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Summary

MHC class | molecules present peptides generated by
processing of endogenously synthesized proteins to
CD&* T lymphocytes. Recently, large proteolytic com-
plexes, termed proteasomes, were implicated in anti-
gen processing. Two proteasomal subunits, LMP2 and
LMP7, are encoded within the MHC class |l region, but
their precise role in antigen processing is unknown.
We have generated mice that harbor a disruption in
their LMP2 gene. Proteasomes purified from spleen
and liver of these mutant mice exhibit altered pepti-
dase activities, and antigen-presenting cells showed
reduced capacity to stimulate a T cell hybridoma spe-
cific for H-2D* plus a nucleoprotein epitope of an influ-
enza A virus. The mutant mice have reduced (60%-
70% of wild type) levels of CD8* T lymphocytes and
generate 5- to 6-fold fewer influenza nucleoprotein-
specific cytotoxic T lymphocyte precursors. These
findings indicate that LMP2 influences antigen pro-
cessing.

Introduction

Major histocom patibility complex (MHC) class | molecules
present peptides, usually 8-10 aa in length, to CD8" cyto-
toxic T lymphocytes (CTL) (reviewed by Townsend and
Bodmer, 1988; Germain and Margulies, 1933). Most anti-
genic peptides are derived by processing of proteins in
the cytosol. These peptides are subsequently transiocated
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to the lumen of the endoplasmic reticulum (ER) byhhmeru—
dimeric translocator, termed the transporter associated
with antigen presentation (TAP). Upon their entry into the
ER, peptides assemble with newly synthesized class |
heavy chains and f2-microglobulin, and this trimolecular
complex is then transported to the cell surface for presen-
tation to CDB™ T lymphocytes.

Current knowledge of the protechytic machinery|respon-
sible for the generation of class | MHC-binding peptides is
limited. Recent studies suggest a role for large préteclytic
enzyme complexes, termed proteasomes. ProteRsomes
consist of 13=15 distinct subunits and contain multiple
active sites that catalyze peptide bond cleavags on the
carboxyl side of hydrophobic, basic, and acidic am|no acid
residues (Goldberg, 1992; Goldberg and Rock, 1982; Riv-
ett, 1993). They constitute the catalytic core of 4 larger
complex involved in the adenosine triphosphate| (ATF)-
dependent degradation of proteins targeted for destruc-
tion by conjugation with ubiquitin (Goldberg and Rock,
1892; Hershko and Ciechanover, 1992). Protegsomes
possess proteclytic specificities that are approprigte for
cleaving antigenic proteins to class | MHC-bindi

class | MHC molecules (Townsend et al,, 1988). Si
cells with a defect in ubiquitination have reduced cape
to present cytoplasmic OVA antigens to CDB™ T cellg

proteasome is the major pathway for generating
|-presented peptides (Rock et al., 1984).
Two subunits of the proteasome, termed low molepular
weight protein (LMP) 2 and LMP7, are encoded withih the
MHC class |l locus, in close proximity to the genes (TAP1
and TAPZ) that encode the subunits of the peptide tlans-
porter (Martinez and Monaco, 1991; Brown &t al., 1891;
Glynne et al., 1981; Kelly et al., 1991; Ortiz-Navarrele et
al., 1991). LMP2 and LMP7 associate with the proteaspme
and are legitimate members of the proteasome gene fam-
ily, gince they have sequence similarities with other $ub-
units (Glynne et al., 1991; Kelly et al., 1991). LMP2 jand
LMP7 are inducible by interferon-y (IFMy) (Yang et|al.,
1992, Brown et al., 1993) and exhibit amino acid sequence

tures shared with the class | MHC molecules and the TAPs.

