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Endocytosed antigens are proteolytically processed and
small amounts of peptides captured by class II MHC mole-
cules. The details of antigen proteolysis, peptide capture and
how destruction of T-cell epitopes is avoided are incomple-
tely understood. Using the tetanus toxin antigen, we show
that the introduction of 3-6 cleavage sites is sufficient to
trigger a partially unfolded conformation able to bind to
class I MHC molecules. The known locations of T-cell
epitopes and protease cleavage sites predict that large do-
mains of processed antigen (8-35kDa) are captured under
these conditions. Remarkably, when antigen is bound to the
B-cell antigen receptor (BCR), processing can trigger a
concerted ‘hand-over’ reaction whereby BCR-associated pro-
cessed antigen is captured by neighbouring class II MHC
molecules. Early capture of minimally processed antigen
and confinement of the processing and class II MHC loading
reaction to the membrane plane may improve the likelihood
of T-cell epitope survival in the class II MHC pathway and
may help explain the reciprocal relationships observed
between B- and T-cell epitopes in many protein antigens
and autoantigens.
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Introduction

Before T lymphocytes can recognise antigens, limited antigen
proteolysis is required to generate antigen peptides, which
then bind to either class I or class II MHC molecules. The
T-cell antigen receptor then recognises and responds to
specific peptide/MHC complexes. For example, antigen pro-
cessing by B lymphocytes following antigen capture via their
B-cell antigen receptors (BCRs) permits B cells to present
MHC class II-associated peptides to CD4 T cells, a key
recognition event that ultimately allows B cells to become
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antibody-producing cells (Lanzavecchia, 1990; Watts, 2004).
Similarly, presentation of viral peptides on class I MHC
molecules identifies virally infected cells as targets for killing
by cytotoxic CD8 T cells (Pamer and Cresswell, 1998; Shastri
et al, 2002; Rock et al, 2004). Antigen processing and peptide
capture by MHC molecules has been extensively studied, but
some significant mechanistic questions have been difficult
to address.

Whereas class I MHC molecules display peptides of nar-
rowly defined size (8-10 residues), the peptides eluted from
class II MHC molecules are considerably larger (~15-20
residues) and have heterogeneous N and C termini
(Engelhard, 1994). It is the open-ended class II MHC peptide
binding groove that permits such extensions beyond the
‘core’ sequence required for T-cell receptor engagement, but
the upstream events that lead to the final output of this
heterogeneous set of peptides are not known. Two models
have been generally considered. On the one hand, the final
set of bound peptides might be that generated by antigen
processing and available for class II MHC binding in the
loading compartment. On the other hand, longer precursors
may bind first and then become trimmed. Such a ‘bind first
trim later’ scenario might offset the tendency of T-cell
epitopes to be destroyed in a compartment populated with
several broad-specificity proteolytic enzymes (Sercarz and
Maverakis, 2003; Watts, 2004).

Detailed analysis of peptide sets eluted from class II MHC
molecules tends to support the notion that processing and
trimming reactions can continue after class I MHC binding of
longer precursors (Nelson et al, 1997; Lippolis et al, 2002). In
addition, there is evidence that class II MHC molecules can
bind long peptides or even unfolded proteins both in vitro
(Sette et al, 1989) and in vivo following antigen pulsing (Lee
et al, 1988; Davidson et al, 1991; Lindner and Unanue, 1996;
Castellino et al, 1998) or during class II MHC maturation
(Villadangos et al, 2000). Although class I MHC binding to
unfolded (Lee et al, 1988; Sette et al, 1989) or partially
unfolded (Lindner and Unanue, 1996) antigens has been
described, most antigens require processing events before
class II MHC binding. However, the number and variety of
processing steps necessary to generate a form of antigen
competent to bind to class II MHC molecules is unclear.
Also, what is the physical state of such antigen and how
susceptible is it to additional proteolytic cleavages? Bound
antibody (e.g. the BCR) can alter the course of antigen
processing, stabilising distinct antigen fragments that differ
depending on the epitope specificity of the immunoglobulin
(Ig) (Davidson and Watts, 1989). This Ig-directed processing
can influence eventual T-cell epitope display either positively
or negatively (Watts and Lanzavecchia, 1993; Simitsek et al,
1995), but exactly how Ig-modulated processing affects class
II MHC peptide capture is unclear. Answers to these and
related questions should be facilitated when the relevant
processing enzymes and cleavage sites for an antigen are
known. An example of an antigen whose initial processing
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events are well characterised is the tetanus toxin C fragment
(TTCF). Optimal presentation requires limited cleavage by
the asparagine-specific endopeptidase AEP. AEP introduces
limited cleavages into TTCF, and mutation of these sites or
chemical inhibition of AEP slows presentation of T-cell epi-
topes from this antigen (Manoury et al, 1998; Antoniou et al,
2000; Loak et al, 2003). We proposed earlier that AEP action
on TTCF might ‘unlock’ the folded native antigen and initiate
the downstream events leading to peptide capture (Watts,
2001). Our results demonstrated the necessity of AEP proces-
sing for optimal TTCF presentation but not whether this
processing was sufficient. Here, we ask whether limited
AEP cleavage is sufficient to generate a form of antigen able
to bind to class I MHC molecules. We investigate the physical
state of AEP processed antigen and attempt to reconstruct the
events of antigen processing and class II MHC capture that
occur when TTCF is processed as a complex with a specific
BCR. Our results provide direct evidence for the capture by
class II MHC of large antigen fragments following limited
antigen processing and show that these complexes are recog-
nised by T cells. Further, we demonstrate a plausible path-
way for T-cell epitope capture following antigen uptake by
the BCR.

