecular assembly, called
immunological synapse, at the contact site (14, 15). This reorga-
nization process also uses lipid rafts as vehicles (16). Besides the
roles in such late signaling events as immunological synapse for-
mation, rafts have been claimed to function in the earliest stage of
MIRR signaling. For instance, partition of FceRI or BCR into lipid
raft fractions was not prevented by the inhibition of Sre family
kinase activity (17, I8), and the FceRI association with rafts was
not affected by the deletion of ITAMs in 8 and v subunits (19).
These observations indicate that receptor-dctergent insoluble
membrane (DIM) association represents the earliest event after the
receptor multimerization, although the mechanisms to how this
process links to signal generation are still elusive.

Recent biophysical analysis of rafts showed that raft size is
small enough to expect that each raft possesses different protein
constituents (20}, Through the pioneering studies in FceRl1 system
(17, 19, 21), Baird et al. (22) hypothesized that FceRI is brought
into association with Lyn after rafl coalescence, and that FceRlI is
then phospharylated by Lyn. In a previous work, we showed that
Lyn molecules in quicscent rat basophilic leukemia (RBL) 2H3
cells are mixture of active and inactive forms (23). Therefore, it is
also possible that raft coalescence provides a field for Lyn trans-
activation. If the hypothesis holds, spatial raft coalescence should
precede intraccllular signaling, However, this problem has not
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been fully examined. In this study, we first showed that FcyR-
mediated spatial raft coalescence is independent of Src family
kinase activity. One of the common features in receptor-DIM
association is that ligand-binding subunits frequently devoid of
signal-generating ITAMs actively translocate into DIM, and that
signaling subunits such as FceRI 8 and y subunits, and TCR-{
subunits are constitutively recovered from DIM (9, 12, 17). We
presumed that it reflects active participation of ligand binding sub-
units in raft coalescence. By using monomeric FeyRIIb as a model
system, we provided evidence supporting that ligand-binding sub-
unit-mediated spatial raft coalescence represents initial and pro-
ductive signaling process.

Materials and Methods
Materials

HRP-conjugated cholera toxin B (CTxB), FITC-conjugated CTxB, and
methyl-B-cyclodextrin (MBCD) were from Sigma-Aldrich (St. Louis,
MO). PP2 was from Caibiochem (Darmstadt, Germany). Rhodamine-con-
jugated streptavidin was from Molecular Probes (Eugene, OR). Protein
G-Sepharose, ECL Protein Biotinylation system, and streptavidin-HRP
conjugate were from Amersham Pharmacia Biotech (Buckinghamshire,
U.K.). All the culture media and Geneticin were purchased from Life Tech
Oriental (Osaka, Japan). FCS was from Equitec Bio (Ingram, TX). The
FceRI +y subunit knockout C57BL/6 mice (24) were purchased from Tac-
onic Farms (Germanstown, NY).

A rat anti-mouse FeyRIIb/IIla mAb, 2.4G2, was purified from culture
supematant with protein G-Sepharose chromatography. Biotinylation of
2.4G2 and preparation of Fab were performed using ECL protein biotiny-
lation system (Amersham Pharmacia Biotech) and immobilized papain
(Pierce, Rockford, IL), respectively. FITC-conjugated 2.4G2 and FITC-
conjugated rat mAb against mouse CD45 were from BD PharMingen (San
Diego, CA). A mouse monoclonal anti-DNP 1gE, SPE-7, was from Sigma-
Aldrich. A polyclonal Ab against CTxB was purchased from Calbiochem.
Anti-phosphotyrosine mAb, 4G10, was from ICN Biochemicals (Costa
Mesa, CA). Polyclonal Abs against Lyn, ¢-Src, and Syk were from Santa
Cruz Biotechnology (Santa Cruz, CA). Polyclonal Ab against LAT was
from Upstate Biotechnology (Lake Placid, NY). Polyclonal Abs against rat
IgG and mouse IgE were from ICN (Aurora, OH). Polyclonal Abs against
FeyR11b and common v subunit of FeyR/FceRl were kindly donated by Dr.
T. Takai (Tohoku University, Sendai, Japan), and by Dr. R. P. Siraganian
(National Institutes of Health, Bethesda, MD), respectively,

Cell culture

RAW264.7 and RBL2H3 cells were cultured as 2 monolayer in DMEM
(Nissui Pharmaceutical, Tokyo, Japan) supplemented with 10% FCS.
RAW264.7 cells stably expressing a membrane-anchored Csk (mCsk) and
RBL2H3 cells stably expressing platelet activating factor (PAF) receptor
(25) were described previously (9, 26}

Bone marrow cells were prepared from FeeRI y™'* or y™/~ C57BL6
mouse, and bone marrow-derived macrephages (BMMCs} were elicited
using 10% L929 cell-conditioned medium in DMEM with 10% FCS as
described (27).

Preparation of RBL2H3 cells expressing FeyRIb mutants

Truncation of murine FcyRIIb cytoplasmic domain (FcyRIIb-truncated)
and replacement of the cytoplasmic domain with murine FceRly subunit
bearing 1ITAM (FcyRI1Ib-yITAM) were conducted as described (28). To
create FcyR1ib-y ITAM chimera, cDNAs of murine FeyR1Ib2 and y sub-
unit were subcloned into pBlueScript Il in sequence, and FcyRIIb2 extra-
cellular and transmembrane domains were connected with y subunit cyto-
plasmic domain by PCR-based techniques (28). Priters used for truncated
FeyR1Ib were 5'-TGGAACCTGCTTTTTCTTGA-3' and 5'-TAGTCTC
CCTTGGCGAATTC-3'. Those for FcyRilb-y ITAM chimera were 5'-
CGAAAGGCAGCTATAGCCAG-3 and 5'-TGGAACCTGCTTTTTCT
TGA-3'. ¢DNAs were scquenced, subcloned into pCXN2 (29}, and
muhtiple RBL2H3 cell clones stably expressing wild-type (WT) and the
mutated FeyRI1b were established as described (9, 30). Surface expression
of WT and mutated FcyRIlbs was analyzed with flow cytometry after
staining cells with FITC-conjugated 2.4(G2 as described {26).

Cell sumulation and cell lysis

To stimulate cells via FeyRs, adherent RAW ¢ells, BMMCs, or RBL cells
expressing FoyRIIb or its mutants were sensitized with 2.4G2 mAb (10

SRC PTK-INDEPENDENT RAFT COALESCENCE

ug/ml} or with 2,4G2 Fab (10 pg/ml) in ice-cold assay medium (DMEM
containing 10 mM HEPES-NaOH (pH 7.4) and 1 mg/ml BSA) for 30 min.
In the case of FceRI stimulation, RBL transfectants were incubated with
anti-DNP IgE (1 pg/ml) in the ice-cold assay medium for 30 min. Cells
were washed twice with ice-cold assay medium, and clustering of FeyRs
and FceRl was initiated by replacing the medium with prewarmed (37°C)
medium containing goat anti-rat 1gG (30 wg/ml) and with DNP-BSA (100
ng/ml}), respectively. After indicated periods, medium was aspirated, and
cells were solubilized with 500 pl of ice cold Nonidet P-40 lysis buffer (20
mM Tris-HCI (pH 7.4), 1% Nonidet P-40, 0.1% sodium deoxycholate, 150
mM NaCl, 1 mM EDTA, | mM Na;VO,, 20 mM B-glycerophosphate, 10
pg/ml aprotinin, 5 pg/ml leupeptin, and 0.2 mM PMSF). Insoluble mate-
rials were removed by centrifugation at 12,000 rpm for 10 min at 4°C, and
the supernatant was used as total cell lysate,

Immunoprecipitation and immunoblotting

Total cell lysates were first incubated with 15 ul of protein G Sepharose
beads (50% slurry) to separate 2.4G2-bound materials. After continuous
rotation for 1 h at 4°C, samples were centrifuged at 2500 rpm at 4°C for 2
min, and the supernatants were saved. Beads were washed three times with
500 pl of 0.1% Nonidet P-4¢ lysis buffer, and the 2.4G2-bound materials
were eluted by boiling in 2% SDS sample buffer. The saved supematants
were incubated with various first Abs for ! h and then with 15 pl suspen-
sion of protein G-Sepharose beads for 30 min at 4°C under continuous
rotation. The beads were washed and bound materials were eluted as de-
scribed above. Samples were analyzed by Westemn blotting using ECL
detection system (Amersham Pharmacia Biotech) as described previousty
(.

To analyze subunit composition of intrinsic FceRl and transfected
FeyRs in RBL cells, 1.5 X 107 cells in the assay medium were sensitized
with biotinylated IgE (2 pg) or with biotinylated 2.4G2 (10 ug) on ice for
60 min. Cells were Iysed in 2% digitonin lysis buffer (20 mM Tris-HCI (pH
7.4), 2% digitonin, 150 mM NaCl, 1 mM EDTA, 1 mM Na,VO,, 20 mM
B-glycerophosphate, 10 pg/ml aprotinin, 5 pug/ml leupeptin, 0.2 mM
PMSF), and the receptors were immunoprecipitated with anti-mouse IgE or
with anti-rat 1gG and with protein G-Sepharose beads as described above.

