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A cytosolic pathway for MHC class ll-restricted antigen
processing that is proteasome and TAP dependent

Mona K Tewari!, Gomathinayagam Sinnathamby!, Deepa Rajagopal'> & Laurence C Eisenlohr!

By convention, presentation of major histocompatibility complex (MHC) class I-restricted epitopes involves processing by
cytosolic proteasomes, whereas MHC class ll-restricted epitopes are generated by endosomal proteases. Here, we show that
two MHC class ll-restricted epitopes within influenza virus were generated by a proteasome- and TAP-dependent pathway that
was accessed by exogenous virus in dendritic cells (DCs) but not cell types with less permeable endosomes. Both epitopes
were presented by recycling MHC class Il molecules. Challenging mice with influenza or vaccinia viruses demonstrated

that a substantial portion of the MHC class ll-restricted response was directed against proteasome-dependent epitopes.

By complementing endosomal activities, this pathway broadens the array of MHC class Il-restricted epitopes available for
CD4+* T cell activation.
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T lymphocytes are crucial for adaptive immune responses that are
initiated upon recognition of peptides displayed by MHC class I or II
molecules at the surfaces of antigen-presenting cells (APCs). Typically,
the MHC class I processing pathway for most antigens initiates in the
cytosol, the site of primary fragmentation by the multicatalytic
proteasome and perhaps other proteases’?. The resultant peptides
are conveyed by the transporter of antigenic peptides heterodimer
(TAP) to the endoplasmic reticulum (ER)3, where they can undergo
amino terminal trimming before being loaded onto nascent MHC
class I-P2-microglobulin heterodimers. These peptide-MHC com-
plexes transit through the constitutive secretory pathway to the plasma
@membrane. The closed nature of the MHC class I peptide-binding

=W groove dictates that the final length of most presented peptides be

8-11 amino acids. In contrast, the conventional MHC class 1I
processing pathway features fragmentation and loading of internalized
(exogenous) antigens within the endocytic compartment. Nascent
MHC class II off heterodimers are guided to that location by
coassembly with invariant chain (Ii), which contains a sorting signal
within its cytosolic tail®®. Within the late endosome, Ti is digested to
leave only the portion that occupies the peptide-binding groove. This
fragment, termed CLIP, is subsequently exchanged in the late endo-
some for fragmented antigens, a process mediated by the H2-M
chaperonin®® . Because the MHC class II peptide-binding groove is
open at either end, processing is essentially a matter of antigen
unfolding rather than fragmentation to a specific length. The final
11-17-amino-acid length of most MHC class II-restricted peptides
loaded in late endosomes may be established by endocytic exopro-
teases after binding of the core epitope to MHC class 11>, An
important but largely overlooked alternative to the late endocytic

pathway involves antigens that naturally unfold in the early endosome,
are susceptible to the limited proteolysis in that compartment, or
both. In such cases, epitopes can be captured by ‘recycling’ MHC class
IT molecules, without a requirement for Ii and H2-M expression!!~13,

Several key exceptions to these conventional pathways have come to
light. For example, the presentation of some MHC class I-restricted
antigens can be independent of proteasomes and of TAP, with
processing and loading occurring in the endosomal compartment!13,
Alternatively, exogenous antigen can be delivered to the conventional
MHC class I processing pathway in certain cell types, such as dendritic
cells (DCs) and a subset of macrophages. These cells naturally allow
for transport of endosomal contents to the cytosol, and subsequently
processed antigen is directed by TAP to either the ER or
the endosomal compartment for loading onto MHC class I mole-
cules'®2%, This pathway provides a means for MHC class I-restricted
cross-priming whereby antigen expressed in one cell type (owing to,
for example, viral tropism) is transferred to a ‘professional” APC, most
likely the dendritic cell, that expresses the co-stimulatory molecules
that are essential for T cell activation?!. Finally, earlier work points to
an endogenous pathway for MHC class II-restricted presentation that
preferentially accesses antigen that has been synthesized within the cell,
the standard picture for MHC class I- but not MHC class II-restricted
presentation?”~24, Although such a pathway may have an important
role in responses to viral infections and transformed cells, its basis
remains poorly understood.