Results

Physical state of AEP processed TTCF antigen

Processing of the TTCF antigen by recombinant human AEP
introduces cleavages after asparagine residues 873, 1184 and
1219, as seen previously when TTCF was digested with
lysosomal fractions isolated from the B lymphoblastoid cell
lines EDR (Manoury et al, 1998) or Pala (Figure 1). Digestion
of TTCF with higher levels of AEP leads to additional clea-
vages at asparagine residues 944, 1171 and 1230 (Figure 1A
and B). Thus, two different levels of AEP lead to processed
forms of the TTCF antigen, with approximately three or six
cleavage sites introduced. We investigated the properties of
these processed antigen forms, which we refer to as TTCF-L
and TTCF-H, respectively. We used several different assays to
assess the physical state of processed TTCF. Intrinsic protein
fluorescence (IPF) can be used to assess the folded state of a
protein or the ease with which it can be unfolded by
denaturing agents. IPF detects primarily the fluorescence of
tryptophan residues whose emission maximum varies de-
pending on whether the amino acid is buried in the hydro-
phobic core (max ~330nm) or is exposed on the protein
surface (max ~350nm). Following digestion with different
levels of AEP, we exposed TTCF to increasing concentrations
of urea and measured IPF at 330 and 350nm following
excitation at 280nm. As expected, at high levels of urea
(>4.5M), undigested TTCF became unfolded, as shown by
the shift in the IPF 330/350 ratio from 1.4 to 0.85 (Figure 2A).
Whereas digestion at the lower level of AEP marginally
increased the susceptibility of TTCF to unfolding in urea,
digestion at the higher level of AEP induced a shift in the IPF
330/350 ratio even at non-denaturing levels of urea. The most
likely explanation is that AEP digestion resulted in a limited
degree of TTCF unfolding and aqueous exposure of Trp
residues. As a further test of the conformational integrity of
AEP digested TTCF, we assessed its binding to the conforma-
tion-specific anti-TTCF monoclonal antibody 15D1 (Antoniou
et al, 2000). As shown in Figure 2B, binding of this antibody
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Figure 1 TTCF is cleaved by AEP at several Asn residues. (A) SDS-
PAGE analysis of digestion products from AEP cleavage of TTCF.
TTCF (lane 1) was digested for 4h at 37°C with AEP at either
1 pg/ml, generating TTCF-L (lane 2), or 10 ug/ml, generating TTCF-H
(lane 3). (B) Asparagine residues targeted by AEP were identified by
N-terminal sequencing. TTCF was digested with 1 or 10 ug/ml AEP,
transferred to PVDF membrane, the bands excised and subjected to
Edman sequencing. AEP-cleaved Asn residues are in bold and Asn
residues that are cleaved at the lower level of AEP are underlined.
Epitopes recognised by T-cell clones/hybridomas used in later figures
are either in italics (AKS, 1145-1156, AK116, 920-931) or underlined
(4A8 LVNN... and 4E4; FTVS...). Note that AK116 and 4A8 epitopes
are partially overlapping. Residues are numbered according to the
1315-residue whole tetanus toxin molecule.

to plate-bound TTCF was competed by increasing concentra-
tions of soluble TTCF. TTCF-L competed equally well,
whereas TTCF-H competed less well, indicating unfolding
and partial loss of the 15D1 epitope.

We next assessed the susceptibility of AEP-digested TTCF
to the lysosomal proteases cathepsin L, S and D. Significant
unfolding would be expected to render TTCF sensitive to
these enzymes, which have broader specificity than AEP.
Interestingly, digestion even at the higher level of AEP did
not dramatically increase the sensitivity of TTCF to proces-
sing by these enzymes. Cathepsins L and S were clearly active
in this assay as they reduced the size of the major AEP
processing product owing to a cleavage close to the N
terminus (Figure 2C) and cathepsin D cleaved the substrate
myoglobin (Moss et al, 2005; data not shown). This result
suggested that in spite of the introduction of a number of AEP
cleavage sites, the degree of unfolding of TTCF was quite
limited and not sufficient to expose many cleavage sites for
other enzymes. To assess the extent of fragmentation further,
we subjected digested and undigested TTCF to size fractiona-
tion by size-exclusion chromatography. As shown in
Figure 2D, undigested and AEP-digested TTCF eluted at the
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Figure 2 TTCF becomes partially denatured after cleavage by AEP. (A) Intrinsic tryptophan fluorescence of TTCF. The ratio of fluorescence at
330/350 nm was calculated for TTCF TTCF-L and TTCF-H as indicated following exposure to urea. (B) Binding of a conformation-dependent
monoclonal antibody to TTCF. Immobilised TTCF was competed with TTCF, TTCF-L and TTCF-H for binding to the monoclonal antibody 15D1.
The binding of 15D1 is shown as absorbance at 492 nm. (C) Digestion of TTCF with purified cathepsins after treatment with AEP. TTCF was
digested with 1 or 10 ug/ml AEP, AEP activity was blocked with the tetrapeptide AENK and AEP-digested TTCF was further incubated with
cathepsin L, S or D. (D) Size-exclusion chromatography of TTCF before and after digestion with AEP. TTCF, TTCF-L and TTCF-H comigrate and
elute ahead of myoglobin. Asterisk denotes an OD;;4 ny, absorbing buffer peak eluting at the column volume.

same point, whereas myoglobin (17 kDa) was included in the
gel and eluted much later. Taken together, these results
suggest that following AEP processing, TTCF, although un-
folded to some extent, still retains considerable conforma-
tional integrity.