Raft fractionation by sucrose density gradient centrifugation

Triton X-100 solubilization of cells and raft fractionation were conducted
essentially following the method reported by Field et al. (17). Cell suspen-
sionat 1 X 107/ml was sensitized with 2.4G2 (10 pg/m]) or with 2.4G2 Fab
(0 pg/mt} in ice-cold assay medium for 30 min, washed twice and resus-
pended at 1 X 107/ml in stimulation buffer (20 mM HEPES-NaOH (pH
7.4), 135 mM NaCl, 5 mM KCl, 1.8 mM CaCl,, | mM MgCl,, 5.6 mM
glucose, 1 mg/ml BSA). Cells were prewarmed at 37°C for 5 min, chal-
lenged with goat anti-rat 1gG (30 pg/ml) for indicated periods, and then
solubilized by mixing with an equal volume of ice-cold 0.1% Triton X-100
lysis buffer (0.1% Triton X-100, 80 mM HEPES-NaCH (pH 7.4), 20 mM
EDTA, 0.1%NaN;, 2 mM NA,VO,, 20 mM f-glycerophosphate, 10 gg/ml
aprotinin, 5 pg/ml leupeptin, 0.1 mM PMSF). The cell lysate was mixed
with an equal volume of ice-cold 80% sucrose buffer (50% sucrose, 25 mM
HEPES-NaOH (pH 7.4), 125 mM NaCl, 2 mM EDTA), and sucrose den-
sity gradients were made in 13 PA tube (1.5 X 9.6 cm; Hitachi Koki,
Hitachi, Japan) by sequential layering of 0.625 ml of 80%, 1,25 ml of 60%,
3.75 ml of the cell lysate adjusted to 40% sucrose, 1.875 ml of 30%, 1.25
ml of 20%, and 1.5 ml of 10% sucrose buffers. The gradients were cen-
trifuged at 38,000 rpm at 4°C for 18 h in RPS40T rotor (Hitachi Koki). A
total of 1 ml of fractions were collected from the bottom; proteing were
extracted following the methods by Wessel and Flugge {31} and analyzed
by Westemn blotting.

Confocal microscopic analysis

Adherent RAW cells or RBL2H3 cells on Lab-Tek chamber slide (Nalge
Nune International, Rochester, NY} were first sensitized with ice-cold as-
say medium containing biotinylated 2.4G2 (5 pg/ml) for 30 min, In the
studies to compare the distributions of FeyRs to those of CD45, FITC-
conjugated anti-CD45 mAb (5 pg/ml) was also included in the medium,
Cells were washed twice with ice-cold assay medium, and then treated with
prewarmed (37°C) assay medivm containing rhodamine-conjugated
streptavidin (10 pg/ml) to initiate FoyR cross-linking. The reaction was
continued at 37°C for 3 min, and terminated by the fixation of cetls with of
3.7% formaldehyde in PBS. Cells were solubilized with 0.01% Triton
X-100 for RAW cells or with 1% Tritor X-100 for RBL2H3 cells for 3 min
at room temperature, washed twice with PBS, and ganglioside GM] and
urligated FoyRs were stained with FITC-conjugated CTxB (10 ng/ml) and
with rhodamine-conjugated streptavidin (10 pg/ml), respectively. Confocal
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microscopic observation was performed using Zeiss LSM310 confocal mi-
croscope (Zeiss, Oberkochen, Germany) with X 63 objective lens. For ex-
citation, a 488-nm Ar laser was used for FITC and a 543-nm HeNe laser
for rthodamine. Emission band path was set at 505 nm for FITC, and at 560
nm for rhodamine.

Codistribution of FcyR with GM1 or with CD45 was quantified as de-
scribed (21). The two line profiles of plasma membrane fluorescence for
FITC and rhodamine were obtained from confocal images of ¢ross sections
using NIH Image (version 1.62; http://esb.info.nih.gov/nih-image/; Ref.
32). The correlation coefficient (p) of the two profiles was calculated from
equitation below using StatView 4.5 software (Abacus Concepts, Berkeley,
CA).

1 N
§ 20 = )i - o)

o=
1 N N
\k 2lx ~ P \L;, 2hyi— o

In this equation, x, and y, are the intensities of FITC and rhodamine at the
pixel, respectively, and <x> and <)=> indicate the corresponding mean
fluorescence intensities.

Copatching of CTxB with FcyRs was conducted as described by Janes
et al. (33). Cells were first sensitized with biotinylated 2.4G2 Fab (5 pug/ml)
and CTxB-FITC {10 pg/ml) in ice-cold assay medium for 30 min, Next,
patching of CTxB was induced by the addition of anti-CTxB Ab (diluted
by 1/250) in ice-cold assay medium for 30 min. Last, FcyRs were cross-
linked and visualized with streptavidin-rhodamine (10 pg/ml) at 37°C for
3 min before (FcyR cross-linking (+)) or after (FeyR cross-linking (—))
cell fixation with 3.7% formaldehyde in PBS. Cell permeabilization with
Triton X-100 was not applied to the copatching experiment.

Fluorometric imaging of intracellular Ca®* concentration
([Ca**])

[Ca®*); was measured as described (9). Adherent cells on glass coverslips
were sensitized with biotinylated 2.4G2 Fab (5 pg/ml) for 15 min or with
anti-DNP IgE (1 pg/ml) for 1 h, loaded with fura-2 AM (5 uM) for 1 h at
37°C, and stimulated with streptavidin (100 nM) or DNP-BSA (100 ng/ml)
in HEPES-Tyrode buffer (25 mM HEPES-NaOH (pH 7.4), 140 mM NaCl,
2.7 mM KC), 1.8 mM CaCl,, 12 mMNaHCG,, 5.6 mM p-glucose, 0.49
mM MgCl,, 0.37 mM NaH,PQ, 1 mg/ml BSA). Fluorometric images of
cells (340/380 nm) were sequentially recorded by Argus-50 system
(Hamamatsu Photonics, Hamamatsu, Japan). For presentation, 25 cellsina
field were randomly assigned, and the calculated average of [Ca®*], was
expressed as a line graph.

Cholesterol depletion

To remove cholesterol, cells were incubated for 3¢ min at 37°C in the
presence or absence of indicated concentrations of MBCD in HEPES-ty-
rode solution containing 1 mg/ml fatty acid-free BSA as described (34).
For the recovery of cholesterol, cells were incubated with 2.5 mM of
MpBCD/cholesterol (8:1, mole/mole) complexes for 2 b at 37°C (34), or
with 10% FCS in HEPES-tyrode buffer (12) for 6 h at 37°C. Total cellular
cholesterol was measured using cholestero] oxidase-based assay kit (Cho-
lesterol C-II test; WAKO, Richmond VA) after chloroform/methano! ex-
traction of cellular lipids.

Results
FcyRIlla and 1b association with DIM is independent of Sre
Sfamily kinase activity

Previous studies in FceRI and BCR systems using Triton X-100
cell lysis followed by density gradient centrifugation technique
revealed that association of oligomerized receptors with DIM is
independent of intracellular signating (17, 18). Thus, we first eval-
uated whether FeyRIIla and Ilb o subunits associate with DIM
after the receptor cross-linking in RAW264.7 cells, and whether
the receptor redistribution is independent of Src family kinase ac-
tivity. FcyRIIla and IIb a subunits were probed with biotinylated
2.4G2 mAb, cross-linked with or without second Ab, and solubi-
lized with 0.05% Triton X-100. The total cell lysate was directly
subjected to ultracentrifugation on sucrose density gradients. Fig.
1, A and B show distributions of cell surface-bound biotinylated
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2.4G2, which correspond to those of FoyR-a subunits, Upon cross-
linking, FeyR-a subunits became partly associated with low-den-
sity DIM fractions and codistributed with ganglioside GM1 (CTxB
blot). Lyn was in part associated with DIM, and c-Src was ex-
cluded from DIM, as observed previously (Fig. 14; Ref. 9). Fig. 1B
shows the time course of FcyR-a redistribution. In this figure and
in the following ones, bottom fraction (B: bottom, fraction 1 in Fig.
14), combined soluble fractions (M: middle, factions 3-5) and
combined DIM fractions (T top, fractions 8—10) were analyzed,
FcyRa subunits rapidly redistributed to DIM fraction (T) and also
to bottom fraction (B) within 30 s after clustering, The receptor
redistribution to the B fraction is ascribed to FcyR-o association
with residual F-actin, because it was prevented by latrunculin A
that depolymenize residual F-actin in vivo, but not by cytochalasin
D that inhibits de novo actin polymerization (data not shown). This
fraction was not further characterized in the current study. FeyR-a
subunit distribution to DIM was transient; it peaked at 3 min, and
declined thereafter. _

To examine the roles of Src family kinase in the association of
FcyR-a subunits with DIM fraction, we used Src family kinase-
specific inhibitor PP2 and overexpression of gain-of-function
mCsk (9, 23, 26, 30). Consistent with the observations in FceRI
and BCR systems (17, 18), clustering-induced association of
FeyR-a subunits with DIM was not affected by 50 pM PP2 pre-
treatment or by mCsk overexpression (Fig. 1C). As shown in Fig.
1D, 50 pM PP2 pretreatment and mCsk overexpression potently
suppressed tyrosine phosphorylation of three Lyn substrates, Syk,
< subunit, and FeyRIIb, to almost comparable extents, Three sep-
arate experiments using different mCsk clones yielded consistent
results. These data indicate that clustering-induced FeyR-a asso-
ciation with DIM fraction is independent of Sre family kinase
activity.