Incorparation of the LMP2 and LMP7 subunits into gro-
teasomes alters the cleavage specificity of the complekes
{Driscoll et al., 1993; Gaczynska et al., 1993; Aki et jal.
1994; Boes et al., 1994). Proteasomes isolated from hu-
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Figure 1. Generation of LMP2 Mutam Mice

(&) The LMP2 locus and targeting construct.
The LMPZ2 and TAP1 genes are shown. An 800
bp fragment of the LMP2 gene was replaced
with & neg gene. LMP2 5'and 3'flanking probes

used for screening of ES cell clones and mice

are indicated, together with the expected size
of hybridizing restriction fragments in wild-type
and mutant LMPZ2 alleles. Restriction site ab-

breviations: RI, EcoRl; S, Smal.
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man lymphoblastoid cells (.174 or T2 cells) with a large
deletion in the MHC that encompasses both LMP2 and
LMPT exhibit a reduced capacity to cleave peptides after
basic and hydrophobic residues (Driscoll et al., 1993; Gac-
zynska et al., 1993) and an enhanced capacity to cleave
after acidic residues (Gaczynska et al., 1993). The oppo-
site effect was seen with proteasomes isolated from cells
that were treated with IFNv to induce LMP expression
(Gaczynska et al., 1993; Aki et al., 1984), Since most pep-
tides that actually bind class | MHC molecules terminate
in hydrophobic or basic residues (Falk and Rétzschke,
1983), it is expected that incorporation of LMPs in protea-
somes favors the production of peptide species that can
assemble with MHC class | molecules.

A number of observations have cast doubt on the pro-
posed role of LMPs in antigen processing. First, the human
mutant cell lines that lack LMP2 and LMP7, but with a
peptide transporter reconstituted by transfection of the
genes that encode the individual transporter subunits, ex-
press normal levels of class | MHC at the cell surface
(Armold et al., 1992; Momburg et al., 1992), suggesting
that lack of LMP2 and LMP7T does not limit the supply of
peptides to class | MHC molecules. Second, these mutant
cells were also capable of presenting antigens to CTL, and
(for most antigens tested) presentation was as efficient as
with wild-type cells (Arnold et al,, 1982; Yewdell et al.,
18394; Zhou et al., 1894). This has led to the suggestion
that LMP2 and LMPT are not required for efficient antigen
presentation, and that these proteins may have a more
specialized role in the production of class | MHC-
associated peptides.

The characteristics of antigen presentation, T cell devel-
opment, and T cell responsiveness are analyzed here for
mice with a homozygous disruption in the LMP2 gene.
Contrary to previous reports from experiments performed
only in cell culture systems, significant effects were ob-
served.

- - —

({B) Southern blot analysis of representative ES
cell clones and 1ail biopsies. Genomic DNA was
isolated from an ES cell clone with a mutant
LMEZ allele and wild-type control (left) and fram
a litter of @ight mice from a heterozygote in-
tercross (right). DNA was digested with EcoRl
and hybridized with the 5' flanking probe (see
A). Wild-type and targeted alleles are indicated.
Twio mice in the litter are homozygous for the
mutation.

Wild-Type
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Results

Generation of LMP2 Mutant Mice
To generate LMP2-deficient mice, a B00 bp region from
the LMFPZ gene, encompassing part of the second exon
and part of the second intron, was replaced with a neomy-
cin resistance (nec) gene in embryonic stem (ES) cells
(Figure 1). ES cell clones with the desired homologous
recombination were injected into mouse blastocysts,
which were subsequently implanted into foster mothers
to generate chimeric offspring. Chimeric mice were mated
with C57BL/E6 mice to obtain heterozygous mutant mice,
which were intercrossed to homozygozity. Insertion of the
neo gene near the TAPT gene (see Figure 14) did not have
a detectable effect on TAPT RNA expression (data not
shown).

The mutant animals were viable, appeared healthy, had
no gross anatomical abnormalities, and lived to at least
1 year of age.

Mutant Mice Lack the LMP2 Protein

Cell extracts from metabolically labeled mutant and wild-
type cells were immunoprecipitated with a rabbit anti-rat
proteasome serum to demonstrate that the LMP2 subunit
is absent from proteasomes of mutant mice. Immunopre-
cipitates were separated by two-dimensional polyacryl-
amide gel electrophoresis (2D-PAGE) (Figure 2). This also
showed that incorporation of LMPT in proteasomes was
not significantly affected by the absence of LMP2, The
loss of LMP2 was also associated with differences in the
relative intensities of some other proteasomal subunits
(Figure 2), indicating that absence of LMP2 affects the
overall composition of the proteasome.