Processing of TTCF by AEP is sufficient for class Il MHC
binding and presentation to T cells

We next assessed whether AEP-digested TTCF was able to
bind to class I MHC molecules in solution and on the surface
of antigen-presenting cells. We adapted an assay used to
measure binding of synthetic peptides to soluble DR4 mole-
cules (B1*0401), which assesses their ability to displace a
biotinylated indicator peptide derived from the CLIP (class II
MHC-associated invariant chain peptide) region of the invar-
iant chain (Astill et al, 2003). The CLIP binds promiscuously
to class II MHC molecules (Malcherek et al, 1995), and under
physiological conditions is replaced by self or antigen-derived
peptides in a reaction catalysed by the DM protein (Denzin
and Cresswell, 1995). We incubated purified soluble DR4
molecules with biotinylated CLIP peptide (PKPPKPVSKMR
MATPLLMQA) in the presence of increasing concentrations of
either TTCF-L or TTCF-H. DR4 molecules were then recov-
ered on anti-DR-coated plates and the amount of biotinylated
peptide measured by time-resolved fluorescence. As shown
previously (Astill et al, 2003) and in Figure 3A, unlabelled
CLIP peptide was able to displace biotinylated CLIP at low
micromolar concentrations. Although undigested TTCF
was not able to displace biotinylated CLIP, AEP digestion of
TTCF clearly induced CLIP displacing activity, particularly in
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TTCF-H, which measurably displaced the biotinylated CLIP
peptide at 10 uM (Figure 3A).

We next tested whether TTCF-L and TTCF-H could become
bound to cellular MHC molecules and be presented to T cells.
For this, we used cells lightly fixed with aldehyde, which
cannot internalise and process antigen but can often present
preprocessed or peptide antigen, presumably via a limited
number of unoccupied cell surface MHC molecules
(Shimonkevitz et al, 1983). Aldehyde-fixed EBV-transformed
B lymphoblastoid cells were incubated with unprocessed
TTCF, TTCF-L or TTCF-H. The B cells were then cocultured
with different TTCF-specific T-cell clones from the same
donor and T-cell proliferation was measured 48h later.
Although unprocessed TTCF could not trigger proliferation
of T-cell clones AK5 or AK116, TTCF processed with AEP was
presented by fixed EBV-B cells, as indicated by dose-depen-
dent T-cell proliferation (Figure 3B and C). Although TTCF-H
was more potent, TTCF-L, which contains on average only
three cleavages, was nonetheless able to stimulate a T-cell
response in T-cell clones AK5 and AK116 recognising residues
1145-1156 and 920-931, respectively. Other T-cell clones
tested recognising different epitopes also responded (data
not shown). Inspection of the locations of the AKS and
AK116 T-cell epitopes in relation to the mapped AEP proces-
sing sites (Figure 1) indicates that the AKS and AK116
epitopes are likely to be on large fragments of TTCF (26.2
and 7.8 kDa for TTCF-H and 35kDa for TTCF-L). Incubation
with an anti-human class II monoclonal antibody (DA6.231)
substantially inhibited recognition of TTCF-L and TTCF-H by
AKS5 and other T-cell clones (not shown), demonstrating that
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Figure 3 Cleavage by AEP promotes binding of TTCF to class Il MHC. (A) A reporter CLIP peptide was competed with TTCF, TTCF-L, TTCF-H
or a control CLIP peptide, as indicated, for binding to the class II MHC molecule DR4. (B, C) Fixed cells present AEP-digested TTCF. TTCF,
TTCF-L and TTCF-H were added at the indicated concentrations to fixed EBV-B cells for presentation to T-cell clones AKS5 (B) or AK116 (C).
Proliferation was measured by [*H]thymidine incorporation. Results are representative of three experiments. (D) Presentation of predigested
TTCF is blocked with an antibody against class II MHC (black bars). Fixed cells were incubated for 1 h with antibody DA6.231 at 25 pug/ml
before inclusion in the antigen presentation assay as above. Inhibition was observed at all concentrations of TTCF tested. The results for

0.78 ug/ml TTCF (for AKS) are shown.

T-cell activation was indeed due to triggering by class II
MHC/processed antigen (Figure 3D).

Single protease classes frequently dominate antigen
processing and yield T-cell epitopes

The results thus far show that a limited processing by a single
enzyme (AEP) converts the TTCF antigen to a form compe-
tent for class II MHC-restricted presentation. Before proceed-
ing further, we wanted to test other protein substrates in the
lysosomal digestion assay to ask (1) if single enzymes
dominate digestion frequently or rarely and (2) where T-cell
reagents were available, can a presentable form of antigen be
generated by a single enzyme? Various proteins were exposed
to human EBV-B-cell-derived or murine dendritic cell-derived
lysosomes in the presence and absence of different protease
inhibitors. As shown in Figure 4A and B, when lysosomes
from human EBV-transformed cells were used, AEP clearly
made a substantial contribution to the in vitro processing
reaction for several though not all substrates. For example,
the AEP inhibitor AENK blocked processing of ovalbumin,
lactate dehydrogenase and the Neisseria meningitidis mem-
brane protein Por A (Figure 4A and B), whereas digestion of
myoglobin and the hepatitis B surface Ag (HBsAg) was more
effectively blocked by pepstatin (Moss et al, 2005; Figure 4B).
Other substrates including transferrin and to some extent the
adr subtype of HBsAg appeared to be processed partly by
leupeptin or E64-sensitive enzymes (Figure 4A and B). In
some cases, for example, PorA, the dominant processing
activity varied depending on whether lysosomes from DCs
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or EBV-B cells were used (data not shown). Where T-cell
clones were available, for example, in the case of ovalbumin
and myoglobin, purified AEP and cathepsin D were able to
release T-cell epitopes from their respective antigen targets
(Figure 4C; Moss et al, 2005). Thus, limited proteolysis by a
single protease class acting on native antigen substrates may
be generally sufficient to expose T-cell epitopes for class II
MHC binding.