Spatial raft coalescence is independent of Sre kinase activity

We next examined the roles of Src family kinase activity in spatial
coalescence of lipid rafts by using confocal microscopic tech-
niques. To this end, PP2 could not be applied, because acute PP2
treatment considerably affects cell adherence to substratum. There-
fore, we down-regulated Src family kinase activity by mCsk over-
expression. Control RAW cells carrying vector alone or cells over-
expressing mCsk adhered to Lab-Tek chamber slide were
sensitized with biotinylated 2.4G2, and treated with or without
rhodamine-streptavidin to cross-link FcyRs or not. Cells were
fixed with formaldehyde, treated with Triton X-100 to remove de-
tergent-sensitive materials following the methods of Janes et al.
(33), and unligated FcyRs were then stained with rhodamine-
streptavidin. The fixation procedures did not appreciably affect bi-
otinylated 2.4G2 binding to streptavidin {data not shown), GM]
detected with FITC-CTxB was used as a raft marker. CD45 was
regarded as a marker that is not concentrated at rafts (33).
Distributions of FcyRe subunits GM1 and CD45 before and
after FcyR cross-linking were shown in Fig. 24. As shown in the
left panel, FcyRa subunits were sensitive to the detergent treat-
ment before cross-linking and readily solubilized. After cross-link-
ing with rhodamine-streptavidin, they accumulated as discrete Tri-
ton X-100-resistant patches along cell membrane in both control
cells (WT-RAW) and in mCsk-overexpressing cells (Fig. 24, loft
panel, upper row). Concurrently, coaccumulation of GM!1 patches
with FcyRa patches became distinguishable in control cells. Of
note, formation of GMI patches and their colocalization with k-
gated FoyRe subunits were well-preserved in mCsk cells, thereby
indicating that suppression of Src family kinase activity did not
affect lateral clustering of GMI1, Almost identical results were ob-
tained when biotinylated 2.4G2 was cross-linked with 2nd Ab
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FIGURE 1. Redistribution of cross-linked FoyR to DIM. A4, FcyRllla and [Tb o suburits in RAW264.7 cells were probed with biotinylated 2.4G2 mAb,

and cells were treated with (cross link +) or without (—) second Ab. Cells were solubilized with 0.05% Triton X-100, and subjected to suctose density
gradient centrifugation. Fractions were analyzed by Western blotting, 2.4G2-probed FeyR & subunits and GMI were detected by HRP-streptavidin and
HRP-CTxB, respectively. Blottings for Lyn, ¢-Src, and GM1 (CTxB blot) were those obtained from unstimulated cells. FeyR cross-linking did not alter
their distributions (data not shown). B, Kinetics of FeyR & subunit redistribution to DIM and to the highest density fraction. In this presentation, the highest
density fraction (B: bottom), combined soluble fractions (M: middle) and combined DIM fractions (T: top) are shown. C, Src protein tyrosine kinase
(PTK)-independent FcyR o subunit redistribution to DIM. WT cells pretreated with (+) or without (—) 50 pM PP2, and mCsk-overexpressing cells were
stimulated via FcyRs for 3 min, and FoyR-a redistribution was analyzed as above, PP2 and mCsk overexpression did not affect FeyR @ subunit association
with DIM after cross-linking. D, Suppression of protein tyrosine phospherylation by PP2 treatment or by mCsk overexpression. RAW cells pretreated with
(+) or without (—) 50 M PP2, or mCsk-overexpressing cells were stimulated via FcyRs for 3 min, and tyrosine phosphorylated Syk (pY-Syk}, y-subunit
{pY-7), and FcyRIlb (pY- FcyRIIb) were analyzed by immunoprecipitation followed by Western blotting. The same membranes were reprobed with

cognate first Abs after stripping. PP2 treatment and mCsk overexpression strictly suppressed these Src kinase-derived signaling.

(data not shown). As control experiments, distributions of FcyRa
subunits were compared with those of CD45 (Fig. 24, right panel).
After cross-linking, FcyRae subunits again accumulated as deter-
gent-resistant patches along cell membranes in control cells and in
mCsk overexpressing cells (Fig. 24, right panel, upper row). In
contrast to GMI1, CD45 staining along plasma membrane did not
codistribute with FoyRe patches (Fig. 24, right panel, lower row).

For quantitative evaluation of FeyRa subunit codistribution
with GM1 and with CD45, line intensity profiles for these mole-
cules were obtained. As shown in the representative profiles (Fig.
2B, left panel), fluorescent signals for FeyRa and GM1 were in-
creased at discrete segments after receptor cross-linking, and these
segments were clearly colocalized in both control and mCsk-over-
expressing cells. Codistribution of F¢yRa with GM1 was quanti-
tatively evaluated by cross-correlation analysis (21, 32, 35). Cor-
relation coeflicient (p) calculated from 10 profiles for control cells
and mCsk cells were significantly high (0.75 = 0.07 and 0.70 =
0.18, respectively). Both the values indicate matched localization
of the two molecules in RBL cells {35). Almost identical results
were obtained when FoyRs were cross-linked with 2.4G2 and 2nd
Ab (p = 0.63 £ 0.07 and 0.62 + 0.07 for WT cells and for mCsk
cells, respectively; 1 = 10). Codistribution of FcyRa and CD45

was also evaluated (Fig. 2B, right panel). The intensity profiles of
CD45 along plasma membrane showed nearly homogenous pat-
terns before and after FeyR clustering, Correlation coefficients for
FcyRa and CD45 after FeyR cross-linking in control cells, and
mCsk cells were 0.05 = 0.15 and 0.12 £ (.08, respectively (n =
10); thus showing insignificant colocalization of these molecules
(35). These data were reproducible in three separate experiments.
These findings strongly suggest that coclustering of FeyRs with
GM] is not dependent on Src family kinase activity.

FeyRIlb associates with DIM in y subunit =/~ macrophages

We next tested whether ligand-binding subunits play roles in raft
reorganization. To this end, monomeric FcyRIIb was used as a
model system, since this receptor does not require associating sub-
units for cell surface expression. In addition, FeyRIIb possesses
immunorcceptor tyrosine-based inhibitory motif (ITIM} in its cy-
toplasmic region, and FeyRITb clustering alone does not induce
tyrosine phosphorylation signaling (24, 36). These characteristics
are desirable to test the hypothesis of tyrosine phosphorylation
signal-independent raft coalescence.

We first examined whether cross-linking of FeyRIIb alone is
sufficient for its association with DIM. BMMCs elicited from y~'~
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FIGURE 2. Spatial raft coalescence is independent of Src PTK activity. 4, Analyses of spatial raft reorganization in control (WT-RAW) and mCsk-
expressing RAW cells by flucrescent confocal microscopy. FcyR e subunits were probed with biotinylated 2.4G2, cross-linked (+) or not (=) with
streptavidin-rhodamine for 3 min, and fixed with 3.7% formaldehyde. Cells were then solubilized with 0.01% Triton X-100. Unligated FcyR a subunits
were stained with streptavidin-thodamine after the cell fixation, GM] and CD45 were visualized with CTxB-FITC and with FITC-conjugated anti-CD45
mAb, respectively. Left panel, FeyR o subunits and GM1 accumulated as discrete patches after FcyR a cross-linking in WT and mCsk-overexpressing
RAW cells. Right panel, CD45 was almost homogenously distributed before and after FeyR & cross-linking, and did not colocalize with FcyR patches.
The confocal images were taken by the identical sctting in each series for comparison. The excitation/emission wavelengths were at 488/505 nm for FITC
and 543/560 nm for rhedamine. Bars, 5 um. B, Representative line profiles of fluorescence intensity of FeyR-a and GM]1 (Yef? panels), and those of FcyR-a
and CD45 (right panels). These profiles are obtained from the confocal images in A. FoyR-a and GM1 signals were augmented after receptor cross-linking
at discrete segments of cell membrane and these segments were colocalized in both control and mCsk-expressing RAW cells, Inn contrast, CD45 signal did
not give detectable peaks before and after FeyR cross-linking. Codistribution of cross-linked FeyR-a with GM1 or with CD45 were guantitatively analyzed
by calculating correlation coefficient (p) from line profiles. p = | corresponds to complete colocalization. The mean * SD of p value was calculated from

10 individual cells.

mice were used in the experiments, because surface expression of
FeyRIlla is absent in the cells (24). FcyRIlla and 1Ib on WT
BMMCs or FeyRIIb on ¥~'~ BMMCs were probed with 2.4G2,
cross-linked with or without second Ab, and changes in their dis-
tributions were examined by the raft-floating assay. As shown in
Fig. 34, 2.4G2 signal was increased at DIM fraction (T) after
receptor clustering in WT cells, and this process was well-pre-
served in ¥~/ cells. As shown in Fig. 3B, clustering of FcyRIIb
alone in ¥~ cells did not induce detectable Syk tyrosine phos-
phorylation. These findings revealed that clustering of FeyRIIb &
subunit is sufficient for its association with DIM, and the receptor
redistribution is independent of tyrosine phosphorylation
signaling.

FeyRITh extracellular and transmembrane domain is sufficient
Jor raft reorganization

We next studied whether monomeric FcyRIIb a could induce spa-
tial raft reorganization, by using heterologous expression system.
To test whether the presence of cytoplasmic positive (ITAM) or
negative (ITIM) signal generating modules affects spatial raft re-
organization, we also prepared FcyRIIb lacking almost the entire
cytoplasmic region except for juxtamembrane basic cluster (aa
247-252, KKKQVP; FeyRlib-truncated), and FeyRITb-y ITAM
chimera, whose cytoplasmic region is replaced with that of com-
mon y subunit possessing ITAM. Schematic representation of
these structures was shown in Fig. 44. These constructs were over-
expressed in RBL2H3 mast cells, and multiple clones with similar
expression levels of the receptors were obtained. Flow cytometric
analysis of FITC-2.4G2 binding in representative cell lines and in
RAW macrophages was shown in Fig. 48. As compared with

RAW cells, these RBL2H3 clones expressed the FeyRIlbs at
around seven times higher levels.