Western blotting with specific antibodies against LMPs
was used to examine LMP2 and LMP7 expression in par-
tially purified proteasomes from mutant and wild-type
mice. No LMP2 was found in the proteasomes isolated
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from the mutants, and the proteasome content and LMP7
levels in tissues from mutant and wild-type mice were in-
distinguishable. The amounts of LMP2 were variable in
different tissues from control animals. Proteasomes iso-
lated from the spleen contained the highest amounts of
LMP2. Levels in the liver were 24 = 190 of those in spleen
(mean = SEM; n = 4), but very low amounts were de-
tected in muscle (2+ 1%, n = 3) and brain (<1%, n =
3). Spleen proteasomes alse contained the most LMP7,
with values for the liver 45 £ 49 of that in spleen and very
low in muscle (5 + 1%) and brain (2 = 1%). In general, the
LMP2 and LMPT profiles correlate with the organ distribu-
tion of MHC class | glycoprotein expression in the absence
of IFNy treatment (Chamberlain et al., 1991).

Altered Peptidase Activities

Proteasomes have distinct sites that cleave small peptides
on the carboxyl side of hydrophobic, basic, and acidic
amino acids (Goldberg, 1992; Goldberg and Rock, 1992).
Three fluorogenic substrates were used to determine
whether lack of LMPZ expression influences this peptidase
activity. Proteasomes isolated from mutant spleen and
liver degraded hydrophobic substrate (Suc-LLVY-MCA)
and basic substrate (Boc-LRR-MCA) at significantly lower
rates than those from wild-type mice (Table 1). This differ-
ence was larger for spleen than for liver (Table 1; Figure
3), reflecting the greater divergence in LMP2 content. In
contrast, degradation of the acidic substrate, Cbhz-LLE-
BMA, was almost 2-fold higher for mutant than for wild-type
spleen proteasome (Table 1; Figure 3). No significant dif-
ferences in proteasomal peptidase activities were ob-
served for proteasomes from muscle or brain that lack the
LMP subunits (Table 1). The degradation rates of [“Clcas-
ein did not differ significantly between wild-type and mu-
tant preparations from any tissue (data not shown), indicat-
ing that the observed changes were not a consequence
of variability in the total amount of proteclytic activity in
the proteasome fractions. Thus, the divergence in the pep-
tidase activity for proteasomes isolated from various tis-
sues of normal and mutant mice is correlated with LMP2
content; constitutive LMP2 expression is highest in the
spleen and lowest in muscle and brain.

MUTANT

Figure 2. LAMPZ2 Mutant Mice Lack t
Protein

Concanavalin A-induced lymphaobil
LMP2 (+/+) and LMP2 (—/-) mice w
bolically labeled with [*Sjmethioni

pracipitated with a rabbit ant-rat pr

serum. Samples were separated by
- sional polyacrylamide gel electropho
PAGE), with nenequilibrium pH g
electrophoresis (NEPHGE) in the fi
gion and SDS-PAGE in the second d
The pesitions of LMP2 and LMP7 su
indicated. Mote that in addition o t
LMP2, differances in the intensiti
other proteasomal subunits can be

Mo Dramatic Effect on Class | MHC Cell
Surface Expression

Mearly all class | peptides presented to the immung system
harbor hydrophobic or basic residues at their carbioxyl ter-
minus (Falk and Rotzschke, 1993). Consequently] the en-
hanced cleavage of peptides after hydrophobic apd basic
residues resulting from incorporation of the LMPZ3 subunit
should favor the production of the types of peptides found
on MHC class | molecules. Since the efficient assembly
and transport of class | molecules to the cell sufface re-
quire peptides (Townsend et al., 1989, 1980; Ljunggren
et al., 1980; Schumacher et al., 1880, Van Kaer et al_,