Here we report a cytosolic (endogenous) MHC class II-restricted
processing pathway elucidated through the study of three epitopes
within A/PR/8/34 (PR8) influenza, all restricted to the same MHC
class IT molecule, I-E9. Two epitopes reside in the hemagglutinin (HA)
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Figure 1 Effect of UV inactivation on epitope presentation by various APCs.
The indicated APCs (5 x 10%4) were pulsed with infectious PRS (M), UV
inactivated PR8 (A) or infectious, antigenically distinct B/Lee (V) at the
indicated doses. APCs were cocultured with 1 x 10° zS1.1 or zNA79.1 or
1.5 x 105 zS3.1 T cell hybridomas for 18 h. B-galactosidase production
after pMHC recognition and subsequent activation of the T cell hybrids was
measured using X-gal substrate. These experiments were carried out at least
four times and the results of a representative experiment are shown here.
Error bars represent the s.e.m. of experimental replicates.

glycoprotein, amino acids (aa) 107-119 (S1) and aa 302-313 (S3). The
hird resides within the neuraminidase (NA) glycoprotein, aa 79-93

&

=" (NA79). We sought the basis for a longstanding observation?? that

ultraviolet light (UV)-inactivation of the virus has little impact on S1
presentation, while strongly diminishing and ablating S3 and NA79
presentation, respectively. We show that the latter two epitopes were
efficiently generated through a pathway that involves participation of
the proteasome, TAP and recycling MHC class II molecules.

RESULTS

Presentation of virus by B cells versus DCs

As reported earlier?? and shown here (Fig. 1), when mouse A20 B cell
lymphoma cells were used as APCs, UV inactivation of PR8 minimally
affected the presentation of HA-derived S1, but substantially dimi-
nished and essentially eliminated presentation of S3 and NA-derived
NA?79, respectively. Primary activated mouse splenic B cells and 1929
fibroblasts stably transfected with the I-E4 o and B genes (L-I-E9 cells)
showed similar presentation phenotypes (Fig. 1). The conventional
model of MHC class II-restricted presentation, involving endosomal
processing and loading of epitope, is difficult to reconcile with the
selective presentation of S3 and NA79 from endogenous sources of HA
and NA. After synthesis, neither protein is internalized to a substantial
degree from the default destination of the plasma membrane, the
requisite location for viral assembly. Even if HA and NA were
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internalized to a meaningful extent or if antigen were transferred
(cross-presented) to other cells, it is not obvious how processing
would differ from that of virion-associated HA and NA. Evidence is
also lacking for the direct trafficking of nascent HA and NA to later
endosomal compartments that might be more conducive to the
generation of MHC class II epitopes such as S3 and NA79.

The possibility of an alternative processing pathway was suggested
when primary immature bone marrow—derived dendritic cells (DCs)
were used as APCs. In this case, all three epitopes were presented with
equally high efficiency from inactivated and live virus (Fig. 1).
Although this result could be explained by a fundamentally distinct
composition of DC endosomal compartments, we considered an
alternative possibility based on two previous observations. First, it
has been demonstrated that DCs readily deliver their endosomal
contents to the cytosol for proteasome-dependent MHC class I-
restricted processing!®. Second, earlier work has implicated the pro-
teasome in the MHC class Il-restricted presentation of certain
endogenously expressed cytosolic antigens?>2. Thus, if the generation
of NA79 epitope were entirely dependent on the proteasome, then
retrograde translocation of nascent NA from the ER to the cytosol
would provide the only means of presentation by cells with relatively
impermeable endosomes. This is a scheme thus far associated only
with MHC class I-restricted antigen processing?’. This would not be
the case with DCs, which could deliver endocytosed UV-inactivated
influenza virus to the cytosol. In contrast, if S1 epitope presentation
were entirely dependent on endosomal processing, the APC type and
UV-inactivation of the virus would have relatively little impact on
presentation. Presentation of the S3 epitope could be explained if it
were generated by either pathway.

Cytosolic delivery of exogenous influenza by DCs

We investigated the natural delivery of input virus to the cytosol of
DCs in two ways. First we traced the fate of fluorescein isothiocyanate
(FITC)-labeled virions pulsed into DCs and L-1-E9 cells (Fig. 2a). A
predominantly punctate staining pattern, indicative of retention in the
endosomal compartment, was observed in both cell types at 1 h after
the pulse, and this was maintained in L-I-E9 cells at the 6-h mark. In
contrast, by 6 h after the pulse, the pattern in DCs was diffuse and
homogeneous, consistent with a cytosolic pattern. Second, we inves-
tigated the ability of B cells and DCs to deliver exogenous
UV-inactivated virus to the classical MHC class I-restricted pathway,
by assessing presentation of a proteasome- and TAP-dependent
epitope within influenza nucleoprotein (NPsgs_374) that is restricted
by H2-DP (ref. 28). Although both primary B cells and DCs were able
to present NPsgq 374 from infectious virus, only DCs generated the
epitope from UV-inactivated virus (Fig. 2b). To confirm that differ-
ences in presentation capabilities were due to the relative ease with
which endocytosed virus was transferred to the cytosol in DCs, we
provoked cytosolic delivery through osmotic rupture of virion-bearing
endosomes? in A20 cells, which, like L-I-E9 cells, do not present the
NA79 epitope from exogenous sources of virus (Fig. 1). This proce-
dure substantially enhanced presentation of S3 and NA79 from UV-
inactivated virus (Fig. 2c). Thus, delivery of exogenous influenza to
the cytosol, which occurs naturally in DCs, was crucial for the efficient
MHC class II-restricted presentation of the S3 and NA79 epitopes.
This is the expected situation, as shown here, for MHC class I- but not
MHC class II-restricted antigen processing.

