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TCR-Induced Transmembrane
Signaling by Peptide/MHC Class
Il Via Associated Ig-a/3 Dimers

Paul Lang,’* John C. Stolpa,’* Benjamin A. Freiberg,’
Frances Crawford,? John Kappler,2 Abraham Kupfer,’
John C. Cambier't

Previous findings suggest that during cognate T cell-B cell interactions, major
histocompatability complex (MHC) class Il molecules transduce signals, leading
to Src-family kinase activation, Ca>* mobilization, and proliferation. Here, we
show that antigen stimulation of resting B cells induces MHC class Il molecules
to associate with Immunoglobulin (Ig)-a/Ig-B (CD79a/CD79b) heterodimers,
which function as signal transducers upon MHC class Il aggregation by the T cell
receptor (TCR). The B cell receptor (BCR) and MHC class II/1g-o/Ig-B are distinct
complexes, yet class ll-associated Ig-a/p appears to be derived from BCR.
Hence, Ig-o/B are used in a sequential fashion for transduction of antigen and

cognate T cell help signals.

Humoral immune responses to most protein
antigens require direct interaction between
antigen-specific B lymphocytes and CD4-
positive helper T cells. Within these T-
cell-B cell conjugates, paired molecules on
opposing cells mediate adhesion and signal
transduction (/). Central among these inter-
actions is MHC class Il/antigenic peptide
engagement by TCR. Although signals
transduced by the TCR and coreceptors
lead to T cell activation, events that occur
in the opposing B cell during this interac-
tion are undefined.

Several studies have suggested that
MHC class II molecules may play a role in
transducing signals to B cells (2-5). For
example, antibody-mediated aggregation of
MHC class II on B cells that were previ-
ously stimulated by antibodies against the
BCR induces calcium mobilization, as well
as the protein tyrosyl phosphorylation of a
wide spectrum of proteins by Src-family
kinases (3, 5, 6). Transduction of these
signals does not require the MHC class II
cytoplasmic domains (7). On the basis of
these findings, we hypothesized that during
immune responses, antigen binding to B
cell antigen receptors may initiate not only
antigen processing, but also priming of the
B cell, so that subsequent MHC class II
aggregation by the TCR initiates transduc-
tion of B cell-activating signals. Further,
priming may involve the induced associa-
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tion of MHC class II with a transducer.

To examine mechanisms of tyrosine ki-
nase activation after TCR-MHC class II in-
teractions, we used resting B cells from 3-83
wd Ig transgenic mice, which express mem-
brane IgM and IgD specific for H-2K¥® (8).
Soluble, Drosophila-expressed H-2KP—con-
jugated dexamine (7:1 molar ratio) was used
as an antigen [K®,-Dex (9, 10)] to stimulate
3-83 wd B cells in vitro before analysis of
MHC class II signaling. Unlike resting cells,
antigen-stimulated B cells mobilized calci-
um upon subsequent MHC class II aggre-
gation (/7). Protein tyrosyl phosphoryl-
ation was observed when resting B cells
were stimulated via BCR, but not upon
MHC class II engagement; whereas in an-
tigen-primed B cells, both MHC class 11
and BCR aggregation led to the tyrosyl
phosphorylation of proteins (Fig. 1A).
Thus, stimulation of resting B cells by an-
tigen leads to a qualitative alteration in
MHC class II coupling to systems that gen-
erate second messengers.

Because aggregation of MHC class II in
antigen-primed B cells elicited protein ty-
rosyl phosphorylation and calcium mobili-
zation responses that were strikingly simi-
lar to those mediated by the BCR, and
considering that MHC class II signaling is
reportedly coupled to activation of Src- and
Syk-family kinases (4, 12), it seemed pos-
sible that BCR and MHC class II share a
common transducer. BCR signals are trans-
duced via the membrane Ig associated het-
erodimer Ig-a and Ig-B (CD79a and
CD79b, respectively), which become ty-
rosyl-phosphorylated upon antigen stimula-
tion (/3). To test the possibility that Ig-a
and Ig-B act as the MHC class II signal
transducers, 3-83 wd B lymphocytes were
stimulated through antigen receptors, MHC
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class II, or MHC class I, and the tyrosine
phosphorylation of Ig-a/f dimers was an-
alyzed. Ig-a and Ig-f3 phosphorylation was
detected in resting cells upon aggregation
of membrane Ig, but not MHC class II.
However, aggregation of MHC class II on
antigen-primed B cells induced phosphoryl-
ation of Ig-a, as well as a second species,
identifiable as Ig-P on the basis of size and
association with Ig-a (Fig. 1B), suggesting
that the molecules function as MHC class II
transducers.