Staining intensity of mutant and wild-type cells wi
2D* and anti-H-2K" antibodies was comparable (Fi

Reduced Capacity to Present an Influenza
Virus Antigen to T Cells

The normal expression of MHC class | implies| that the
supply of peptides to class | molecules is not limeting, but
this finding does not indicate whether the loss |of LMP2
has altered the characteristics of the peplides|that are

nucleoprotein (NP) peptide 366-374 (IF-NP s
H-2D*. Virus-infected lipopolysaccharide (LP
splenic lymphoblasts and peritoneal exudate cs

NPz 37s peptide was added to the culture (Figures 5B and
50, establishing that the defect is in generating

rather than presentation.

OV Asr-za-specific CTL clone (4G3), and an VA ze
specific T cell hybridoma (RF33.70). No signifigant differ-
ences were observed (data not shown; three experiments



Table 1. Rates of Peptide Degradation by Proteasomes from Various Tissues of Control and Mutant Mice

Hydrophobic substrate Basic Substrale Acidic Substrate
Control Mutant Coniral Mutant Contral Mutant
{percentage {percentage {percaniage

Tissus Wonae (ummlimgyh) of changa) Wora (imalfmegih) of changs) Wona (urmilimgih) of change)
Splaen 0.31 = 0.0 0.14 = 0.03 (—57" 0,28 = 0.02 0.15 + 0.04 (—4a)* 0,23 = 0.01 0.38 = 0.05 (+7ay
n=8
Liver 0.96 + 0.07 0.66 + 0.03 [—24)* 047 = 0.01 0.32 + 0.03 (=31y* 076 = 0.04 0.74 + 0,09 (-5
n=d
Muscle 012 = 0.01 010 = 0.1 (—20)™ 016 = 0.02 0.13 = 0. (=20)™ 018 + 0.03 019 + 0.04 (+9)™
ne=3a
Brain 0.18 + 0.02 017 = 0.03 (~15)™ 019 + 0.02 0.16 + 0.01 (—15)™ 017 + 0.03 016 + 0.09 -5)*
n=23

Mean + SEM; "p < 0.001; ‘p < 0.01; *p < 0.05; ns, nol significant {1 test).
For sach experiment; lissues were obtained from 3-5 mice and homogendzed.
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Figure 3. Effects of LMP2 Mutation on Peptidese Activities of Protea-
somes from Murine Spleen

Data shown are typical rates for hydrolysis of fluorogenic subsirales
(warious concentrations; 5) by proteasomes isolated from five spleans
of control and mutant mice. V... values for the hydrophobic substrale,
Suc-LLVY-MCA, 0.39 U {each unit equals 1 pmaolimg/hr) for control
and 0.11 U for mutant; for basic Boc-LRR-MCA, 0.29 U for control
and 0.08 U for mutant; for acidic Cbz-LLE-BMNA, 0.22 U for control and
0.44 U for mutant. K" values for Suc-LLVY-MCA, 0.53 mM for controd
and 0.46 mM for mutant; for Boc-LRR-MCA, 0.20 mM for control and
0.25 mM for mutant; for Cbhz-LLE-BNA, 0.16 mM for control and 0.12
mid for mutant.

for the CTL clone each with concanavalin A blasts from
two mutant and two wild-type mice with varying amounts
of OVA; two experiments for the hybridoma each with LPS
blasts from two mutant and two wild-type mice and a fixed
amount of OVA).