To exclude the unintentional association of the FeyRIIb-derived
molecules with FceRI B and v subunits, we examined subunit
composition of the FcyRITbs by using intrinsic FceRI as a control.
Cells were sensitized with biotinylated IgE or with biotinylated
2.4G2, lysed with 2% digitonin buffer, and the receptors were isolated
with comresponding second Abs. As shown in Fig. 4C, the IgE im-
muneprecipitate included B and y subunit, as expected, whereas these
subunits were nearly undetectable in 2.4G2 immunoprecipitate,

The WT and mutated FeyRIIbs were tested for their ability to
associate with DIM. To this end, we used 2.4G2 Fab to probe the
receptors instead of 2.4G2 whole molecule, because divalent liga-
tion by 2.4G2 was found to induce significant translocation of the
FeyRIbs to DIM without second Ab addition (data not shown).
We tentatively speculated that the premature association of dimer-
ized receptors with DIM is due to their high expression levels.
Cells sensitized with 2.4G2 Fab were treated with or without sec-
ond Ab for 3 min, solubilized with 0.05% Triton X-100, and sub-
jected to density gradient fractionation assay. As shown in Fig. 54,
small amounts of FcyRIIb, FeyRIIb-y ITAM chimera, and trun-
cated FcyRIIb were distributed at DIM fraction (T) before clus-
tering, and the receptor cross-linking significantly augment their
association with DIM,

We next compared the ability of the FeyRIlbs to spatially re-
organize lipid raft. For solubilization, [% Triton X-100 was used
instead of 0.01% in thesc RBL clones, because the former con-
centration more clearly distinguished FcyRIIb and raft behaviors
before and after the receptor clustering. As shown in Fig. 5B,
FeyRIb, FeyRITb~y ITAM chimera, and truncated FeyRITh were
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FIGURE 3. FcyRIIb redistribute to DIM after cross-linking in y~/~
macrophages. 4, BMMCs obtained from WT or y~'~ C56BL/6 mice were
stimulated {+) or not {—) via FcyRs, solubilized with 0.05% Triton X-100,
and subjected to density gradient centrifugation assay as described in the
legend for Fig. 1B. Cross-linking of FcyR1Ib alone induced its association
with DIM. B, Defective Syk tyrosine phosphorylation in y~'~ macro-
phages. WT and %™~ macrophages were sensitized with 2.4G2, stimulated
with {cross link (+)) or without (—) second Ab, and tyrosine phosphory-
lation of Syk {pY-Syk) and -y-subunit {pY-y) were analyzed. Syk tyrosine
phosphorylation was undetectable in ¥/~ macrophages.

sensitive to 1% Triton X-100 solubilization before clustering. Af-
ter clustering, all the receptors acquired detergent-insolubility, and
observed as prominent linear staining along plasma membrane.
The homogenous distribution, instead of receptor patching ob-
served in intrinsic FeyRs in RAW cells {see Fig. 24), is presum-
ably ascribed to the higher expression levels of the transfected
FeyRITbs. GM1 was also stabilized, and uniformly accumulated on
plasma membrane after the receptor clustering, Two different sets
of clones expressing the receptors yielded identical results. These
findings showed that these three FeyRIIb-derived molecules pos-
sess almost identical abilities to stabilize rafts. They also showed
that extrzcellular and transmembrane region of FeyRIIb is suffi-
cient for raft coalescence and stabilization, and that presence of
ITAM or ITIM does not influence this process.

The homogeneous distributions of the FeyRIIb-derived recep-
tors and GMI prevented us to assess their spatial codistributions.
To confirm their colocalizations, we used raft patching study (33).
GM1 was patched by FITC-conjugated CTxB and anti-CTxB Ab.
The FcyRIlbs were concurrently sensitized with biotinylated
2.4G2 Fab. To cross-link the receptors, cells were treated with
streptavidin-rhodamine before fixation. To visualize uncross-
linked ones, streptavidin-rhodamine was added after fixation (Fig.
5C). As shown in the middle row of Fig. 5C, CTxB-FITC staining
showed discontinuous, patchy distribution of GM| along plasma
membrane. In the absence of FeyRIlb-clustering, FeyR1Ibs stained
with streptavidin-rhodamine almost evenly distributed. After
cross-linking, patchy distributions of the FeyRlIlb, FeyRIIb-y

SRC PTK-INDEPENDENT RAFT COALESCENCE

ITAM chimera, and truncated FeyRITh became apparent (Fig. 5C,
upper row). As shown in the overlay images (Fig. 5C, bottom
row), the FcyRIIbs partly codistributed with GM1 (yellow-colored
segmments) before the receptor cross-linking, due to their even dis-
tributions, but red-colored segments representing FeyRIIbs outside
lipid rafts were clearly visible. After cross-linking, red-colored
segments were almost disappeared, and discontinuous yellow
patches became prominent in all the RBL transfectants. These re-
sults indicate that FcyRITb, FcyRIIb-y ITAM chimera, and trun-
cated FcyRITb almost completely colocalized with patched rafts
after cross-linking.

FeyRIIb extracellular and transmembrane domain represents
cell activation domain

The above findings showed that extracellular and transmembrane
segment of FcyRIIb & subunit is sufficient to induce spatial raft
reorganization. We subsequently tested whether this process is re-
sponsible for the generation of intracellular signaling. Fig. 64
shows elevation of [Ca®*]; after receptor cross-linking. Control
RBL cells and the cells expressing the FcyRITbs were sensitized
with biotinylated 2.4G2 Fab, challenged with streptavidin, and
changes in [Ca®*), in 25 randomly assigned cells were recorded. In
vector control cells and the cells expressing WT FeyRIIb, this
treatment did not elicit detectable calcium mobilization. Clustering
of FeyRIIb-y ITAM chimera induced rapid and sustained [Ca®"],
elevation. Of note, clustering of truncated FcyRIIb also elicited
small but rapid calcium transient. As shown in the control exper-
iments, streptavidin alone did not elicit detectable {Ca®™), eleva-
tion in the RBL.ZH3 clones, and clustering of intrinsic FeeRI in-
duced almost comparable [Ca®*]; elevation in the clones. These
results were reproducible in two sets of RBL clones expressing the
FoyRIIb-derived molecules. The peak [Ca®™); increase in two sets
of clones was presented in Fig. 68. The peak [Ca®*]; increase was
1677 > 44 nM and 652 * 104 nM in cells expressing FcyRITb-y
ITAM and truncated FcyRITh, respectively.

We next compared clustering-induced tyrosine phosphorylation
of raft-resident LAT adaptor (4, 37, 38). RBL cells sensitized with
biotinylated IgE or with biotinylated 2.4G2 Fab were stimulated
with streptavidin, and LAT tyrosine phosphorylation was assessed
by immunoprecipitation followed by immunoblotting. As shown
in Fig. 6C, cross-linking of FceRI and that of FeyRIiIb-y ITAM
resulted in prominent LAT tyrosine phosphorylation, whereas that
of WT FcyRIlb did not induce detectable signal. Notably, cross-
linking of truncated FcyRIIb elicited small but discrete LAT ty-
rosine phosphorylation. These findings indicate that extracellular
and transmembrane segment of F¢cyR1Ib a subunit represents cell-
activating module.

We next examined by pharmacological manipulations whether
the biochemical signaling elicited by truncated FeyRIIb is depen-
dent on Src family kinase activity or on the integrity of lipid rafts.
As shown in Fig. 6D, treatment of the cells with a Src family
kinase-selective inhibitor, PP2 at 50 pM, suppressed truncated
FcyRIIb-mediated peak {Ca®*]; elevation by 71%, whereas this
reagent did not significantly affect the response elicited by hetero-
trimeric G protein-coupling PAF receptor expressed in RBL cells
(25, 39). PP2 treatment also decreased LAT tyrosine phosphory-
lation mediated by truncated FeyRIIb (Fig. 6E). To study the in-
volvement of rafts in the calcium signaling, we examined the ef-
fects of cholesterol depletion by MBCD (40). As shown in Fig. 6F,
LS mM MBCD suppressed peak [Ca®™); elevation by 61%. Sub-
sequent treatment of the celis with 10% FCS-containing DMEM
almost completely recovered the extent of calcium response. For
the recovery study, MBCD/cholesterol complex could not be ap-
plied, because addition of 2.5 mM MBCD/cholesterol complex
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FIGURE 4. FcyRIIb and its tutated forms expressed in RBL2H3 cells.
A, Schematic representation of murine WT FeyRIIb2, truncated FeyRIIb,
and FoyRIIb-y ITAM chimera. Structure of ¥ subunit is also shown. The
extracellular (EC), transmembrane (TM), and intracellular (IC} domains
are shown, Numbering of amino acids for FeyRIIb2 is according to Lewis
et al. (49) and that of ¥ subunit is according to Ra et al, (50). Truncated
FcyRIIb lacks almost the entire cytoplasmic region except for juxtzmem-
brane basic cluster (247-252, KKKQVP). FeyRIIb-y ITAM chimera was
created by replacing intracellular region (253-293) of FcyRIIb with cor-
responding FeyR-y subunit bearing ITAM (50-86). B, Analysis of surface
expression of WT and the mutated FeyRIIbs expressed in RBL cells.
RBL transfectants and RAW cells intrinsically expressing FeyRIIb/IT1a
were stained with FITC-conjugated 2.4G2 mAb or with isotype-
matched Ab. Surface fluorescence was analyzed by EPICS-XL flow
cytometer (Coulter, Hialeah, FL). The expression of WT and mutated
FeyRIlbs in RBL clones were almost comparable and around seven
times higher than that of intrinsic FeyRIIb/1la in RAW cells. C, Lack
of association of FceRI 8 and +y subunits with the FcyRIIbs. RBL trans-
fectants were sensitized with biotinylated IgE or biotinylated 2.4G2
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{8/1, by mole) to MBCD-treated cells induced significant elevation
of basal [Ca®*],, presumably due to extensive membrane pertur-
bation by the acute cholesterol addition (data not shown). As
shown in Fig. 6F, MBCD at 10 and 15 mM decreased net choles-
terol content to 50 and 37% of that in untreated cells, respectively,
and cholesterol repletion with 10% FCS almost completely recov-
ered the cholesterol content. Therefore, cross-linking of extracel-
Iular and transmembrane region of FcyRITh elicits LAT tyrosine
phosphorylation and calcium mobilization in a2 manner dependent
on Src family kinase activity and on the integrity of lipid rafts. In
addition, tandem ligation of ITAM and ITIM to the receptor frag-
ment augments and suppresses the signal amplitude, respectively.