Reconstructing physiological antigen processing and
class Il MHC binding

Compared with the true physiological situation, the experi-
mental conditions for binding of soluble AEP processed TTCF
antigen to fixed cells (Figure 3B-D) are likely to be less
favourable, as most cell surface class II MHC is already
peptide occupied. On the other hand, the amounts of pro-
cessed antigen offered to fixed cells may be considerably
higher than those found inside class II MHC processing
compartments. We designed a novel experimental protocol
that limits the level of antigen undergoing processing to that
which can bind to specific cell surface BCRs. This also
allowed us to test an earlier proposal that antigen processing
in specific B cells and class II MHC peptide binding might be
linked events confined to the membrane surface (Davidson
and Watts, 1989; Watts et al, 1989).

We first took a soluble form of the BCR from one such
clone (11.3; Lanzavecchia, 1985), mixed it with '**I-labelled
TTCF and then performed an AEP digest to (i) assess whether
the bound 11.3 Ig changed the pattern of processing and

©2007 European Molecular Biology Organization
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Figure 4 Single enzymes frequently dominate antigen processing and generate presentable antigen. (A) Pure proteins were digested with EBV-
B cell-derived lysosomes in the presence of cysteine protease inhibitors iodoacetamide (IAA), E64 or leupeptin, the aspartyl protease inhibitor
pepstatin or the AEP inhibitors AENK or MV026630, and the products were analysed by SDS-PAGE. Inhibition of degradation is indicated (+).
ND: not determined; SBTI, soybean trypsin inhibitor; LDH: lactate dehydrogenase; PorA: Neisseria meningitidis outer membrane protein;
PfCSP: Plasmodium falciparum circumsporozoite peptide; HBsAg: hepatitis B surface antigen. *HBsAg was digested with lysosomes derived
from murine spleen dendritic cells. (B) SDS-PAGE analysis of products from digestion of ovalbumin or HBsAg (adr sub-type) by human EBV-
derived or murine DC-derived lysosomes, respectively. (C) AEP releases T-cell epitopes from ovalbumin. Ovalbumin was digested with AEP at
0.5 pg/ml (black triangles), 1 ug/ml (open diamonds), 5 ug/ml (black squares), 10 pg/ml (black diamonds), 20 pg/ml (grey circles) or no AEP
(open triangles). A20 cells were fixed and the indicated concentration of predigested ovalbumin was added, together with ovalbumin-specific

T-cell hybridomas DO-11.10, 3D0-54.6.62, 3D0O-18.3 or 4D0-44.1.

(ii) to confirm that, following digestion, TTCF fragments
remain bound to the 11.3 Ig. As a control, we tested an Ig
from a different human tetanus toxin-specific B cell (FC7)
that recognises the B fragment domain rather than TTCF. As
shown in Figure 5A, the initial pattern of AEP processing was
essentially the same, but after 2h, a 16kDa 125I-labelled
fragment (asterisked) was degraded more slowly in the
presence of the binding 11.3 Ig compared with the non-
binding FC7 Ig, indicating protection by the 11.3 Ig.
Consistent with this, the more persistent fragment, but not
lower-molecular-weight (M.Wt) fragments, was recovered
when the 11.3 Ig was reisolated from the digestion
(Figure 5A). As expected, no fragments were recovered on
the FC7 antibody. A higher M.Wt processing product was
also recovered on the 11.3 Ig, consistent with our finding that
the different TTCF fragments remain associated following
AEP digestion. The latter fragment corresponds to the N-
terminal region of the molecule whereas the lower M.Wt
protected fragment is a C-terminal fragment starting after the
Asn 1184 cleavage site and extending to the C terminus
(Simitsek et al, 1995; Manoury et al, 1998), its destruction
in the absence of 11.3 Ig binding being due to eventual
cleavage at the two downstream Asn residues identified
in Figure 1.

©2007 European Molecular Biology Organization

We next performed similar AEP processing of the TTCF/
11.3 Ig complex, but this time when the human 11.3 Ig was
expressed on the cell surface of A20 B cells (Knight et al,
1997). Our aim was to reconstruct the events of antigen
processing and potentially class I MHC peptide capture but
to use the cell surface as a surrogate ‘class I MHC compart-
ment’ to permit a level of control not technically possible
otherwise. A20 B cells expressing the 11.3 BCR (clone
A20.8K) were loaded with TTCF at 4°C, washed to remove
unbound antigen and then lightly fixed to prevent antigen
internalisation and processing. The cells were then exposed
to graded amounts of AEP protease at 37°C after which the
cells were washed again and cocultured with TTCF-specific
T-cell hybridomas (Figure 5B). Under these conditions,
the amount of TTCF in a 0.15ml incubation reaction was
~10000 times lower (assuming ~10° BCR per cell) than
when fixed cells were incubated with 1pg/ml of AEP-
digested antigen. Remarkably, AEP processing of surface
BCR-bound antigen induced the formation of class I MHC/
processed antigen complexes able to trigger the H-2d-
restricted TTCF-specific hybridoma 4A8, which recognises
TTCF residues 925-941 (Figure 5C). T-cell stimulation was
dramatically reduced when untransfected A20 cells were
incubated with TTCF. Moreover, stimulation of the T-cell
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Figure 5 In situ processing and class Il MHC capture. (A) Left panel: time course of AEP-catalysed digestion of '**I-TTCF complexed with 11.3
antibody (Ig) or control Ab, FC7. Right panel: TTCF fragments recovered on 11.3 Ab or control FC7 Ig. (B) Schematic of the cell surface
processing and handover experiment. (C) Cell surface BCR-bound TTCF is presented to T cells after in situ cleavage by AEP. A20 cells
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hybridoma was proportionate to the amount of AEP protease
added but only up to certain level (~50 mU/ml) above which
the response was diminished (Figure 5C). This result raised the
intriguing possibility that processed TTCF, generated while
complexed to the 11.3 BCR, was being captured by class II
MHC molecules on the surface of the same cell. In other
words, there might be a concerted ‘handover’ of processed
antigen from the BCR to neighbouring class Il MHC. However,
it was also possible (although unlikely, given that AEP pro-
cessed TTCF fragments seem to remain associated; see
Figure 2) that processed TTCF diffused away from the mem-
brane surface and was then recaptured by class II MHC
molecules on the same or a different cell. To rule this out we
immobilised soluble 11.3 Ig on inert (protein G) beads, loaded
TTCF onto them and digested the bead-bound antigen with
graded levels of AEP. The amount of bead-bound TTCF closely
matched the level of TTCF bound by the A20.8K transfectants.
Non BCR-transfected A20 cells were included as a source of
suitable H-2d bearing class I MHC molecules and the reaction
was cocultured with the 4A8 hybridoma as before. Under these
conditions, no stimulation of the T-cell hybridoma was
observed (Figure 5D). This was not because the beads were
inhibitory, as inclusion of the same number of beads with
TTCF-loaded A20.8K cells did not inhibit the processing and
capture reaction (Figure 5D). It seems therefore that class II
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MHC molecules on the same cell are most likely involved in
binding AEP-digested BCR-bound TTCF. This processing and
class II MHC loading was reproducible when a different 11.3
BCR-transfected B cell (LB27.4) with a different MHC haplo-
type (H-2b) was used in the ‘handover’ assay (Figure SE).
Moreover, two different T-cell specificities were stimulated,
4F4 (Figure 5E) and 1H7 (data not shown), recognising TTCF
residues 950-966 and 1025-1041, respectively. As before, the T-
cell response was largely dependent on both the presence of a
TTCF-specific BCR and AEP digestion.