Reduced Levels of CD4CD8* T Cells

Class |-peptide complexes are essential for the intra-
thymic differentiation of CD4-CD8™ T lymphocytes (Roth-
enbarg, 1992; Ashton-Rickardt et al_, 1993). Lymphoid or-
gans from mutant and wild-type mice were thus compared
for the prevalence of various T cell subsets. The numbers
of CD4-CD8" T cells were reduced 36% in blood, 22% in
splean, and 49% in thymus (Figure 6). The spectra of T
cell receptor VP chains of CD4 CD8™ T cells were identical
(data not shown), establishing that the loss of LMP2 has
no obvious effect on the T cell repertoire. Meither the
CD4*CDE™ T cells in spleen, blood, and thymus nor the
CD4*CD8" thymocytes showed any change in numbers
(data not shown).
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Figure 4, Class | MHC Cell Surface Expression on Spleen Cells from
Mutant Mice

Spleen cells from LMP2 (+/+) and (—/—) mice were stained with the
indicated anti-class | antibodies and analyzed by FACS. Mean = SEM
of 8-10 replicate measurements from individual mice are shown,
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plexes was measured with an interleukin-2 (IL-2) assay. As fonirals,
uninfected APCs (10° per well) were treated with serial 3-foid dilutions
of synthetic IF-NP s 5. peptide and then tested for stimulatid
hybridoma. Results for individual mice (four mutant and four
are shown, For the highest number of APCs tested, there was g
differénce (p < 0.01) between mutants and controls in casd
biasts and 2 4.7-fold difference (p < 0.01) for PEC. Bimila
were nbla-ned in three other lnﬂepenﬂently performed exp

(n = 4 p':\-I:H} experiment 2, 1E{n = &; p>ﬂ1} exper
29(n = 4;0.05 < p < 0.1); results for PEC: experiment 1, 1.
4, p > 0.1); experiment 2, 4.7 (n = 4, 001 < p < 0.02); e
3.51(n=4005<p<0.1).

Effects of LMP2 Mutation on Viral-Specific
T Cell Responses

CTLs play an important role in recovery from acute viral
infections (Doherty et al., 1992). Mutant and wild-tyge ani-
mals were acutely infected with an influenza A vifus or
with a parainfluenza type | (Sendai) virus. The frequencies
of virus-specific CTL precursars (CTLp) in the medidsti
lymph nodes were determined 1 or 2 weeks after infg

virus consistently had 5- to 6-fold lower CTLp freq
than infected control mice when T cells were assa

ure 7). Since a similar reduction in CTLp freque
evident when infectious virus was used to prepare

of wild-type and mutant mice infected with Sendai
(Figure 7).
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Figure &. LMP2 Mutant Mice
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Discussion

The identification of the LMP genes within the MHC region
first suggested a potential connection between the prod-
ucts of these genes and the immune system. The finding
that the LMP subunits alter the activity of the proteasome
in a manner that should favor the generation of antigenic
peptides (Driscoll et al., 1993; Gaczynska et al., 1993; Aki
et al., 1994) supported this view, but the evidence has
been indirect. The present findings clearly strengthen the
proposed role of the proteasome in the MHC class | path-
way and provide the first direct evidence that LMP subunits
can enhance presentation of some antigens.

Several lines of evidence indicate that the defect in the
LMP2 mutant mice is associated with antigen processing.
First, the peptidase activities of proteasomes from mutant
mice are altered, These changes resemble the pattern
seen previously for proteasomes of the MHC deletion mu-
tant cell line that lacks both LAMPZ and LMPY genes (Dris-
coll et al., 1993; Gaczynska et al., 1993), and are opposite
to the effects seen following induction of the LMPs by
IFMy treatment (Gaczynska et al., 1993; Aki et al., 1994),
Maoreover, transfection of cells with LAMMP2 cDMA enhances

cleavage after basic residues and suppresses hydrolysis
after acidic residues (Gaczynska et al., 1994). However,
for reasons that are unclear, the hydrophobic activity that
was reduced in the LMP2 mutant mice did not change
with LMP2 transfection. These changes resulting from the
absence of LMP2 would predict less efficient generation
of class | MHC-binding peptides. Second, mutant mice
generated decreased numbers of influenza virus-specific
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of peptide in T cell positive selection indicate that the tgtql::
of peptide bound to class | molecules influences
CD4-CD8* T cell repertoire and that an increased com-
plexity of the MHC-bound peptides enhances the reper-
toire of selected cells (Ashton-Rickardt et al., 1993; Hog-
quist et al., 1993). The reduced number of cDaChs8' T
cells in the LMP2 mutant mice may therefore reflect differ-
ences in the composition, complexity, or both of peptides
bound to class | molecules on thymic epithelial cells, re-
sulting from altered processing of self-proteins.