Previous studies have demonstrated that
BCR signaling leads to tyrosyl phosphoryl-
ation of only those Ig-a and Ig-B dimers
that are associated with the aggregated an-
tigen receptors (/4). In view of these find-
ings, results shown in Fig. 1B suggested
that on primed cells, MHC class II may be
physically associated with the Ig-a/f that is
tyrosyl-phosphorylated upon class II aggre-
gation. To test this possibility, MHC class
II molecules were immunoprecipitated, and
their association with Ig-a was assessed by
Ig-a—specific immunoblotting. Results
demonstrate that Ig-a is associated with
MHC class II in primed, but not resting, B
cells [Fig. 1C .and (/I)]. The association
was specific, because Ig-a was not detected
in immunoprecipitates antibodies against
CD22. To further confirm the specificity of
this interaction, we assessed association by
reciprocal coimmunoprecipitation. Primed
cells were lysed and immunoprecipitates
were prepared by using antibodies against
Ig-B (or antibodies directed against the
MHC class II molecules I-A¢ and I-EY)
before fractionation and blotting by using a
polyclonal antibody against the MHC class
II (B chain) cytoplasmic tail (/5) (or an
antibody against Ig-a). As shown in Fig.
1D, MHC class II was found in Ig-f3 pre-
cipitates of primed cells, and the inverse
was also true. Thus, antigen stimulation of
resting B cells leads to MHC class II asso-
ciation with Ig-a/B dimers demonstrable by
reciprocal coimmunoprecipitation.

B cell priming requires 5 to 12 hours of
incubation with antigen (3), and thus may
require transcriptional activation of protein
expression. To address this possibility,
3-83 wd B cells were treated for 9 hours
with K®,-Dex in the presence of actinomy-
cin D before stimulation through BCR or
MHC class II. Although antigen receptors
remained functional, no induction of pro-
tein tyrosyl phosphorylation was seen upon
engagement of MHC class II on cells
primed in the presence of actinomycin D
(Figs. 1, A and B). Similarly, the associa-
tion of Ig-a/f with MHC class II induced
by antigen priming is blocked in the pres-
ence of actinomycin D (Fig. 1C). Collec-
tively, these data indicate that the priming
of MHC class II and association with Ig-
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/B requires gene transcription. This de-
pendence may indicate that only class II
that is newly synthesized after antigen
stimulation can associate with Ig-a/f
dimers or that de novo synthesis of proteins
that mediate this association is required.

If MHC class Il-associated Ig-a/f func-
tions equivalently to BCR-associated Ig-o/j3,
1.e., as its transducer, it is likely that MHC
class II aggregation would only lead to ty-
rosyl phosphorylation of its associated Ig-a
and Ig-B. To address this possibility, fraction-
ated MHC class II immunoprecipitates, gen-
erated as described in Fig. 1C, were probed
sequentially with phosphotyrosine- and Ig-a—
specific antibodies (Fig. 2A). Tyrosyl phos-
phorylation of MHC class II-associated Ig-a.
and Ig-p was observed upon engagement of
MHC class II on primed cells, indicating that
MHC class II molecules use associated Ig-
o/p for signal transduction.

Experiments described above indicate
that membrane Ig and MHC class II are
associated with unique pools of Ig-a/B. To
assess whether fidelity is seen in the ability
of the two receptors to mediate phosphor-
ylation of only associated Ig-a/B, the fol-
lowing experiment was undertaken. K46p.
lymphoma cells (/6), which express a ni-

Fig. 1. Antigen induces

priming of resting B cells A

Resting
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trophenol (NP)-specific antigen receptor
(17), were stimulated with antigen
(NP,BSA) or antibodies directed against
MHC class II. After stimulation, membrane
Ig or MHC class II immunoprecipitates
were fractionated and immunoblotted using
phosphotyrosine- and Ig-a—specific anti-
bodies. As shown in Fig. 2B, membrane
Ig-associated Ig-a/B heterodimers were
tyrosyl-phosphorylated only in response. to
BCR stimulation. Conversely, MHC class
II aggregation led to phosphorylation of
only Ig-a/p associated with MHC class II.
These data provide further evidence that
membrane Ig and MHC class II use distinct
pools of Ig-a/B heterodimers in signal
transduction.