Discussion

Initiation of intracellular signaling from FcR involves conversion
of physical clustering of the receptors to Src family kinase-medi-
ated ITAM phosphorylation. Recent characterization of lipid rafis
has provided a clue to consider the initial mechanisms. Findings
that TCR and FceRI signaling is catalyzed solely by raft-associ-
ating Src family kinases indicate roles of rafts in providing fields
for signal generation (8, 9). It has also been shown that cross-
linked FceRl and BCR associate with DIM under the condition
that intracellular signaling is suppressed (17, 18). These observa-
tions raised the possibility that receptor-DIM association repre-
sents the upstream signaling. This early process is presumed to be
responsible for bringing receptors into the association with the
signial initiating Src family kinases (41). This concept is well ap-
plicable to BCR system, because both surface TgM and Iga/lgp are
incorporated into DIM after clustering (13). What is apparently
contradictory to the notion is that, in TCR and FceRI systems,
ITAM-bearing TCR-{ and FceRI B and -y subunits seems to con-
stitutively associate with DIM, and that ligand-binding subunits
lacking TTAM actively translocate into DIM after receptor clus-
fering (9, 10, 12, 17). We presumed that this behavior of ligand-
binding subunits reflects their active roles in raft coalescence.
Therefore, we addressed three problems in this study. First, is spa-
tial raft coalescence independent of Src family kinase activity?
Second, are ligand-binding subunits responsible for raft reorgani-
zation? Third, does the initial raft reorganization represent produc-
tive signaling?

Although raft redistribution to the site of TCR engagements has
been shown to require tyrosine kinase signaling and actin poly-
merization (42), it is still possible that raft reorganization in its
early phase is signal-independent. We tested the first hypothesis by
cytological observation of rafts after detergent treatment, follow-
ing the methods by Janes et al. (33). The current findings in mCsk-
overexpressing RAW cells quantitatively showed that spatial raft
coalescence after FcyR clustering is independent of Src family
kinase activity. These findings indicate that raft coalescence as
well as FcyR association with DIM could be positioned at up-
stream of intracellular signaling. Signaling-independent spatial raft
coalescence is further supported by efficient raft stabilization by
the clustering of WT FcyRIIb ectopically expressed in RBL2H3
cells.

We next tested whether ligand-binding subunits are responsible
for raft reorganization. To avoid complexity derived from associ-
ating subunits, monomeric FeyRIIb was used as a model system,

mAD, lysed in digitonin buffer, and the receptors were immunoprecipitated
with corresponding second Abs. FceRI-8 and FceRI-y were probed with
specific Abs and stained with HRP-conjugated second Ab. Immunopre-
cipitation efficiency was verified by streptavidin staining.
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FIGURE 5. Raft reorganization by FcyRIIb and its mutated forms expressed in RBL2H3 cells. A, Association of the FeyRl1Ibs with DIM after cross-

linking. The FeyR1bs were probed with biotinylated 2.4G2 Fab, treated with (cross-link (+)) or without (—) second Ab, and association of the receptors
with DIM was analyzed, as described in the legend for Fig. 15. Small amounts of the FcyR11bs were associated with DIM before clustering, but receptor
cross-linking significantly enhanced the association, B, Raft stabilization by cross-linked FcyRIIbs. RBL2H3 cells expressing WT and mutated FcyRlIlbs
were treated as above, fixed with 3.7% formaldehyde, and solubitized with 1% Triton X-100 for 3 min. FeyRIIbs and GM1 were stained with streptavidin-
rhodamine and CTxB-FITC, respectively, and observed by confocal microscopy. After cross-linking, all the FcyR1Ibs became resistant to the detergent
extraction, and accumulated along cell membrane, Rafis were also stabilized, as evidenced by clear GMI staining at along cell membrane (see the X6
magnified views below) after receptor cross-linking. Bars, 5 pm. C, Colocalization of the FcyRIbs with patched GM1 after receptor cross-linking. GM1
was patched by incubation with CTxB-FITC and anti-CTxB Ab. The FeyRIIbs were probed with biotinylated 2.4G2 Fab, and treated with streptavidin-
rhodamine before fixation {receptor cross-link (+)) or after fixation (receptor cross-link (=)} with 3.7% formaldehyde. Solubilization with Triton X-100
was not applied. Top and middie rows, The FeyRIlbs (red) and GM1 (green), respectively. In the overlay images (botrom row), colocalized segments of

the FeyRIlbs with GM! are yellow colored. See text for details.

because signaling subunits are frequently required for surface
expression of MIRRs including FeyRI1Ta, TCR, and FceRI (2).
The current findings using FeyRIIb chimeras provided an ex-
ample supporting the roles of ligand-binding subunits in raft
reorganization. We also showed that the extracellular and trans-
membrane region of FeyRITb is sufficiént for stabilizing rafts at
cell membrane. Field et al. (19} showed that FceRI @ and/or
"transmembrane segment is responsible for its association with
DIM fraction. The current data are consistent with their find-
ings, and further emphasized the roles of ligand-binding sub-
units in spatial raft reorganization. Obviously, these findings in
FeyRIIb are not sufficient to deduce general mechanisms of
MIRR-mediated raft coalescence, but it is intriguing to specu-
late that extracellular and transmembranous scgments of ligand-

binding subunits possess roles in raft reorganization besides
their roles in ligand sensing.

We finally examined whether raft coalescence induced by the
truncated FcyRIIb is responsible for the generation of intracellular
signaling, A previous study showed that clustering of FcyRIlb
alone does not lead to tyrosine phosphorylation signaling (24). We
confirmed that clustering of ectopically overexpressed FeyRIIb did
not induce detectable calcium mobilization or LAT tyrosine phos-
phorylation. We presumed that FeyRI1Ib-mediated raft reorganiza-
tion potentially includes positive signaling, but that simultaneous
ITIM condensation hindered it. Consistent with the notion, extra-
cellular and transmembrane scgment of FeyRlIIb elicited discrete
LAT tyrosine phosphorylation and calcium response after cluster-
ing, in a manner dependent on Src family kinase activity and on
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FIGURE 6. Biochemical signating elicited by Fe-yR1Ib and by mutated FeyRI1bs in RBL2H3 cells. 4, Calcium mobilization in RBL2H3 cells expressing
control vector, WT FcyRIIb, and mutated FeyR1Ibs. RBL2ZH3 clones were sensitized with biotinylated 2.4G2 Fab and stimulated with streptavidin (Jeft
panel). The line graphs represent the average of [Ca®*); in 25 cells randomly selected. Right panels, The same clones were sensitized with anti-DNP IgE,
and stimulated with streptavidin, subsequently with DNP-BSA Ag. B, [Ca?*); elevation via the FeyR1lbs in multiple clones (n = 3). Mean = SD of peak
[Ca**]; increase is shown, Calcium response was not detectable in control and FeyRI1b2 expressing RBL cells, FeyRI1lb-y 1TAM and truncated FcyRIIb
elicited [Ca?*], elevation whose peak increases were 1677 * 44 nM and 652 = 104 nM, respectively. C, Phosphorylation of LAT. The RBL2H3 clones
were sensitized with biotinylated IgE or Fab of biotinylated 2.4G2, stimulated with (+) or without (—) streptavidin, and tyrosine phosphorylation of LAT
(pY-LAT) were analyzed. The same membrane was reprobed with anti-LAT Ab after stripping. IgE and FcyR-y ITAM chimera stimulation gave strong
signals, Truncated FeyRIIb also induced small but discrete LAT tyrosine phosphorylation. D, Effects of Sr¢ PTK inhibition by PP2 on the truncated
FeyR1Ib-mediated calcium mobilization. RBL2H3 cells expressing truncated FeyRIIb were pretreated with 50 uM of PP2 for 30 min (+) or not (—) and
stimutated via FeyR as described above (7 = 3). RBL2H3 cells expressing PAF receptor were used as a control. PP2 suppressed peak [Ca®*]; increase by
71%, whereas it marginally affected PAF-induced response, *, p < 0.01 compared with PP2-untreated cells by ¢ test, E, Effects of Src PTK inhibition by
PP2 on the truncated FoyRIlb-mediated LAT phosphorylation. RBL2H3 cells expressing truncated FeyRIIb were pretreated with PP2 and stimulated via
FcyR as described above, and tyrosine phosphorylation of LAT (pY-LAT) was analyzed. PP2 decreased LAT tyrosine phosphorylation. F, Effects of
cholesterol depletion on the truncated FeyRIIb-mediated calcium mobilization. RBL cells expressing truncated FeyRIIb were treated with MBCD at 0, 10,
or 15 mM for 30 min, and then with (recovery +) or without (—) DMEM containing 10% FCS. Cells were stimulated as above. Upper panel, Peak [Ca®*);
increase (mean * SD) is presented. A total of 15 mM MBCD treatment significantly suppressed peak [Ca*); increase by 61%, and this inhibition was
reversible. Lower panel, The amount of cell cholesterol was determined. Ten and 13 mM MBCD treatment significantly decreased the cellular cholesterol
to 50 and 37% of control, respectively, and DMEM containing 10% FCS completely restored cholesterol content, *, p < 0.0] compared with MBCD-
untreated cells by ¢ test.
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raft integrity. Tandem ligation of vy ITAM to the receptor segment
augmented the respense. Under our experimental ¢conditions, co-
immunoprecipitation of the extracellular and transmembrane seg-
ment of FeyRITb with y subunit was nearly undetectable (see Fig.
4(). Although the lack of coimmunoprecipitation did not com-
pletely exclude the potential protein-protein interaction between
the truncated FeyRIIb with 4 subunit, the present findings support
the notion that raft coalescence induced by the receptor segment
triggers productive signaling. Pearse et al. (36) showed that
FeyRIIb cross-linking induces B cell apoptosis, and assumed that
transmembrane segment catalyzes the functions through mem-
brane perturbation. These findings together with ours suggest sig-
nificant roles of the transmembrane segment in biological func-
tions. It could be presumed that raft reorganization is also involved
in the B cell apoptosis. Obviously, the observed productive sig-
naling by the “ITAM-less” FcyRIb fragment does not preclude
the involvement of [TAMS. It is likely that indirect condensation of
ITAM-bearing subunits after raft coalescence plays roles in signal
gencration.