The defect seen in the influenza model is selective: mu-

tant and wild-type mice were very similar in their capacity
to present OV A to T cells, and the CTL response of mutant
and wild-type mice to infection with Sendai virus was indis-
tinguishable. This, together with the fact that mutant ani-
mals express normal levels of class | molecules, indicates
that the generation of many endogenous peptides does
not require LMP2. Perhaps some of these peptides are
not generated by the proteasome, in which case the loss
of LMP2 would not be expected to alter presentation in
association with class | MHC glycoprotein. Alternatively,
the proteasome might produce such peptides in an LMP2-
independent manner. Even so, the influenza data indicate
that LMP2 can be important for the generation of class |
MHC-restricted T cell responses.

Proteasomes are responsible for the elimination of pro-
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that the general housekeeping functions of proteasomes
are not adversely affected by the absence of the LMP2
subunit, This suggests that the MHC-encoded subunits of
the proteasome (LMP2 and LMP7) have a more special-
ized role than the subunits that are not encoded within
the MHC, presumably in antigen processing.

The absence of LMP2 resulted in changes in the protea-
somal subunit composition. Similar observations were
made with the human MHC deletion mutant cell lines that
lack both LMP2 and LMP7, and with cells where LMPs
were induced by IFNy (Yang et al., 1982; Brown &t al.,
199%; Akietal., 1994; Boas et al., 1984; Frilh et al., 1994).
Taken together, these data suggest that LMP2 and LMP7,
at least in part, control the recruitment of other subunits
into the proteasome. Part of the phenotype of the LMP2
mutant mice may therefore be only indirectly caused by
the lack of LMPZ2, via changes induced in proteasome
structure,

In conclusion, our data indicate that LMP2, and presum-
ably also LMF7, induce alterations in the subunit organiza-
tion of proteasomes, which in turn modify the proteclytic
capabilities of these complexes in a way that is beneficial
for presentation of MHC class |-restricted antigens to the
immune systam.

Experimental Procedures

Production of L MP2-Defective Mice

An LMP2 targeting veclor was constructed from CS7TBLG cosmid
clones described before (Van Kaer el al,, 1992). It was prepared in a
quatrimalecular ligation reaction, using a 2.1 kb Smal fragment from
the 5' end of LMPZ, a 1.8 kb EcoRl=Clal fragment containing & meo
gene driven by the PGKT promater (a gift from Dr. M. Rudnicki), a 3.4
kb Smal fragment from the 3'end of LMPZ2, and the plasmid pBluescript
[Stratagens), digested with appropriate restriction enzymes, This con-
struct was designed to delate B0 bp from the LMP2 gene that encom-
passes a portion of axon 2 and intron 2, Strain 128—derived E14 ES
calls (Hoopes et al,, 1987) were transfected with the targeting vector,
and G41B-resistant colonkes were selected and isalated as described
(Van Kaer et al., 1892). Genomic DNA from individual clones was
digested with EcoRl and hybridized with probes fram the 5 (2 550 bp
Smal fragment) and 3" (a 550 bp Sphl=Clal fragment) LPzdlanking
region (see Figure 14). The wild-type LMPZ allele gave an 11 kb frag-
ment for both probes, the mutant allele gave a 5.5 kb fragment for
the 5 probe and 2 2 kb fragment for the 3' preoe. Cut of 288 clones
analyzed, 5 carried the desired mutation, Ofthese, three were selected
for injection inta C5TBLE blastocysts. Of the injected clones, twa gave
rise to chimerc offspring (agouti on black coat color), These were
then mated with CS7BL/E mice 1o scare for germiing transmission
Chimeras {four male chimeras out of five and one female chimera
out of three) from cne clone resulted in agowti ofispring. Germline
transmissicn was confirmed by Southern blotting of taidl DNA, Helerozy-
gous mutant mice were intercrassed 10 homozygozity. All mice used
in this study were F2 or F3 animals and were typed by Southern blotting
of tail DMA. Breeding pairs of the mice were always housed in auto-
claved cages with autoclaved foed and water. Adult mutant mice were
housed in normal cages, except for mice used invirus infactions, which
were maintained under pathogen-free conditions. In most experi-
ments, strain 129 and CEVBLB mice were assayed in paralled to ex-
clude dilerences caused by the genetic background of these mice.