Proteasome-dependent presentation

The importance of cytosolic delivery for enhanced presentation of the
S3 epitope and any presentation of the NA79 epitope is consistent
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Figure 2 Cytosolic delivery of inactivated PR8
and the impact on MHC class |- and MHC class
|l-restricted presentation. (a) L-I-E9 or primary
immature DCs were pulsed with 500 HAU of
FITC-labeled PR8 virus (FITC-PR8), chased for
the indicated times and imaged by fluorescence
microscopy. Two independent experiments were
done with similar results. (b) Indicated APCs

(1 x 106 cells) from C57BL/6 mice were pulsed

Primary B cells

ARTICLES

Immature DCs

with 100 HAU of infectious B/Lee, PR8 (iPR8) or
UV-inactivated PR8 (uvPR8) per 1 x 106 cells,
double diluted (starting at 2 x 105 cells/well),
and cocultured with 1.5 x 105 CD8* T cell
hybrids specific for NP3gg_374/DP. Two
independent experiments were carried out with
similar results. Error bars represent the s.e.m. of

with the hypothesis, outlined above, that the proteasome, located in
the cytosol and nucleus, is involved in the presentation of these two
epitopes. To test this directly, we treated primary B cells (Fig. 3a) and
A20 cells (data not shown) with epoxomicin, a highly specific
proteasome inhibitor®, This compound had minimal impact on the
presentation of any epitope from UV-inactivated virus. This was
expected, because presentation under these conditions would be
limited to endocytic compartments that are devoid of proteasomes.
Using the same cells, we then tested the impact of the inhibitor with a
dose of live virus that limits the presentation of S3 from input virions,

© 2005 Nature Publishing Group http://www.nature.com/natureimmunology
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experimental replicates. (c) A20 cells (10°) were incubated with 100 HAU of inactivated PR8 or B/Lee in hypertonic medium with or without PEG. Cell
suspensions were briefly exposed to hypotonic medium, washed, double diluted (starting at 10° cells/well) and cocultured with epitope-specific T cell
hybrids. Presentation of S1, S3 and NA79 epitopes was subsequently measured. Background values obtained with B/Lee were subtracted from PR8 values.
Two independent experiments were carried out with similar results. Error bars represent the s.e.m. of experimental replicates.

thus emphasizing endogenous presentation. Under these conditions,
which allow for cytosolic delivery of the antigens as a result of the
retrograde translocation mechanism discussed above, epoxomicin
completely inhibited presentation of the S3 and NA79 epitopes.
Presentation of the S1 epitope was unaffected (Fig. 3a). As the S3
epitope is also generated through endocytic processing (Fig. 1),
one would predict that a high dose of live virus, providing sufficient
input virions, will limit the impact of proteasome inhibitor. Indeed,
this was what we observed (Supplementary Fig. 1 online). When DCs
were used as APCs, epoxomicin treatment profoundly inhibited
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Figure 3 Role of the proteasome and endosomal thiol proteases in the presentation of S3 and NA79 epitopes. (a,b) Indicated APCs (10%) were pretreated
with the proteasome inhibitor epoxomicin (epox) (a) or the thiol protease inhibitor leupeptin (leup) (b), or left untreated. APCs were pulsed with a low dose
(4 HAU) of infectious PR8 (iPR8) or B/Lee, a high dose (100 HAU) of UV-inactivated PR8 (uvPR8) or B/Lee, or synthetic peptides in the presence or absence
of inhibitor. APCs were double diluted (starting at 1x 10° cells/well) and cocultured in duplicate with zS1.1, z83.1 or zNA79.1 T cell hybrids. Single samples
were then used for peptide controls within the epoxomicin experiment. T cell hybrid responses were then measured using X-gal substrate. Background values
obtained with B/Lee were subtracted from the values obtained with PR8. Error bars represent the s.e.m. of experimental replicates. Data are a representative
example of three independent experiments.
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Figure 4 Role of TAP in the presentation of S3 and NA79 epitopes. (a) Primary fibroblasts from a TapI** mouse and a Tapl~/~ mouse were transduced
with retroviruses expressing H2-1-E9 o chain, B chain and hCIITA (ap) or hCIITA alone (CIITA). These two populations were then pulsed with 250 HAU of

w» infectious PR8 (iPR8) per 106 cells or synthetic peptides. (b) Primary DCs from a TapI** mouse and TapI~/~ mouse were untreated (no RV) or transduced

with retroviruses expressing H2-1-E9 o chain and B chain (ap). These two populations were then pulsed with 250 HAU of infectious PR8 (iPR8) or UV-