A role for DM in the cell surface processing and capture
reaction

Within the intracellular compartments that harbour class II
MHC, peptide loading is catalysed by the chaperone DM,
which stabilises empty class II MHC molecules and acts as a
peptide editor. DM has also been shown to be present on the
surface of some human B cells and on immature human and
murine DC and to catalyse peptide loading/editing at this site
(Santambrogio et al, 1999; Arndt et al, 2000). We asked if DM
might be playing a role in the BCR/TTCF processing and
handover reaction. As shown in Figure 6A, A20 B cells, but
not a DMa chain-negative variant 3A5 (Russell et al, 1999),
expressed low but detectable levels of DM on their surface.
We therefore performed further processing experiments in the
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Figure 6 Involvement of H-2M/DM in the cell surface antigen
processing and handover reaction. (A) Expression of H2-M at the
cell surface. A20 cells or H2-M-negative cells 3A5 were stained with
anti-H2-M serum (black) or preimmune serum (grey) and analysed
by flow cytometry. (B) Blocking H2-M inhibits presentation of
BCR-bound TTCF. Presentation of cell surface BCR-bound TTCF to
4A8 was carried out as in Figure 5C and E, except that A20.8K 11.3
transfectants were pretreated with anti-H2-M serum (grey bars) or
preimmune serum (white bars).

presence of an antiserum specific for murine DM or as a
control, the corresponding preimmune serum. As shown in
Figure 6B, there was significant inhibition of the T-cell
response by the specific serum but not by the preimmune
control, indicating a role for cell surface DM in the capture of
processed TTCF by class I MHC molecules. At this point, we
cannot be certain if the residual class II MHC loading ob-
served is due to partial blockade of DM function by the
antibody or because of a DM-independent component of
the handover reaction.

Discussion

Antigen-presenting cells use the cytosolic and lysosomal
proteolytic systems found in all cells and adapt them to
ensure the display of a constellation of different MHC-asso-
ciated peptides representative of recently encountered and
recently synthesised proteins. In the class I MHC antigen
processing pathway, a series of cytosolic processing, cytosol
to ER transport and ER-based peptide trimming events pro-
vide ER-localised class I MHC molecules with a supply of
suitable peptides (reviewed in Pamer and Cresswell, 1998;
Shastri et al, 2002; Kloetzel, 2004; Rock et al, 2004; Groothuis
and Neefjes, 2005). It is much less clear how antigen is
prepared for class I MHC binding, even though several key
processing enzymes and chaperones have been identified.
The process often appears more haphazard than that for class
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I MHC involving largely random generation of processing
products salvagable from complete destruction by fortuitous
capture by class II MHC. Clear evidence that the class I MHC
pathway is a hazardous environment for antigen has recently
emerged. For example, the 85-99 MS-associated epitope in
myelin basic protein is a target for AEP and this limits its
presentation to T cells (Manoury et al, 2002). We recently
showed that aspartyl protease activity released T-cell epitopes
from myoglobin, but presentation actually improved when
this activity was reduced in cells by elimination of the major
aspartyl protease cathepsin D (Moss et al, 2005). In addition,
when closely related forms of antigen that differ in their
proteolytic susceptibility are compared (RNase and HRP), the
more protease-resistant ones turn out to be better immuno-
gens (Delamarre et al, 2006). More generally, dendritic cells
seem to outperform macrophages as antigen-presenting cells
at least in part because they express less processing enzyme
activity, not more (Delamarre et al, 2005), and also because
they have the capacity to attenuate protease activity by
alkalinisation of phagosomal compartments (Savina et al,
20006).