The association of additional proteins
with MHC class II was investigated by cell-
surface—labeling experiments. K46p and
M12.g3r lymphoma cells (16), which consti-
tutively exhibit the primed and resting MHC
class II signaling phenotypes (7, 18), respec-
tively, were used in this endeavor. The cells
were labeled with biotin before lysis, immu-
noprecipitation of membrane Ig and MHC
class II, and fractionation by nonreducing
SDS—polyacrylamide gel electrophoresis
(SDS-PAGE) to allow visualization of Ig-a/p

Kb2-De

and the association of
MHC class Il with Ig-o/B
(25). (A) MHC class Il ag-
gregation induces protein
tyrosyl phosphorylation
in antigen-prestimulated
B cells. 3-83 wd splenic B
lymphocytes were cul-
tured for 9 hours without
stimulus  (resting), or
with K®,-Dex, actinomy-
cin D, or K®,-Dex + acti-
nomycin D. Cells were
then washed and stimu-
lated for 2 min through
their BCR (antibodies
against Ig), MHC class Il
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After CHAPS lysis, post-
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photyrosine-specific  im-
munoblotting (26). Posi-
tions of the molecular size
markers are indicated in
kilodaltons. (B) MHC class
Il aggregation induces Ig-o
and Ig-B phosphorylation

in antigen-prestimulated B cells. 3-83 w8 splenic B cells were primed and
stimulated as in (A). Cells were then lysed, subjected to Ig-o immunopre-
cipitation, fractionated by SDS-PAGE, and analyzed by phosphotyrosine- and
Ig-a—specific immunoblotting. (C) MHC class Il is associated with Ig-a in
antigen-primed cells. 3-83 w3 splenic B cells were primed as in (A). Cells
were then lysed, and immunoprecipitation was performed by using
antibodies against I-A%> (D3.137) or against CD22 (Cy34.1.2) coupled to
Sepharose. Immunoprecipitates and whole-cell lysates were fractionated
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as disulfide-linked dimers rather than disso-
ciated chains, which have mobility similar to
that of class II « and B chains. Streptavidin—
horseradish peroxidase (streptavidin-HRP)
blotting revealed the expected alpha and
beta chains of class II (35 and 30 kD,
respectively) in class Il immunoprecipitates
from both cell types (Fig. 3A). In addition,
the nonreduced Ig-o and Ig-p heterodimer
(approximately 70 kD) was observed only
in K46 cell precipitates. Coprecipitating
Ig-a/p was also seen in BCR immunopre-
cipitates from K46 cells, along with mem-
brane IgM. It is noteworthy that, despite
similar Ig-a/f levels, membrane IgM was
not detected in class II immunoprecipitates
from K46p cells, indicating that MHC
class II-associated Ig-a/f is not due to a
direct association of MHC class II with the
BCR complex. The reciprocal was also ob-
served. Furthermore, no additional surface
proteins were found to coprecipitate specif-
ically with MHC class II in K46 cells.
However, such proteins could exist yet es-
cape detection if they were poorly biotin-
ylated. The species that migrates immedi-
ately below Ig-a/f was seen even in sam-
ples that were not subjected to biotinylation
(19). These analyses demonstrate that the

1-ad Ip CD22 IP

1T

»
niq
3g

Resting
KbPs-Dex
+ Act
Resting
KbPs-Dex
Act.D
Kb'rDQX
+Act.D
Resting
KbPs-Dex
Act.D
KP-Dex
+Act.D