inactivated PR8 (uvPR8) per 10° cells or synthetic peptides. In both a and b,

retrovirally transduced APCs were double diluted (starting at 5 x 10 cells/

well) and cocultured with zS1.1, zS3.1 and zNA79.1 T cell hybrids. T hybrid responses were then measured using X-gal substrate. Because of limited

presentation of the NA79 and S3 epitopes from both UV-inactivated
and infectious virus, whereas S1 epitope presentation was unperturbed
(Fig. 3a). This was also predictable given the cytosolic delivery of
exogenously provided virus in DCs. Epoxomicin treatment had no
effect either on the presentation of synthetic peptides (Fig. 3a) or on the
abundance of surface MHC class II (data not shown). Notably, when
A20 cells were treated with another proteasome inhibitor, lactacystin, S3
epitope presentation from inactivated virus was inhibited (Supplemen-
tary Fig. 2 online). However, lactacystin has recently been reported to
inhibit cathepsin A, an endosomal protease®!, indicating a specificity
that goes beyond the proteasome. We have previously proposed that a
proteolytic step is involved in the endocytic processing of the S3 epitope
from exogenous virus to allow for release of a S3-containing fragment
from the virion®2. Perhaps lactacystin interferes with this release step,
although it is unlikely to be mediated by cathepsin A, a carboxypepti-
dase. Together, these results strongly support a role for the proteasome
in the generation of the MHC class II-restricted S3 and NA79 epitopes
but not of the classical S1 epitope.

In a complementary approach, we assessed the effect of leupeptin,
an inhibitor of endosomal thiol proteases, on epitope presentation. As
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umbers of primary fibroblasts and DCs, most APC/T hybrid ratios were tested with single samples. Error bars for NA79-specific responses in b indicate
he s.e.m. of experimental replicates. Two independent experiments were done with similar results.

observed previously®>> and shown here (Fig. 3b), when A20 cells were
pulsed with inactivated virus, leupeptin inhibited the presentation of
S1 while considerably enhancing the presentation of S3. This latter
effect is due to the acid-mediated unfolding of HA shortly after virus
uptake, a step that allows for loading of the S3 epitope onto recycling
MHC class IT molecules but also renders the epitope highly susceptible
to proteolysis'>3%. In contrast, when infectious virus was presented by
A20 cells or DCs, or when inactivated virus was presented by DCs,
leupeptin had no effect on S3 presentation but continued to inhibit
S1 presentation (Fig. 3b). NA79 epitope presentation was unaffected
by leupeptin (data not shown) and it remains to be seen whether the
failure of this epitope to be presented through the conventional
pathway is due to an inability of the endosomal machinery to produce
the epitope, to destruction of the NA79 epitope by leupeptin-
insensitive endosomal protease(s) or both. At the concentrations
used, epoxomicin and leupeptin did not affect MHC class II expression
or viral uptake as determined by immunofluorescence studies (data
not shown). Thus, cytosolic processing of the S3 epitope is functionally
distinct from endocytic processing, in that it is proteasome dependent
and leupeptin insensitive.
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TAP and recycling MHC class Il molecules

Previous work has described an MHC class I processing pathway for
DCs and a macrophage subset that involves TAP-mediated delivery of
proteasome-dependent epitopes to a fused ER-phagosome vesicle
where empty MHC class I molecules reside!®?°. To determine whether
a TAP-dependent scheme might be involved in the presentation of
influenza epitopes S3 and NA79, we transduced fibroblast lines from
Tapl~/~— and TapI*'* mice with retroviruses that express the I-E4
o and B chains® and tested them as APCs. Although Tapl*/*
fibroblasts presented all three epitopes efficiently, the Tapl~~ fibro-
blasts were completely unable to present S3 and NA79 from infectious
PR8, whereas their presentation of S1 was essentially the same as for
TapI™/* fibroblasts (Fig. 4a). Fibroblasts from Tapl~~ and Tapl*/*
mice presented synthetic peptides to a similar extent, indicating that
I-E4 was expressed equally in both sets of APCs (Fig. 4a). We took a
similar approach with primary DCs from Tapl~/~ and TapI*/* mice.
Transduction was much less efficient with DCs and T cell activation
was, therefore, much lower than with the fibroblast lines. Nevertheless,
comparison of untransduced and transduced pairs indicated that DC
presentation of epitopes S3 and NA79, but not S1, was TAP dependent
(Fig. 4b). Consistent with cytosolic delivery of exogenous virus by
DCs, presentation of S3 and NA79 from UV-inactivated virus was also
TAP dependent.