Chimera strategy as used in this study has been used to examine
the roles of ITAM in MIRR signal transduction (43-45). In those
studies, IL-2Re subunit (Tac) was frequently used as a source of
extracellular and transmembrane domain. Tac-y ITAM chimeras
reproducibly induced prompt signaling such as calcium mobiliza-
tion or granule release, consistent with FeyRIIb-y ITAM chimera
in this study. What is apparently contradictory to our findings is
that Tac constructs lacking cytoplasmic region were unable to in-
duce early biochemical signaling (43-45), We tentatively pre-
sumed that this difference is simply due to different expression
levels, but not to receptor sources, because IL-2R was shown to
associate with DIM after clustering (19).

It has long been recognized that mechanical clustering of rafts
by cross-linking of GPl-anchored proteins induces Sre family ki-
nase-mediated signaling (46), The current study indicates that in-
ducible raft coalescence triggered by FcyR cross-linking could
also be positioned at the upstream of Src family kinase activation,
and that ligand-binding subunits are responsible for the initial pro-
cess. It is also suggested that raft coalescence itself generates ini-
tial productive signaling. However, how raft coalescence leads to
biochemical signaling is still undetermined. One of the possible
mechanisms is that raft coalescence provides fields for one Lyn
molecule to transactivate another (20). Given that that unperturbed
raft is so small as estimated by biophysical analysis (20), Lyn
molecules might be separated from each other. Of note, we have
previously shown that Lyn molecules in RBLZH3 cells ars a mix-
ture of C-terminal tyrosine phosphorylated and dephospharylated
forms {23). Therefore, it might be possible that rafts are chimeric
in terms of Lyn activity, and that the Lyn activity is dependent on
the presence of Cbp/PAG-Csk complex (47, 48). As mentioned
above, it is also possible that lipid rafts function as vehicles of the
other signaling molecules including +y subunit, and that raft co-
alescence indirectly causes localized y ITAM condensation. These
possibilities should be evaluated in various model systems includ-
ing y~'~ cells.
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Abstract

The third complementarity-determining region {CDR3) of TCR Interacts directly with antigenic
peptldes bound to grooves of MHC molecules. Thus, It Is the most critical TCR structure in
launching acquired immunity and In determining fates of developing thymocytes. Since length Is
one of the components defining the CDR3 heterogeneity, the CDR3 length repertoires have been
studied in varlous T cell subsets from humans in physilologlcal and pathological conditions.
However, how the CDR3 length repertoire develops has been addressed only by a few reports,
including one showing that CDR3 of CD4 thymocytes becomes shorter during thymic development.
Here, we explored multiple regulations on the development of the TCRB CDR3 length repertoires In
the thymus and the peripheral blood. CDR3 length spectratyping was employed to examine
thymocyte and peripheral T cell populations for their CDR3 length repertoires. We have found that
repertolre distribution patterns depend on use of the BV gene. The BV-dependent patterns were
shaped during thymic selections and maintalned in the peripheral blood. Differences In the mean
CDR3 length among different BV subsets were seen throughout lymphocyte development. We also
observed that CDR3 was shortened in both CD4 and CD8 thymocytes. Of note, the degrees of the
shortening depended on the CD4/CD8 lineage and on use of the BV gene. When expansions of
peripheral T cell clones are negligible, no obvious difference was seen between mature thymocytes
and peripheral lymphocytes. Thus, the TCRB CDR3 length repertoires are finely tuned in the
thymus before the lymphocytes emigrate Into the peripheral blood.

Introduction

Using surface receplors for antigens, off T cells recognize
antigenic peptides bound to MHC class | or Il molecules.
Studies using X-ray crystallography have demonstrated that
three-dimensional structures composed by the first, second
and third complementarity-determining regions (CDR1, 2 and
3) of TCR a and B chains interact directly with peptides
presented by the MHC molecules (1,2). Avidity of the
interaction is defined by topological structure and location of
charged amino acid residues of the interface peptides (3). In
the TCR chain, CDR3 nucleic acid sequence is most diverse
kecause it is generated by recombination of multiple V, D (in
the case of TCRP) and J gene segments, and by random
addition of interlocating N region nucleotides (4,5). Since this
region interacts most closely with the antigenic peptide, the
diversity of the CDR3 amino acid sequences accounts for a
wide array of antigen specificities within the functional T cell
repertoire.

The melecular interaction of interface peptides is similarly
important in association between antigenic peptides and MHC
molecules. This interaction limits heterogeneity of peptides
that can bind to the products of a given MHC altele (6). The
length of the antigenic peptides is also restricted by inter-
action with MHC and with TCR (8). In centrast, the TCR CDR3
segments are more diverse in length. This might be explained
by weaker association of antigenic peptides with TCR than
with MHC (3,7). However, it remains to be seen how the CDR3
length repertoire is regulated during thymic development and
in peripheral blocd.

The of T cell repertoire develops through a number of
selection steps in the thymus. TCRB gene rearrangement
becomes complete first at the stage of CD3-CD4+CD8-
immature single-positive {CD4 ISP) thymocytes (8,9). If their
TCRB genes rearrange in-frame and their products pair
successfully with pre-Ta chains, these cells survive and
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Fig. 1. BV-dependent differences in TCRB CLS histogram. {A) The
histograms of the BV1, 3 and 7 subsets of peripheral CD4 T cells
from three donors (D1, D4 and D5). (B} The CP frequencies and the
variances in the individual BV subsets. They were calcutated using
TCRB CLS histograms of peripheral CD4 T cells from six child
donors. The classification of the BV families was based on the
definition by the WHO/International Union of Immunoclogical
Societies, Nomenclature Subcommittee on TCR Desigration (30).
The open columns and shaded columns represent the mean values
of the CP frequencies and those of the variances respeclively. The
bars show their SD.

proliferate to become CD4+CD8* double-positive thymocytes
(8,10). They express TCRB chains together with products of
the in-frame rearranged TCRA gene. The double-positive
thymocytes then undergo positive and negative selection,
which make mature CD4 and CD8 T cell repertoires desirable
to eliminate foreign pathogens. Although these processes are
directed by the avidity of TCR with its ligand (11), their effects
on the CDR3 length repertoire have hardly been explored.
The heterogeneity of the TCR CDR3 length in T cells at any
developmental stages can be tested with TCR CDR3 length
spectratyping (CLS). This method visualizes the distribution of
TCR CDR3 length as histograms (12). It has been shown that
typical histograms that are derived from mature peripheral T
lymphocyte pools display a Gaussian-like distribution with
3-base spacing. If a histogram is biased by an unexpectedly

high frequency at a specific length, it indicates that the studied
population contains an expanded T cell clone whose CDR3
has the corresponding fength. Based on this, the TCR CLS
technique has been employed to study clonal perturbation of T
cell repertoires from healthy denors and patients with various
inflammatory diseases (13-19). The resuits have given us
some insights into the physiolegy and pathology of T cell
homeostasis.

The above facts all indicate the importance of discerning
how heterogeneity of the CDR3 length repertoire is physiolo-
gically regulated, especially in the thymus. No gross differ-
ence in CDR3 length distribution between fetal and adult T cell
pools has been reported (20). Yassai et al. (21) reported that
thymocytes with shorter TCRB CDR3 are selecled during
transiticn from CD4+CD8* thymocytes to CD4 SP thymocytes.
Their subsequent report used muring systems lo show that the
shortening is mediated by TCR-peptide-MHC interaction in
the thymus {22). Of note, they suggested that human reper-
toires might be under distinct regulation. Other investigators
have described that different TCRB CDR3 lengths were
preferred by different BV and BJ combinations in mice (23),
and BJ genes in humans (24). However, no studies have
addressed which stages in lymphocyte development are
responsible for these differences.

How are the CDR3 length repertoires of various T cell
subsets formed, modulated and maintained in the thymus and
in the peripheral blood? How does the shartening eccur in the
human thymus? The present study was conducted to address
these issues. By examining thymocytes and peripheral T cells
for TCR CLS patterns, we have found that formaticn of human
TCR CDR3 length repertoires is under multiplex regulations in
the thymus.

Methods

Samples

Thymic fragments and peripheral blood were collected from
child donors during heart surgery for correction of congenital
cardiac anomalies. They were from 1to 13 years old {mean 5.6
years old). They suffered from no immunological or hemato-
logical disorders. Consent forms were oblained before the
operation. CD4 ISP thymocytes, mature CD4 and CD8 SP
thymocytes, and peripheral CD4 and CDB T lymphocytes were
sorted from the thymic tissues or peripheral lymphocytes as
described previously (25). Purities of the separated cells were
>04%.