There are likely to be additional mechanisms that increase
the possibility of T-cell epitope binding. In contrast to class I
MHC, the open-ended class II MHC binding groove can
engage peptides much longer than those finally displayed
on the cell surface. Early studies demonstrated the capacity of
denatured but not native proteins to bind to isolated class II
MHC molecules (Sette et al, 1989), and for certain proteins
such as fibrinogen to be presented to T cells without proces-
sing (Lee et al, 1988). In the case of the tetanus toxin antigen,
we found that processing products with apparent sizes (based
on SDS-PAGE) up to 17kDa could be eluted from class II
MHC molecules following pulsing of TT-specific B cells with
native '*°I-labelled tetanus toxin (Davidson et al, 1991).
Studies with hen egg lysozyme (HEL) illustrated the capacity
of extended forms of HEL to bind to class II MHC molecules.
In one study, cells pulsed with a partially denatured form of
HEL could bind directly to recycling class Il MHC without any
processing (Lindner and Unanue, 1996), whereas in another,
HEL fragment was isolated that was simultaneously bound to
two different class II MHC molecules (Castellino et al, 1998).
Thus, class II MHC molecules can bind extended antigen
fragments, but linking the mechanics of this to antigen
processing events has not previously been possible.
Identification of AEP as the enzyme that initiates processing
of the TTCF antigen allowed us to address this question and
to test our earlier proposal that TTCF processing by AEP
might be a specific example of an ‘unlocking’ step that
specific processing enzymes might trigger in antigens enter-
ing the class II MHC pathway (Antoniou et al, 2000). In
addition, we were able to extend our earlier studies, which
demonstrated that antibody-bound antigen is processed dif-
ferently to free antigen and that this impacts on the presenta-
tion of T-cell epitopes (Simitsek et al, 1995; Watts et al, 1998).

In this study, we found that low levels of AEP were
sufficient to generate a form of processed TTCF antigen able
to bind to soluble as well as cell surface-expressed class II
MHC molecules. Processing resulting in the cleavage of, on
average, three principal sites, was sufficient, consistent with
our earlier demonstration that one or two key cleavage sites
were crucial for processing of this antigen, which indeed
appears to be ‘unlocked’ by these cleavages (Antoniou et al,
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2000). More extensive processing by AEP, resulting in
cleavage of approximately six sites, improved the ability of
the antigen to engage class II MHC molecules. The limited
action of AEP and the size spectrum of fragments generated
illustrate the capacity of class II MHC to bind large products
following processing. Interestingly, the extent of TTCF un-
folding following AEP processing was more limited than we
expected. IPF measurements after processing were consistent
with antigen unfolding, but the cleavages introduced did not,
at least in vitro, result in dissociation of the fragments or in
greatly increased susceptibility to other proteases. Although
initially surprising, this is consistent with the fact that when
total lysosomal enzymes are used to digest TTCF, the other
enzymes present do not degrade the antigen after the AEP
cleavages have been introduced (Manoury et al, 1998). In
contrast, complete denaturation of TTCF exposed a large
number of cathepsin D and E processing sites (Hewitt et al,
1997). Clearly, further examples are needed, but these data
are consistent with the possibility that class II MHC may be
able to ‘probe’ processed antigen conformations that still
have considerable structural integrity and that are at least
partially resistant to extensive processing. Although we did
not analyse their physical state, two other antigens were able
to bind to class I MHC and create a T-cell ligand following
processing by single enzymes, AEP in the case of ovalbumin
(Figure 4) and cathepsin D in the case of myoglobin (Moss
et al, 2005).

To extend these studies to a more physiological setting, we
revisited our earlier studies on TTCF processing in TTCF-
specific B cells. In B cells with a high-affinity BCR, the
substrate for processing is a BCR/TTCF complex, as the
antigen does not dissociate from the BCR following endocy-
tosis. Distinct radiolabelled antigen fragments accumulated
in B cells with different epitope specificity owing to a
protective or ‘footprinting’ effect of the BCR Ig on its bound
antigen (Davidson and Watts, 1989). In some situations, this
Ig-influenced processing reaction had a striking impact on
B-cell/T-cell relationships in the TTCF antigen, boosting
some but inhibiting others (Watts and Lanzavecchia, 1993;
Simitsek et al, 1995). Taking advantage of these earlier
findings and our later demonstration that AEP initiates
TTCF processing, we attempted to reconstruct processing
and class II MHC capture of TTCF in as physiological a setting
as possible. To gain control over the processing events,
we performed this on the surface of fixed cells expressing
a TTCF-specific BCR. Even though many of the conditions
on the cell surface are probably much less favourable than
in the class II MHC processing compartment, we found
that processing by AEP of BCR-bound antigen led to the
formation of antigen/class II MHC complexes. Formation of
these complexes was dependent on a TTCF-specific BCR and
on an optimal level of AEP. Antigen processed in situ by
AEP was then ‘handed over’ to neighbouring class II MHC
molecules rather than diffusing away and then rebinding.
Higher levels of AEP usually reduced the efficiency of
generation of the antigen/MHC complex, perhaps because
the fragment size spectrum was no longer optimal for the
handover reaction. In the case of the 4A8 epitope, which
contains asparagine residues, we cannot rule out the alter-
native possibility of destructive processing within the
epitope, although those residues did not appear to be targeted
by AEP (Figure 1).
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It is worth noting that the BCR binding region and the
‘handed over’ T-cell epitope need not be on a single contin-
uous fragment. Given that the T-cell epitopes we used are
quite distant from the C-terminally located 11.3 binding
‘footprint” and AEP processing sites lie in between in
TTCF-H, non-contiguous fragments that remain associated
non-covalently may well be involved. Thus far, the very low
amounts of antigen involved in this cell surface processing
and MHC capture reaction have thwarted our attempts to
chemically characterise the relevant ‘handed-over’ products.