Our previously published experiments!'>** indicate that the S3
epitope is generated from exogenous sources in the early endosome
and loads onto recycling MHC class IT molecules in that compartment
without the assistance of the peptide-exchanging chaperonin H2-M.
In contrast, S1 is generated in a late endosomal compartment and
loads onto nascent I-E¢ in an H2-M-dependent manner. Using wild-
type A20 cells and A20 cells deficient in H2-M (A20-3A5)%, we
observed that presentation of proteasome-dependent epitopes S3 and
NA79 also proceeded in the absence of H2-M, whereas S1 was
absolutely dependent on H2-M (Supplementary Fig. 3 online). To
determine whether the proteasome-dependent presentation of S3 and
NA79 epitopes, like that of endocytically processed S3, depended on
recycling MHC class II molecules, we investigated the effect of
primaquine on their presentation. This compound blocks transit of

=vo» MHC class IT molecules from the early endosome to the cell surface,
@lhereby inhibiting presentation by recycling MHC class I molecules'?.

=" Exposure of DCs to primaquine had no effect on S1 presentation but
severely inhibited presentation of epitopes S3 and NA79 from both
UV-inactivated and infectious virus (Fig. 5). Primaquine treatment
did not have an impact on MHC class II expression or viral uptake as
determined by immunofluorescence studies (data not shown).
Together, the data indicated that proteasome-dependent NA79 and
S3 epitopes may require TAP for delivery to the early endosome,
where they loaded onto recycling MHC class II molecules, as is the
case for endosomally produced S3. Given the open-ended nature of
the MHC class II peptide-binding groove, additional processing of the
cytosolically processed antigens in the endosome may be unnecessary.

© 2005 Nature Publishing Group http://www.nature.com/natureimmunology

In vivo responses to proteasome-dependent epitopes

To gain a better appreciation for the frequency of proteasome-
dependent epitopes and their impact on in vivo responses, we
immunized mice with live PR8 virus. Four weeks later, we used an
interferon-y-based ELISPOT assay to test splenocytes for reactivity to
L-I-E4 cells that were pulsed with infectious or UV-inactivated PR8 in
the presence or absence of epoxomicin. Because 1929 cells are H2K,
only I-Ed-restricted influenza-specific T cells will respond. This
strategy prevented MHC class I-restricted viral responses, which we
expected to be substantially diminished by proteasome inhibitor, from
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Figure 5 Role of recycling MHC class Il molecules in the presentation of
S3 and NA79. DCs were pretreated with primaquine (primagq), an inhibitor
of recycling MHC class Il molecules, or left untreated. APCs were pulsed
with a low dose (4 HAU) of infectious PR8 (iPR8) or B/Lee, a high dose
(100 HAU) of UV-inactivated PR8 (uvPR8) or B/Lee, or synthetic peptides
in the presence or absence of inhibitor. APCs were double diluted (starting
at 5 x 104 cells/well) and cocultured with zS1.1, zS3.1 and zNA79.1

T cell hybrids. T cell hybrid responses were then measured using X-gal
substrate. Background values obtained with B/Lee were subtracted from
PR8 values. This experiment was carried out several times, and the results
of a representative experiment are shown here. Error bars represent the
s.e.m. of experimental replicates.

confounding the analysis. An appreciable fraction of the response
(~30-40%), with each spot indicating an influenza-specific CD4*
T cell, was lost when the proteasome inhibitor was used (Fig. 6a). As
predicted from the results discussed above (Fig. 3a), presentation of
UV-inactivated virus was not influenced significantly by epoxomicin
treatment, because these conditions limited processing to the endo-
cytic compartment. We validated this approach to analyzing popula-
tions developed in vivo by immunizing mice with synthetic S1 or
NA79 epitope peptides and subjecting the responding CD4" T cells to
the same ELISPOT assay. Consistent with the data shown above, the
ELISPOT response of NA79-specific T cells was profoundly dimin-
ished by addition of proteasome inhibitor, whereas the response of
S1-specific T cells was not (Fig. 6a, inset). We also analyzed the relative
numbers of S1-, S3- and NA79-specific CD4* T cells that develop after
influenza infection by stimulation of immune splenocytes with
peptide-pulsed L-I-E4 cells in an ELISPOT assay. The results showed
that the responses to S1, S3 and NA79 after viral infection were
comparable in magnitude (Supplementary Fig. 4 online), indicating
that proteasome-dependent epitopes elicited substantial responses
in vivo. Finally, we analyzed the MHC class II-restricted response to
vaccinia virus by ELISPOT assay to determine whether the proteasome-
dependent CD4" T cell response to another virus was similar in scope.
Mice were inoculated with the conventional WR strain of vaccinia and
the immune splenocytes were stimulated with L-I-Ed cells infected
with modified vaccinia Ankara (MVA). The use of MVA, which does
not complete replication in most mammalian cells but is highly
homologous with WR, eliminated the strong cytopathic effects of
vaccinia that complicate the ELISPOT assay. As we observed with the
influenza-specific response, the numbers of vaccinia-specific CD4*
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Figure 6 Fraction of the I-E9-restricted response
to PR8 and vaccinia that is proteasome
dependent. (a,b) L-I-E9 cells (10%) were first
pretreated with epoxomicin (epox) or left
untreated; next they were infected with 100 HAU
of infectious B/Lee or PR8 (iPR8) or were pulsed
with 100 HAU of UV-inactivated B/Lee or PR8
(UVPRS; a), or they were pulsed with 5 x 10°
PFU infectious MVA (MVA) or UV-inactivated
MVA (UVMVA) or were left untreated (b). These
L-1-E9 cells (2 x 105 per well) were used to
re-stimulate splenocytes from (a) iPR8- or (b)
vaccinia-immunized BALB/c mice in a standard
IFN-y-based ELISPOT assay. In a, background
values obtained with B/Lee were subtracted from
PR8 values. Inset in a, L-I-E9 cells (1 x 10°)
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were pretreated with epoxomicin (epox) or left untreated and infected with 100 HAU infectious B/Lee or PR8 (iPR8). In addition, untreated L-I-E9 cells were
pulsed with S1 or NA79 synthetic peptides. These APCs were used as stimulators and incubated with lymph node cells from either S1- or NA79-peptide-
immunized mice in an IFN-y ELISPOT assay. Background values obtained from mice immunized with CFA alone were subtracted from peptide and PR8
values. Three independent PR8 and MVA experiments and two independent peptide experiments were carried out and the results of a representative
experiment are presented here. Error bars represent the s.e.m. of experimental replicates.