Anti-lg-o Immunoblot

Anti-CD22 Imunnoblot

IP: CD3 Ig-f

L} LI |

I-Ad (MK) 1-E9 1-Ad (D3)
1T 1

I
Priming:- + - + = + o+ . o

* Anti-MHC class Il Inmunoblot

2% “ % H:_-ﬁ? -

Anti-ig-o. Immunoblot

by SDS-PAGE and subjected to Ig-a— and CD22-specific immunoblotting.
(D) Reciprocal coimmunoprecipitation of MHC class Il with Ig-a/B.
Splenic B cells were primed and lysed as above. Immunoprecipitation was
performed with antibodies against Ig-B (HM79), isotype-matched anti-
bodies against CD3 (145.2C11), and antibodies against |-A%® (D3.137) or
I-E (14-4-4) coupled to Sepharose. SDS-PAGE fractionated immunopre-
cipitates were then immunoblotted with antibodies specific for MHC
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major MHC class II-associated proteins in
B cells with the primed phenotype are Ig-o
and Ig-B, and, further, that MHC class II
signaling is not the result of association
with the BCR in primed cells.

It is tempting to speculate that antigen
stimulation leads to internalization of BCR
complexes that, like associated antigen, are
delivered to the class II intracellular com-
partment, and, further, that this is the mech-
anism by which MHC class II molecules
acquire Ig-o/B dimers. In support of this,
Ig-a/f have been found in the class II
intracellular compartment after BCR stim-
ulation (20). Alternatively, priming may
lead to MHC class II association with new-
ly synthesized Ig-o/B. If the former hypoth-
esis is correct, BCR must recycle sponta-
neously in K46y cells to provide Ig-a/B for
newly synthesized MHC class II. To begin
to address this possibility, we isolated, by
immunoselection, spontaneous variants of
K46 cells that do not express cell-surface Ig
yet express levels of class II comparable to
membrane Ig—expressing K46 cells. It was
surprising that these cells also do not ex-
press detectable surface Ig-B, indicating
that their cell-surface MHC class II is not
associated with Ig-a/B dimers (/7). How-
ever, these membrane Ig—negative cells
were found by immunoblotting to contain

nearly normal levels of total cellular Ig-o

and Ig-B (Fig. 3C). Membrane Ig—negative
cells failed to mobilize calcium in response
to MHC class II stimulation (Fig. 3B). Sim-
ilarly, class II aggregation on membrane
Ig—negative cells did not induce the tyrosyl
phosphorylation of Ig-o or Ig-B (Fig. 3C).
When membrane Ig expression is restored
to membrane Ig-negative K46 cells (27),
however, aggregation of MHC class II
again induces a calcium response (Fig. 3B).
These findings suggest that MHC class 11—
associated Ig-a/B dimers are derived from
cell-surface or recycling BCR.

The data presented above suggest that
TCR/CD4 binding to MHC class II during
cognate T cell/B cell interactions leads to
transduction of signals via Ig-a/B leading
to tyrosine kinase activation. To address
this question in a more physiological con-
text, we coupled soluble DO.11.10 TCR
monomers [specific for I-A¢ complexed
with ovalbumin (OVA) peptide] to beads
and used these to stimulate OVA-pulsed
K46 and M12.g3r cells (/7). Antibody
staining and digital imaging of the resultant
conjugates demonstrated that class II ag-
gregation by DO.11.10 TCR induced ty-
rosyl phosphorylation of proteins at bead-
cell contact points, but only in primed phe-
notype cells (Fig. 4A). We noted that, at
later time points, the primed phenotype
cells engulfed the TCR-coated beads and
exhibited a halo of tyrosyl phosphoproteins
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surrounding the beads. Furthermore, TCR
beads induce a proportion of Ig-a/B to
cluster at bead-cell contact points. As ex-

pected, only a small proportion of Ig-o/B,
presumably representing that associated
with OV A peptide-loaded MHC class II, is