PCR

RNA were exlracted from the sorted thymocytes and
lymphocytes, and converted to cDNA (25). To amplify TCR
transcripts with individual TCRBV family genes, the cONA
were subjected to PCR using a fluorescent TCRBC-specific
anti-sense primer (Cgh) and a panel of sense oligonuclectide
primers specific to TCRBY gene families (26). The amplifica-
tion reaction consisted of 35 cycles of 1 min at 94°C, 1 min at
60°C and 1 min at 72°C, with tinal extension at 72°C for 7 min.

To amplify TCR transcripts with individual members of the
BV7 family (BV7S1, BV732 and BV7S3 genes), a sense primer
specific to the three BV7 family genes (Vp70s: GGA GCT CAT
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GTT TGT CTA CA) and a BC-specitic antisense primer [Caa
(26)] were used for primary PCR. The reaction consisted of 25
cycles of 1 min at 94°C, 1 min at 53°C and 1 min at 72°C
followed by final extension at 72°C for 7 min. Part of the
products were further amplified with a nested sense primer
specific to BV7S1, BY752 or BV7S3 genes (Vp7S1s: TAC AGC
TAT GAG AAA CTC TG; Va752s: TAC AGT CTT GAA GAA
CGG GT; or Vg753s: TCT ACA ACT TTA AAG AAC AGA C)
and the fluorescent Cgb primer. The reaction consisted of 25
cycles of 1 min at 94°C, 1 min at 53°C and 1 min at 72°C
followed by final extension at 72°C for 7 min.

TCRCLS

The PCR products were fractionated on denaturing 7%
pafyacrylamide gel in a Hitachi SQ-5500 sequencer {Hitachi
Electronics Engineering, Tokyo, Japan). The data were ana-
lyzed with the associated software to display histograms.
Relative percentage of the TCRB transcripts of a given length
to total TCRB transcripts in the BV subsets, which is called the
frequency in this report, was calculated by dividing the
fluorescence intensity of the corresponding peaks by the
sum of the intensity of all peaks.

Statistical analyses

CDR3 length, defined as previously described (20), ranged
from 6 to 60 bases. Nineteen frequency values within this
range were lreated as variables for cluster analyses, which
were performed with Statistica 4.1J (Tulsa, OK). The variances

20
were calculated as follows: 37 F, X (Ls, - mean CDR3
n=2
length)é, where Fa, stands for the frequency value that
corresponds to a given CDR3 length of Lg, The Kruskal-
Wallis test was used to compare the central peak (CP}
frequencies, variances and mean CDR3 lengths of the
histograms of different BV subsets. The Mann-Whitney test
was used to compare these parameters of the histograms of
the CD4 ISP thymocytes with those of the other populations.

Results

BV-dependent TCRB CDAR3 length repertoires of peripheral
CD4 T cells

In order to characterize unbiased TCRB COR3 length reper-
toires of the mature T Ilymphocytes, peripheral CD4 T
lympheeytes from six child donors were examined. This
population was studied because biases of the T cell reper-
toires by clonally expanded T cells are more frequent in elder
individuals and in the CD8 T cell pool (13,15,27,28). Although
the histogram of each BY subset displayed a Gaussian-like
distribution without outstanding biases, different BV subsets
had slightly different patterns. Histograms of BV1, 3 and 7
gene families of three donors are shown to represent such
differences (Fig. 1A). The shapes of different BV subsets were
distinguished by the height of the CP that always had the
highest frequency and by the width of the span. The
histograms of BV1 had a high CP and narrow span, those of
BV3 had a low CP and wide span, and BV7 had modestly high
CP and a narrow span.
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The characleristics were quantitatively assessed with the
CP frequencies and the variances; the variances indicate
span of the histograms. These two values were calculated for
all BV subsets studied (Fig. 1B). Various combinations of CP
frequencies and variances were observed. Reflecting the
histogram paltern of the BY3 subsel, its CP frequencies were
low and the variances were remarkably large. This was also
the case with the BV11 subset. The BV1 subset, as well as the
BVES1 subset, had high CP frequencies and small variances.
The two parameters also describe the characteristics of the
BV7 subsetl: moderate CP frequency and small variance.

Although seme BV subsets had higher CP frequencies than
BV1, or smaller variances than BV1 and 7, the BV1, 3and 7
subsets were further studied to investigate how these differ-
ences develop during T lymphocyte development. The other
BV subsets occasionally had minor and random biases, which
should be due to small expansicns of T cell clones, The
characteristics of the three BV subsets and similarity within the
same subsets could be illuminated by line graphs of the CDR3
length repertoires from six doners (Fig. 2A). Statistical com-
parison of the CP frequencies and the variances among the
three subsets from six donors demonstrated that the CP
frequencies of the BV1 subset were highest, while those of the
BV3 subset were lowest, and that the variances in the BV3
subset were largest (Fig. 3A and B).

Pannetier et al. (23) reported that the mean TCRB CDR3
length of murine lymphocytes depends on use of BV genes.
This was the case with human peripheral lymphocytes: the
mean length of the TCRBVY transcripts was longest, while that
of the TCRBV3 transcripts was shortest (Fig. 3C).

Overall differences in the CLS patterns were elucidated by
cluster analysis, which treated 19 frequency values at 6-60
bases as variables. A total of 18 histograms from six donors
were segregated into three groups, each of which contained
histograms of BV1, 3 or 7 subsets (Fig. 4A).

According to the published database, the BV7 famity
consists of BV7S1, 752 and 753 genes, while BV1 and 3
families have a single gene member (29). The histograms of
the BV7 subset were derived from the PCR products that were
generated with a primer specific to all BV7 family genes. In
order to examine the TCR transcripts with individual BV7
genes, these transcripts were independently amplified with
specific primers. The CLS distributions of the transcripts with
the three BV7 genes were homologous and no statistical
differences in CP frequency, variance or mean TCR length
were observed (data not shown), Thus, the BV7 family subset
was analyzed as a whole in the present studies.

Development of the BV-dependent repertoires in the thymus

TCRBV1, 3 and 7 transcripts thal were derived from CD4 ISP
thymocytes, and CD4 and CD8 SP thymocytes from the same
set of donors were analyzed to study how the BV-dependent
characteristics develop. As was discussed in our previous
report (25), the CD4 ISP thymocytes have undergone TCRB
gene rearrangement, but have not started positive or negative
selection. Thus, unlike CD4 CD8 double-positive cells, a part
of which are already under pressure of thymic selectian, they
are the besl for investigation of primordial TCR repertoires.
The histograms of the CD4 and CD8 SP thymocytes shared
the same characteristics as those of the peripherat CD4 cells
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Fig. 2. TCRB CLS histograms of the BV1, 3 and 7 subsets of the peripheral lymphocytes and thymocytes. Distributions of the frequencies are
presented in a line graph format. The data of the six doncrs (D1-D6) are shown as overlaid line graphs in each panel to illuminate BV-specific
characteristics. (A) The histograms of the three BV subset!s in their peripheral CD4 T cells. {8) The histograms of the CD4 ISP, CD4 SP and
CDa SP thymocyles, and peripheral CD8 T celts. Except for the CD4 ISP thymocytes, the histograms of each BV subset were similar. The BV1
and 3 subsets of the peripheral CD8 T cells from D4 were considerably biased, probably because of clonal expansions.

(Fig. 2B). In both SP populations, the CP frequencies of the
BV1 subset were highest and those of the BV3 subset were
lowest. The variances in the BV3 subset were largest. These
differences were statistically signiticant (Fig. 3A and B).
Peripheral CD8 T cells from the same denors were analyzed
in the same way. Their histograms were often biased since
CDB T cells are prone to large clonal expansions.
Nevertheless, the BV-dependent characteristics were held
well by the peripheral CD8 T cells (Figs 2B, and 3A and B).
In contrast, differences among the three subsets were not
significant in the histograms of the CD4 ISP thymocytes
(Fig. 2B). These histograms shared the same features, which

were characterized by low CP and wide span regardless of BV
gene use, In all of the three BV subsets, the CP frequencies
and variances of the CD4 ISP thymocytes were different from
those of the SP thymocytes and peripheral T cells in a
statistically significant manner (Fig. 3A and B). The CP
frequencies of CD4 ISP were significantly lower than those of
CD4 SPinthe BV1, 3, and 7 subsets (P < 0.01, P<0.05and P
< 0.05 respectively), than those of CD8 SP (P < 0.01 for each
subset), than those of peripheral CD4 (P < 0.01, P<0.05and P
< 0.01 respectively) and than these of peripheral CD8 (P <
0.01, P < 0.05 and P < 0.01 respectively). The variances of
CD4 ISP were significantly larger than those of CD4 SP in the
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Fig. 3. Parameters to compare the TCR CLS histograms of CD4 ISP,
CD4 SP and CD8 SP thymocytes, and peripheral CD4 and CO8 T
cells. CP frequencies (A), variances (B) and mean CDR3 lengths {C}
in the BV1, 3 and 7 subsets from the six donors are shown. Those of
the peripheral CD8 T cells from D4 are excluded because of
cbvious hiases. The Kruskal-Wallis test was used to compare the
three parameters among the BV subsets. In the peripheral CD4, the
three subsets were statistically dilferent with respect to the CP
frequency (P < 0.005), the variance (P < 0.05) and the mean COR3
length (P < 0.001). In the CD4 ISP thymocyles, the three BV subsels
were not significantly different with respect to the CP frequency and
the variance, but significantly different with respect to the CDR3
length (P < 0.002). In the CD4 SP and CDS8 SP thymocyles, the three
BV subsets were different with respect to the CP frequency
(P < 0.05 for both), the variances (P < 0.02 for both) and the mean
CDR3 length (P < 0.001 and P < 0.005 respectively). The three BY
subsets from peripheral CD8 were different with respect to the CP
frequency {P < 0.05), the variance (P < 0.05) and the mean CCR3
length {P < 0.C05). The Mann-Whitney test was used to compare the
three parameters of the CD4 ISP thymocytes and the other
populations, The CP frequencies of CD4 ISP were always lower than
those of CD4 SP in the BV1, 3 and 7 subsets, than those of CD8 SP,
than those of peripheral CD4, and than those of peripheral CD8. The
variances of CD4 ISP were larger than those of CD4 SP in the BV1 3
and 7 subsets, than those of CD8 SP, than those of peripheral CD4,
and than those of peripheral CD8. The mean CDR3 lengths of CD4
ISP were longer than those of CD4 SP, CD8 SP, peripheral CD4,
and peripheral CC8 in all three subsets, *P < 0.05 and
**P < 0.01 respectively in the Mann-Whilney test to compare each T
cell population with the corresponding CD4 ISP population.