T cells were considerably reduced by proteasome inhibitor, whereas
those to UV-inactivated virus were not (Fig. 6b). Together, these data
indicated that substantial portions of CD4" T cell responses to the
viral infections might be specific for proteasome-dependent epitopes.

DISCUSSION

These findings further blur the distinctions between MHC class I- and
MHC class II-restricted antigen processing and presentation, and
reinforce the notion that the immune system uses all means possible
to identify foreign entities. We speculate that the mutual existence of
the endocytic and cytosolic MHC class II-restricted presentation
pathways is due to nonredundant processing capabilities of these
compartments. The endocytic system is unable to generate epitopes
such as NA79, whereas the cytosolic system is unable to generate
epitopes such as S1. Because the key step in MHC class II-restricted
processing is unfolding of the antigen that can be accomplished in
either compartment, the explanation for such partitioned processing

la.l may not be the lack of certain proteases in the processing-incompetent

ompartment. Rather, it may be the presence of certain proteases that

=" destroy the epitope before sufficient amounts can be delivered to

receptive MHC class IT molecules. This idea is supported by the case of
endosomally generated S3, which barely survives endosomal proteo-
lysis, as the effects of leupeptin demonstrate. The NA79 epitope may
be even more susceptible to endosomal proteases, whereas the
S1 epitope may be sensitive to cytosolic proteolysis.

It remains to be seen whether there is a bias toward presentation of
proteasome-dependent epitopes by recycling MHC class IT molecules.
We have previously emphasized the importance of recycling MHC
class II molecules for the presentation of endosomally generated
epitopes such as S3 that are revealed in the early endosome'®. The
presentation of proteasome-dependent epitopes may provide another
reason for their existence. Owing to the involvement of recycling
MHC class IT molecules and the lack of ER-phagosomes in B cells and
fibroblasts, we favor the notion of TAP-mediated delivery to the early
endosome. Another intriguing possibility is that aspects of S1-like
epitopes that allow for presentation by the conventional pathway
preclude presentation through the cytosolic pathway. Additional work
will be required to better define these and other aspects of the
proteasome- and MHC class II-dependent processing pathway.

It is readily apparent how this pathway, and the epitopes that
emerge from it, would be unappreciated in many conventional

292

systems. The foreign proteins that are commonly used for studies of
MHC class II responses generally elicit poor MHC class I-restricted
responses, presumably because the immunogens do not enter the
cytosol of DCs with great efficiency in vivo. It follows that the same is
true for proteasome-dependent MHC class II-restricted epitopes. In
contrast, the priming of robust MHC class I responses by immuniza-
tion with infectious virus, through cross-presentation, has been well
documented36-38, Additionally, if in vitro assays use proteins, cell
lysates or inactivated organisms in conjunction with APCs other than
DCs, T cells specific for proteasome-dependent epitopes would not be
detected even if they were present in the responder population because
only endosomally generated epitopes would be displayed.

It is likely that DCs acquire the components of many agents
through cross-presentation from infected cells*®. Thus, given the key
role of DCs in the initiation of T cell responses, it would appear
mandatory that they possess a mechanism for delivery of exogenous
material to the proteasome in order for the elicited CD4* T cell
population to be specific for the full range of epitopes that are
expressed, perhaps disparately, at the site or sites of infection. At
such sites, some cells will be directly infected, emphasizing the
cytosolic pathway, whereas others will acquire exogenous antigens
that are released by infected cells, emphasizing the endosomal path-
way. Clinical evidence suggests the importance of broadly specific
CD8" and CD4" T cell responses for the containment of certain viral
infections*®*!, Thus, accounting for the proteasome-dependent path-
way may be an important component in vaccine design.