It will be important to confirm that confinement of proces-
sing and class II MHC capture to the membrane plane can
take place for other BCR/antigen combinations and ideally
under conditions of normal antigen internalisation and in-
tracellular processing. This currently presents a substantial
technical challenge because of the very transient nature of the
intermediates involved, their likely heterogeneity and the fact
that BCR-internalised antigen may be recycled between the
cell surface and internal compartments several times before
being processed in B cells, that is, the process is very
asynchronous (Davidson et al, 1990). Confining the proces-
sing and class II MHC capture reaction to the membrane
surface is however attractive for a number of reasons. First,
the kinetics of binding of processed antigen to suitable class II
MHC molecules are likely to be faster as diffusion and
collision events are confined to two rather than three dimen-
sions. Second, these faster kinetics of binding and lack of
mixing should reduce competition for class I MHC binding
with peptides present in the bulk lumenal phase. Third,
exposure to potentially destructive processing enzymes
should be reduced. The model may also shed light on the
longstanding issue of T-cell/B-cell epitope reciprocity in
protein antigens (Berzofsky, 1983), that is, why B cells with
a particular epitope specificity preferentially present certain
T-cell epitopes. Effects of bound antibodies on T-cell epitope
presentation have now been reported for autoantigens such
as TPO (Quaratino et al, 2005), GAD (Jaume et al, 2002) and
thyroglobulin (Dai et al, 1999), viral antigens such as gp120
(Chien et al, 2004) and HCV envelope protein (Shirai et al,
1999), bacterial antigens such as the P1 protein of
Streptococcus mutans (Rhodin et al, 2004) and model anti-
gens such as HEL (Guermonprez et al, 1999) and B-galacto-
sidase (Manca et al, 1985). In some cases, antibody
suppressed T-cell epitope presentation, but in others it was
boosted, as we saw for the tetanus antigen (Simitsek et al,
1995). For example, HCV-infected individuals who did not
show a T-cell response to hypervariable region 1 (HVR1) of
the envelope protein did not make antibodies to this region
either, although they showed both T and B responses to other
regions of the same protein (Shirai et al, 1999). Conceivably,
B cells specific for HVR1 are able to ‘handover’ neighbouring
T-cell epitopes efficiently during uptake and processing,
whereas other B-cell specificities cannot.

Taken as a whole, our studies extend our understanding of
the events that lie between the initiation of exogenous anti-
gen processing and the final output of peptides on class II
MHC molecules. They indicate that very limited processing
may suffice to allow class I MHC binding and show that class
II MHC can engage large fragments of processed antigen and
present these to T cells. Moreover, where antigen is taken up
via the BCR, the complete processing and class II loading
reaction may be confined to the membrane surface. Our
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results provide direct evidence for a ‘bind first trim later’
model of class II MHC peptide capture (Sercarz and
Maverakis, 2003). Although shown here for the BCR, a
similar mechanism might be operative for Fc receptors in
other APC types that have engaged immune complexes.
Finally, although we developed cell surface-restricted TTCF
processing as an experimental tool and surrogate for the
intracellular class II compartment, the cell surface may be a
physiologically important location for class II peptide load-
ing, as shown for dendritic cells, which have been shown to
support an extracellular pathway for antigen processing and
presentation (Santambrogio et al, 1999).

Materials and methods

Proteins, antibodies and other reagents

His-tagged TTCF was produced in Escherichia coli as described
previously (Hewitt et al, 1997). Recombinant human AEP was
produced in CHO cells and autoactivated as described (Li et al,
2003). Antibodies against TTCF have been described previously
(Antoniou et al, 2000). Rabbit anti-H-2M serum (K557) and its
preimmune counterpart were kindly provided by Lars Karlsson.
Cathepsin L was a gift from AstraZeneca and cathepsin S a gift from
Medivir UK Ltd. Recombinant human cathepsin D was purchased
from Athens Research & Technology (Athens, GA, USA). Other
reagents were purchased from Sigma.

Cell lines and culture conditions

The cell lines A20, LB27.4 and EBV (AK) were grown at 37°C with
5% CO, in RPMI 1640 (Gibco) supplemented with 10% FCS,
100 ug/ml kanamycin, 2mM glutamine, 1mM pyruvate, non-
essential amino acids and 50 uM B-mercaptoethanol. A20 cells
transfected with the heavy and light chains of BCR 11.3 (A20.8K)
were additionally maintained in 0.5mg/ml G418 and 0.75mg/ml
hygromycin B and LB27.4 cells were maintained in selective
medium as described (Antoniou et al, 2000). Human T-cell clones
were maintained as described (Lanzavecchia, 1985). The TTCF-
specific T-cell hybridomas used were 4A8, recognising residues
925-941 (Antoniou et al, 2000), and 4E4, recognising residues 950-
966. Ovalbumin-specific T-cell hybridomas DO-11.10, 3D054.6.62,
3D018.3, 4D0-44.1 and the DMa-negative line 3A5 were kind gifts
from P Marrack and K Rock, respectively.

In vitro digestions

Purified protein was digested at 0.5mg/ml. AEP was typically
added to a final concentration of 1 or 10 pg/ml, generating TTCF
cleaved at an average of three sites or six sites, respectively. These
two forms of cleaved TTCF are referred to as TTCF-L and TTCF-H.
AEP was inactivated with 1 mM iodoacetamide and the sample
dialysed extensively against PBS. Cathepsins D, S and L were used
in digestions at 5pg/ml. Total lysosomal extracts were prepared
from Pala cells as described previously (Davidson et al, 1990) and
typically used at 0.1 mg/ml in digestion reactions. The reaction
buffer contained 50 mM sodium acetate at pH 4.5 and 5mM DTT,
and the reaction was allowed to proceed for 4h at 37°C and the
products analysed by SDS-PAGE. '**I-labelled TTCF was prepared
as previously described (Davidson and Watts, 1989) to a specific
activity of approximately 15000 c.p.m./ng. The protein was mixed
in PBS with a 10-fold molar excess of monoclonal anti-TTCF
antibody 11.3 or control (TT B fragment specific) antibody FC7
purified from the supernatants of the 11.3 and FC7 B-cell lines. After
1-2h, aliquots of the mixtures were diluted 10-fold in digestion
buffer (0.1M Na citrate, pH 5.0 and 0.01% CHAPS) containing
20ug/ml AEP. At different times, the digestion was terminated by
transferring to ice and analysed by electrophoresis on 15% Tris—
tricine SDS gels. Labelled fragments remaining bound to 11.3 or FC7
Ig were recovered by precipitation with sheep anti-human light
chain Ig and protein G-Sepharose.