Fig. 2. MHC class Il ag-
gregation leads to ty-
rosyl phosphorylation of !
MHC dlass I-associated
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K46 and M12.g3r cells were ‘surface-labeled with bi-
otin, cross-linked with sulfo-EGS, then lysed in 1%
NP-40 lysis buffer. Immunoprecipitation was performed
by using antibodies against IgM (b-7-6) or against I-A%®
(D3.137) coupled to Sepharose. Immunoprecipitates were washed and the cross-linker was
disrupted by mild reduction before fractionation by nonreducing SDS-PAGE. Polyvinlyidene diflu-
oride transfers were then probed with streptavidin-HRP followed by immunoblotting with anti-
bodies specific for IgM, Ig-«, and the MHC class Il  chain (77). (B) Membrane Ig-negative K46 cells
do not mobilize calcium upon MHC class Il aggregation. K46, K46 membrane Ig-negative, and K46
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membrane Ig-negative cells were incubated for 2 min at 37°C without stimulus, with antibodies
against Ig or against I-A%® as in Fig. 2B. Postnuclear lysates were subjected to immunoprecipitation
with antibodies against Ig-B (HM79) coupled to Sepharose. Immunoprecipitates were fractionated
by SDS-PAGE and analyzed by phosphotyrosine- and Ig-a~specific immunoblotting.
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Fig. 4. TCR binding to MHC class Il/peptide com-
plexes triggers redistribution of tyrosyl-phosphoryl-
ated proteins and Ig-o and induces the tyrosyl
phosphorylation of lg-«/B in primed B cells. (A)
K46 and M12.g3r cells were pulsed with OVA and
then incubated with beads that were previously
coupled with biotinylated DO.11.10 TCR monomers
(77). Indicated proteins were detected by immuno-
fluorescence microscopy after staining with anti-
bodies specific for phosphotyrosine (Transduction
Laboratories), Ig-«, and CD22 followed by a Cy3-
conjugated donkey antibody against rabbit Ig ( Jack-
son Laboratories). Nomarski views are located be-
low each digitally deconvolved immunofluorescence
image (77). (B) K46y and M12.g3r cells were pulsed
with OVA as above before incubation with beads
coupled or not coupled with TCR or antibodies
against MHC class 1l (D3.137). M12.g3r cells were
stimulated with antibodies against Ig as a positive
control. The cells were lysed in 1% NP-40 and
subjected to immunoprecipitation with antibodies
against Ig-B coupled to Sepharose. Immunoprecipi-
tates were then fractionated by SDS-PAGE and se-
quentially immunoblotted with phosphotyrosine-
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The 3-83 wd splenic B cells were isolated via Percoll
(p > 1.079) and primed by incubation (2 X 10° cells
mil=7) at 37°C for 9 to 12 hours with K>,-Dex (0.2 pg

and Ig-w—specific antibodies.

seen at the contact. The translocation of
these proteins appeared specific, as CD22
clustering was not observed under these
conditions. Additionally, TCR binding to
MHC class II/peptide complexes stimulated
the tyrosyl phosphorylation of Ig-a/f in
primed phenotype cells (Fig. 4B). This re-
sponse was not observed in K46u cells
cultured without OVA (/9) and is thus
antigen-specific. The amount of phospho-
rylated Ig-o/B stimulated by TCR binding
was less than that induced by beads coated
with antibodies against MHC class II mol-
ecules, consistent with TCR aggregation of
only the fraction of MHC class II molecules
loaded with OVA peptide. M12.g3r cells
were competent to transduce signals lead-
ing to Ig-o/B phosphorylation as indicated
by their response to BCR aggregation.
These data demonstrate that tyrosine ki-
nases are activated and Ig-a/B phosphoryl-
ation is induced by TCR engagement of
MHC class II-peptide complexes during
physiological responses.

MHC class Il-mediated transduction of
activating signals is most likely of impor-
tance in class II-restricted. T cell contact—
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dependent B cell signaling, a very complex
phenomenon involving the engagement of mul-
tiple receptor pairs (5). CD40 has generally
been considered the principal transducer of the
B cell-activating signals during this interaction
(21), but recent studies using CD40 knockout
mice demonstrate that germinal center forma-
tion and class switching are not absolutely de-
pendent on CD40 signaling (22, 23). Further,
provided B cell antigen receptors are stimulat-
ed, T cells and CD40-negative B cells can
collaborate to mount thymus-dependent re-
sponses (24). Thus, alternate mechanisms, per-
haps involving MHC class II signal transduc-
tion (3), provide signals during physiological,
cognate T cell-B cell interactions. It seems
most likely that these signaling events are im-
portant early in the immune response when
antigen stimulated B cells seek specific T cells,
especially CD40L-negative naive T cells, in the
T cell-rich cortical regions of the lymph nodes
and spleen.
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