METHODS

Mice. Six-week-old female BALB/c (H-29) and C57BL/6 (H-2%) mice, obtained
from Taconic Farms, and C57BL/6 Tapl—/~ (H-2P) mice, received from NIAID/
Taconic Repository, were maintained by the Thomas Jefferson University Office
of Laboratory Animal Services (Philadelphia, Pennsylvania, USA). All experi-
mental protocols were preapproved by the Thomas Jefferson University
Institutional Animal Care and Use Committee (IACUC).

Primary APCs and APC cell lines. Immature dendritic cells were generated as
described previously*2. Briefly, bone marrow precursor cells were harvested and
grown in RPMI 1640 (Fisher Scientific) supplemented with 5% FBS (HyClone),
0.05 mM 2-mercaptoethanol (2-ME; Sigma-Aldrich) and 10 ng/ml mouse
recombinant granulocyte-macrophage colony-stimulating factor (rGM-CSF)
(PeproTech). Cells were left undisturbed for 6 d at 37 °C in 6% CO,. On day 6,
semiadherent cells were harvested, washed with PBS and used as APCs, which
were phenotyped for immature DC markers (cd11b*, cd11ct, CD80~ and
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CD86~ status) by flow cytometry. Small, dense B cells were isolated from
spleens by positive selection on a MoFlo machine (Dako Cytomation) using
R-phycoerythrin (PE)-conjugated monoclonal anti-mouse B220 (Pharmin-
gen). Sorted B cells were then incubated in vitro in RPMI 1640 with 10%
FBS and activated with 10 ug/ml LPS (Sigma-Aldrich) for 48 h. Activation of B
cells was determined by upregulation of MHC class II, CD80 and CD86.
Primary fibroblasts from TapI*/* (wild-type) and Tapl~/~ (knockout) mice
were generated from skin biopsies according to standard procedures. Both
A20.2], an I-E4 positive B lymphoma??, and A20 3A5, a B lymphoma defective
in H2-DMa chain*, were maintained in RPMI supplemented with 5% FBS
(Sigma) and 0.05 mM 2-ME. L-I-E9 cells*, derived from the parent clone L929
and transfected with I-E4, were maintained in IMDM supplemented with 5%
FBS and hypoxanthine, aminopterin and thymine (HAT) (Sigma-Aldrich).

T cell hybridomas. S1- and S3-specific T cell hybridomas (zS1.1 and zS3.1,
respectively), which express B-galactosidase upon recognition of peptide-MHC
class II complexes, and NPsgs 374-specific T hybridoma (DBFZ.25), which
express B-galactosidase upon recognition of peptide-MHC class I complexes,
have been described previously!>4, T cell hybridomas were maintained in
RPMI supplemented with 10% FBS and 0.05 mM 2-ME. NA79-specific T cell
hybridomas (zNA79.1) that express P-galactosidase upon activation were
generated by fusion of an NA79-specific CD4" cytotoxic T cell clone*” with
the fusion partner BWZ.36%. The specificity of this T cell hybridoma is
demonstrated in Supplementary Figure 5 online.

Influenza viruses. Influenza viruses, A/Puerto Rico/8/34 (PR8), subtype HINI,
and viruses antigenically distinct from PR8, B/Lee/40 (B/Lee), lacking the S1,
S$3, NA79 and NP epitopes, and A/Japan/305+/57 (JAP), lacking the S1, S3 and
NA79 epitopes, were grown in the allantoic cavity of 10-d embryonated chicken
eggs and harvested on day 12. Viral titers were determined by hemagglutination
of chicken erythrocytes. Infectious virus was UV-inactivated by exposure to
short-wave (254-nm) light (Stratalinker 1800, Stratagene) for 1 min (30-s
intervals) in 1-ml volumes in 60 X 15-mm Petri dishes (Fisher). Mouse
fibroblasts pulsed with UV-inactivated virus showed no de novo synthesis of
influenza nucleoprotein as assessed by immunohistochemistry. PR8 virus was
purified as described previously>* and labeled using fluorescein isothiocyanate
(FITC) on Celite (Sigma-Aldrich). Purified PR8 was incubated with FITC in
PBS for 8 h at 4 °C. Labeled virus was separated from free FITC by PBS dialysis
and viral integrity and titer were measured by hemagglutination.

Synthetic peptides. Synthetic S1 (aa 107-119), S3 (aa 302-313) and NA79
(aa 79-93) peptides were purchased from Invitrogen and reconstituted in

'010' dimethyl sulfoxide (DMSO).