Intrinsic tryptophan fluorescence and size-exclusion
chromatography

After digestion with AEP, TTCF was analysed by intrinsic
tryptophan fluorescence. AEP activity was quenched with 1 mM
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iodoacetamide and the samples diluted in 50 mM sodium phosphate
pH 7.0, containing the indicated concentration of urea. Fluores-
cence was measured with an excitation wavelength of 280 nm and
the emission between 300 and 400nm was recorded. The ratio
between 350 and 330nm was calculated to give a measure of the
degree of protein denaturation. Undigested and AEP-treated
TTCF were analysed on a Superdex 200 size-exclusion column
(Pharmacia) in 50 mM sodium phosphate pH 7.0 and 150 mM NacCl.

ELISAs

TTCF (5ug/ml) in PBS was coated onto 96-well plates (Costar)
overnight and then blocked in 10% FCS. TTCF-specific conforma-
tion-sensitive monoclonal antibody 15D1 (2 pg/ml) was mixed with
TTCF, TTCF-L or TTCF-H at the indicated concentrations and this
mixture was added to the TTCF-coated plates for 1.5h. The binding
of antibody to immobilised TTCF was detected using HRP-
conjugated donkey anti-mouse antibody (Jackson).

HLA-DR4 binding assays

Binding affinities for intact and AEP-digested TTCF for HLA-DR4
were tested in vitro in a direct competition binding assay against a
biotinylated indicator peptide comprising residues 98-117 of the
MHC class II invariant chain. Briefly, TTCF digests or AEP alone
were thoroughly dialysed against assay buffer (20mM MES (2-[N-
morpholino]ethanesulphonic acid) and 140 mM NaCl, pH 5.0) con-
taining 1 mM iodoacetic acid. Competition assays were established
by incubating 12pg of immunoaffinity-purified HLA-DR4 with
2.5umol/1 biotinylated indicator peptide and test protein or
non-biotinylated indicator peptide at a range of concentrations
(0.1-100 pmol/1 in a final DMSO concentration of 20% in assay
buffer supplemented with 1% w/v n-octylglucoside for 20h at
room temperature. Reaction mixtures were transferred to wells of a
Maxisorp plate (Nalge Nunc, Hereford, UK) that had been
precoated for 20h at room temperature with 100 ul of anti-HLA-
DR (L243) capture antibody (Astill et al, 2003). Plates were
incubated for a further 1h at room temperature and washed five
times in TBST. Europium-conjugated streptavidin (Perkin Elmer
Ltd, Hounslow, UK) was added at 1pg/ml in dissociation-
enhanced time-resolved fluoroimmunoassays (DELFIA) assay
buffer (Wallac Oy, Turku, Finland) and incubated for 45min at
room temperature. Wells were washed a further five times in TBST
and 100 pl DELFIA enhancement solution was added to each well.
Fluorescent intensity was measured in a DELFIA fluorimeter.
Binding assays were carried out in triplicate and all proteins were
assayed simultaneously.

Antigen presentation

After digestion with AEP, TTCF was tested for its ability to bind
MHC class II to the surface of EBV-B cells and stimulate autologous
T-cell clones. EBV-B cells were fixed for 45s with 0.05%
glutaraldehyde, quenched in PBS, 0.1 M glycine, washed exten-
sively and added at 1 x 10° cells/well in a round-bottomed 96-well
plate together with 1x10° T cells and AEP-treated TTCF at the
indicated concentrations. After 48 h, cells were pulsed with 1 pCi
[*H]thymidine and harvested for scintillation counting 16h later.
AEP was also tested for its ability to convert ovalbumin into an
MHC class II binding form. After digestion with varying concentra-
tions of AEP, the digested ovalbumin (Worthington) was incubated
at different concentrations with 1 x10° A20 cells, fixed as above.
Four different ovalbumin-specific T-cell hybridomas (1 x10° cells)
were used to assess antigen presentation. After 24 h, IL-2 release
was measured by ELISA.

Presentation of BCR-bound TTCF
Presentation of cell surface BCR-bound TTCF was examined using
either A20 or LB27.4 murine B cells transfected with the 11.3 TTCF-
specific BCR (Antoniou et al, 2000). TTCF was incubated at 5 pg/ml
with clones A20.8K or LB27.4 4BB3 (2 x 107 cells/ml) in 10% FCS
on ice for 2h. Unbound TTCF was removed by washing and the
cells were fixed as above. Cells were resuspended in PBS pH 6.0 to
2 %107 cells/ml and AEP wad added at different concentrations for
30min at 37°C. Cells were washed extensively with RPMI contain-
ing 1% FCS and added at 2 x 10° cells/well together with 1 x10°
T-cell hybridomas. IL-2 release was measured after 24 h by ELISA.
In some cases, Sepharose beads were used as the source of TTCF.
We measured the amount of biotinylated TTCF bound to 2 x 10°
A20.8K cells to be 0.625pmol (31.25ng). Protein G beads
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(Sigma) carrying an equivalent amount of 11.3 BCR-bound TTCF
were prepared and included as the source of TTCF in control
experiments.

For H2-M blocking experiments, anti-H2-M serum (K557) or
preimmune serum was added to BCR transfectants at 1/250 for 1h
on ice before addition of TTCF.

FACS analysis of surface H2-M expression

For FACS analysis, cells were washed in 1% FCS/PBS, stained with
anti H2-M serum diluted in 10% FCS/PBS at 4°C and fixed for
10min in 3% PFA. K557 serum and preimmune serum (kind gifts
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