BV1, 3 and 7 subsets (P < 0.01 for each subset), than those of
CD8 SP (P < 0.01, P < 0.05, and P < 0.01 respectively), than
those of peripheral CD4 (P < 0.01 for each subset) and than
those of peripheral CD8 (P < 0.01 for each subset).

As for the mean CDR3 length, the same differences amang
the three BV subsets were observed in the CD4 and CD8 SP
thymocytes, and in the peripheral CD8 T cells (Fig. 3C}. Unlike
the distribution patterns, the differences in length were already

Development of human TCRB CDR3 length repertoire 427

seeninthe CD4 ISP thymocytes (Fig. 3C). These results imply
that positive and negative selections exert distinct effects on
CLS distribution pattern and on CDR3 length.

Cluster analyses segregated the histegrams of the CD4 and
CD8 SP thymocyles into three groups, each of which
contained primarily those of the same BV subset (Fig. 4C
and 0). The histograms of the peripheral CD8 T cells also fell
into the three groups except for the histograms with biases
(Fig. 4B). Nctably, the same analysis of the histograms of the
ISP thymocytes failed to discriminate BY gene use (Fig. 4E).
This should be due to similarity of the distribution patterns and
suggests that the difference in length alone is not enough for
segregation.

BV- and co-receptor-dependent shortening of TCRB CDR3
fength in the human thymus

[t has been reported that TCR COR3 shortens during transition
from the ISP thymocytes to the SP thymocytes (21). This was
observed in our studies of the mean CDR3 length; the CD4 ISP
thymocytes had longer CDR3 than the other populations
(Fig. 3C). To investigate this further, we analyzed plots of
differences in frequency (AF) and skew values (ZAF), both of
which have been defined by Yassai et al. (21,22). AF can be
calculated by subtracting the CLS frequency of a given
population from that of the other at the same length. A cluster
of positive AF values on the right of an inflection point with a
corresponding cluster of negative AF values on the other side
indicates that the given population has shorter CDR3. ZAFis
the sum of AFvalues to the right of the inflection points. The AF
plots and ZAF were calculated by subtraction of the frequen-
cies of the CD4 and CD8 SP thymocytes from those of the CD4
ISP thymocytes in the three BV subsets {Fig. 5A). Their
patterns and positive ZAF values showed that both SP
thymocyte populations had shorter CDR3 than the CD4 ISP
thymocytes irrespective of BV subset.

Interaction of TCR with endegencus antigens dictates CD4/
CD8 lineage commitment during positive and negative selec-
tions in the thymus. This led us to assume that the shortening
could be a function of the lineage if it is a consequence of TCR
triggering. We then calculated AF between cells with different
tineages; between the CD4 and CD8 SP thymocytes and
between the peripheral CD4 and CD8 T cells (Fig. 5B). The AF
plots and ZAF showed that the TCR CDR3 length of CD4
lineage cells was shorter in the BV3 subset, whereas it was
longer in the BV7 subset. No significant differences in CDR3
length were seen in the BV1 subset Thus, differential
shortening between CD4 and CD8 lineage cells was observed
and it depended on BV gene use.

Additionally, the CD4 SP thymocytes and the peripheral
CD4 T lymphocytes, as well as the CD8 SP thymocyles and the
peripheral CD8 T lymphocytes, were compared. The results
showed that CDR3 of CD4 or CD8 lineage ceils do not shorten
in the peripheral blood (data not shown).

Discusslon

The present study has elucidated how TCR CDR3 length
repertoires of CD4 and"CD8 T cells in different BV subsets
develop in the human thymus and peripheral blood. The CDR3
length repertoires had BV-dependent distribution patterns.
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Fig. 4. Cluster analyses of the histograms of individual T cell populations from the six donors. Based on 18 histograms of peripheral CD4 (A)
and CD8 (B} T cells, CD4 SP (C) and CD8 SP (D) thymocyles, and CD4 ISP thymocytes (E), the distance of every combinalion of two
histograms was calculaled with Ward's method and the Euclidean distance. Al calculated distances divided by the maxima! distance are
shown in a dendrogram. Listed on the left are the BV subsets and the identification of donars that the individual histograms originated from.
The BV1 and 3 subsets of the peripheral CD8 T cells from D4 had biased CLS histograms.

They were shaped during thymic selections and maintained in
the peripheral blood. In contrast, the BV-dependent differ-
ences in the TCR CDR3 length were observed throughout
lymphocyte development. The CDR3 became shorter during
thymic selections, but did not change the BV-dependent
differences seen before the selections. Finally, the degrees
of the shortening differed between CD4 and CD8 lineage cells,
and also were dependent on BV gene use. The repertoires
of peripheral lymphocyles reflected directly those of mature
SP thymocytes except for biases induced by clonal
expansions.

Although it was known that different CDR3 lengths were
preferred by different BV subsets, the BV-dependent distri-
bution patterns are disclosed here for the first time. Unlike the
difference in length, the different patterns become evident
during positive and negative selections, accompanied by an
increase of the CP frequency and narrowing of the distribution
span. This argues that they are shaped under the pressure of
positive and negative selections in the thymus. Most studies
that employed the TCR CLS technique disregarded the
differences, probably because the technique was used for
identification of gross changes.

We have found that the distribution patterns of three gene
members of the BV7 family shared the same characteristics.
This ensures that the CLS hislograms generated with the
primer specitic to BV7 family genes were not artifacts. In this
regard, we have found that different gene members of the BV6
family could have similar distribution patterns (Fig. 1B). Also,
both BV3 and 11 subsets shared histograms with low CP
frequencies and large variances. Arden et al. (29) peinted out
that these two genes are closely related both structurally and
in their CDR3 sequences. According to their TCRBY gene
classification, BV1, 3 and 7 fall into different groups. These
facts argue that the BV-dependent differences could be
attributable to the structure of TCRB chains.

Using murine thymus, Pannetier et al. (23) observed that
different BY subsets prefer different TCR CDR3 lengths. We
found that the BV-dependent difference in mean TCR length
already occurred in the CD4 ISP thymocytes. This implies that
the difference is regulated by TCR rearrangement. Also, since
the CD4 ISP thymocytes with complete TCREB gene rearrange-
ment are under pressure of subsequent B selection for
association with pre-Ta chains, the B selection could contrib-
ute to the difference formation. Moreover, the CLS histograms
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Fig. 5. Comparison of TCR CDR3 length in different CD4/CD8 lineage cells. Plotted are AF that were calculated by sublracting the frequencies
in the CD4 and CD8 SP thymocytes from those in the ISP thymocytes (A: CD4 ISP - CD4 SP and CD4 ISP — CD8 SP respectively), and by
subltracting the frequencies in the CD8 SP thymocyles from those in the CD4 SP thymocytes and those in the peripheral CD8 T cells from
those in the peripheral CD4 T cells (B: CD4 SP - CD8 SP and peripheral CD4 — peripheral CO8 respectively). In order to quantify the
shortening, the means * SD of ZAF derived from the six donors were calculated {shown in the panels). In (B), where the data from D4 have
been excluded, EAF values of the BV3 subsets were all negative in both subtractions, while ZAF values of the BV7 subsets were all positive.
ZAF values were not calculated for the BV1 subset because no inflection points were found in the AF plots. NC, not calculated.

of the BV1, 3 and 7 subsets of the CD4 ISP thymocytes were
similar, but not necessarily identical (Fig. 2B), suggesting that
the rearrangement and/or § selectien may have a subsidiary
effect in shaping the CLS distribution patterns.

To address further if the rearrangement per se regulates the
BV-dependent difference in CDR3 length, we tried to amplify
non-productively recombined TCRBV1, 3 and 7 genes from
peripheral T lymphoceytes that do not express TCRVp1, 3or 7.
However, even from >107, a sufficient amount of the rear-
ranged genes could not be amplified for the TCR CLS
analyses. This was consistent with the fact that the TCRB
CLS patterns of the CD4 ISP thymocytes always had 3-base
pair spacing, indicating that all transcripts were in-frarne. The
3-base spacing was also ebserved by Yassai et al. (21) who
examined TCRB genomic DNA derived from the same
population. It is known that 85% of CD4 ISP thymocytes retain

the TCRB germline configuration, while only 5% express
rearranged TCRB gene products (9). Thus, thymocytes with
out-of-frame TCRB rearrangements must be difuted out
quickly by those expressing complete TCRp/pre-Tee and
become undetectable with conventional technologies.

In separate experiments, we have assessed the mean TCR
CDR3 lengths of the other BV subsets and found that the BV
subsels with similar CLS palterns do not necessarily have
similar CDR3 length (data not shown). The differences in
shortening between CD4 and CD8 lineage cells were not a
function of the distribution patterns (data not shown). Thus,
distribution pattern and length appeared o be regulated
independently,

Yassai et af. (21,22) reported TCR shortening in the human
and murine thymi. By examining murine thymocytes for the
BV1-BJ2 recombinants, they have shown that the shortening
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