=P Antigen presentation assays and inhibitory compounds. APCs were pulsed

with either inactivated or infectious PR8 or B/Lee viruses at indicated doses for
1 h at 37 °C in a tube rotator. APCs were then washed and cocultured with
T cell hybridomas for 18-20 h and [-galactosidase production by activated
T hybrids was measured using X-gal as the chromogenic substrate as described
previously*®. The following compounds were used at the indicated concentra-
tions: epoxomicin (Boston Biochem) at a final concentration of 20 pM;
leupeptin (Sigma) at 0.5 mM; and primaquine (Aldrich) at 100 uM. In
presentation assays using inhibitory compounds, APCs were pretreated with
the indicated compounds 1 h before viral pulse and then were pulsed with the
indicated viruses in the presence of the inhibitors. APCs were then washed and
were cocultured in the presence (for leupeptin or primaquine) or absence (for
epoxomicin) of the inhibitor with T cell hybridomas, and T hybrid activation
was measured as described above.

Osmotic lysis of endosomes. This method was as previously described*®.
Briefly, inactivated viruses were resuspended in hypertonic medium containing
10% (wt/vol) polyethylene glycol (PEG) 400 (Sigma) or hypertonic medium
alone and added to the A20 cell pellet and incubated for 10 min at 37 °C. Cell
suspensions were then diluted with prewarmed hypotonic medium for 2-3 min
at 37 °C. Cells were pelleted and co-incubated with T hybrids and a presenta-
tion assay was carried out as described above.

Immunofluorescence microscopy. Immature DCs and L-I-E4 cells were pulsed
with FITC-labeled or mock-treated PR8 on ice for 30 min, washed three times
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with PBS, and chased for indicated times at 37 °C. APCs were plated on
coverslips before fixation with 2% paraformaldehyde. Cells were mounted in
Mowiol (Sigma-Aldrich) and analyzed with a Zeiss AxioVert 200M microscope
(Carl Zeiss) at the Kimmel Cancer Center Bioimaging Facility.

Recombinant retroviruses and transduction of cells. Recombinant retro-
viruses expressing H2-E9 o and B chains and hCIITA were generated and have
been described previously*?. Cell transductions of primary skin fibroblasts were
carried out as described earlier®’. Briefly, primary skin fibroblasts were
transduced with the indicated recombinant retroviruses in the presence of
polybrene (10 pg/ml) (Sigma) for 12 h. Cells were then washed and cultured in
DMEM supplemented with 10% FBS (HyClone) for an additional 48 h before
being used in antigen presentation assays. Retroviral transduction of primary
DCs was carried out as described earlier®’. Briefly, before DC differentiation, on
day 2, precursor cells in culture were transduced with the recombinant
retroviruses in the presence of polybrene (8 pg/ml) and HEPES (10 mM)
and spun in a tabletop centrifuge at 32 °C, 1,083g for 2 h. After centrifugation,
retroviruses were aspirated and cells were fed fresh DC growth medium (see
above) and cultured for an additional 48 h after infection. DCs were then
harvested, washed and used in antigen presentation assays.

Immunizations and ELISPOT assays. Six-week-old female BALB/c (H-24)
mice were immunized by i.p. injection with 100 hemagglutinating units (HAU)
infectious PR8 or with vaccinia virus (107 plaque-forming units (PFU)) or
phosphate-buffered saline solution alone. To measure the SI- and NA79-
epitope-specific responses, immunizations were carried out as described pre-
viously®. Briefly, 6-week-old female BALB/c (H-29) were immunized with
50 pg of S1, NA79 or no peptide emulsified in complete Freund’s adjuvant
(CFA) (DIFCO) in one hind footpad. After 10 d, the draining popliteal lymph
nodes were removed, and cell suspensions were prepared and used in ELISPOT
assays. For ELISPOT assays, L-I-E9 cells were (i) pretreated for 15 min with
epoxomicin or left untreated, and then (ii) for 45 min in the presence or
absence of epoxomicin, either pulsed or infected with UV-inactivated or live B/
Lee or PR8 viruses, or infected or pulsed with live modified Vaccinia Ankara
(MVA) virus, UV-inactivated MVA or no viruses. APCs were then washed and
cultured for 7 h in IMDM supplemented with 5% FBS. Additionally, untreated
or epoxomicin-treated L-I-E cells were pulsed with synthetic peptides (S1 at
100 pg/ml, S3 and NA79 at 10 pg/ml concentration) or no synthetic peptides
and used as stimulators. Cells were then fixed using 0.5% paraformaldehyde for
1 min on ice, washed and used as stimulators at 2 x 10° cells per well in a
96-well ELISPOT tissue culture plate coated overnight with purified anti-IFN-y
(Pharmingen). Splenocytes from BALB/c mice immunized with infectious PR8
or vaccinia virus, or popliteal lymph nodes cells removed from peptide-
immunized mice, were cocultured (5 x 10° cells per well) overnight with the
L-I-Ed stimulators. The assay was developed using biotinylated anti-IFN-y,
avidin-conjugated horseradish peroxidase and 3-amino-9-ethylcarbazole (AEC)
substrate (Pharmingen).

Note: Supplementary information is available on the Nature Immunology website.
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