Immunoprecipitations

Concanavalin A (2.5 po/mi}-induced splenic blast cells were metaboli-
cally labeled for 4 hr at 37C with 500 wCi [*S]methionine (1,200 Cif
mod, Amersham) per 2 x 107 cells. Cells were lysed in MP-40 lysis
putfer (0.5% MNP-40, 50 mh Tris=HCI [pH 7.5], 5 mM MgCl, 0.1 mM
phenylmethyisulionyl fluoride). Extracts were immunoprecipitated with
a rabbit serum raised against rat proteasomes [obtained from Dr. J

Dricoll; described by Brown @1 al, 1921). Immuncprecipitates were
analyzed by two-dimensional polyacrylamide gel E!Hdmplmreﬁﬂ[ZD-
PAGE) with nonequilibrium pH gradient gel electraphoresis (NEPHGE)
in the first dimension and SD5-PAGE in the second dimension, as
described (Celis and Bravo, 1984).

Proteagsome Purlfication
Proteasomes were partially purified by ditferential centrifugation of
tissue homogenates (Tanaka et al., 1986). In brief, organs from mice
were first washed in hormogenization buffer (50 mM Tris-HCI [pH|T.4],
& M MgCls, 1 mM dithiotreitol, 2 mB ATF, and 0.25 M sucrose) and
then homogenized in & Dounce homogenizer. The resulting suspan-
glon was centrifuged at 10,000 = g for 20 min. The supernatan] was
collected and centrifuged at 100,000 = g for 1 hr. The supernatant
was centrifuged again for 5 hr a1 100,000 = g and the resulting protein
pellet was dissolved in buffer containing 50 mM Tris—HGI (pH 7i4), 5
mM MgCls, 1 mM dithiotreitol, 2 mi ATP, and 20% (wv) glycerol, and
stored at =80°C.

‘Western Blotting
Western blats were performed according to standard procedures with
antibodies specific for LMP2 or LMPT (obtained from Dr, K. Tanaka;
described by Akl et al., 1994; Gaczynska et al., 1994),

Peptide Hydrolysis Assay
Rates of cleavage (V, in nanomoles substrate cleaved per milligram
protein per hour) by proteaseme fractions were analyzed with di
substrate concentration (S, in millimolars) in kromegenization

amido-4-methylcoumnarin; Boc-LRR-MCA (basic subsirate), N-i
toxycarboryl-Leu-Arg-Arg-T-amido-4-methylcournarin; Chz-LL

Flow Cytometric Analyses
The following clags | monoclonal antibodies were used: fluo

(allophycocyanin-tabeled), anti-CD8a (fuorescein isothiocyan
beled), anti-C03E: (R phycoerythrin-lzbeled) (all from Pharminger), and
anti-Vp-specific antibodies (W2, VB3, VES, VEG, VPE.1'8.2, VpE.3,
VRS, VB0, V11, V13, VB14, and V{1T) (obtained from Pharmingen,
of from Dr. H. M. Eisen).

Call suspensions were prepared according to standard p
and incubated in staining buffer (phosphate-bufferad saline, 1
vine serum albumin, and 0.1% NaM,) with monccional antibodi
min at4°C. Calls ware then washed and, where appropriate, inc

lin G {IgG) (Scuthern Biotechnologies Associates, Incorpora
streptavidin-F phycoerythrin (Pharmingen) for another 15 min) After
washing, cells were analyzed using a FACScan flow cytometer (Bec-
ton-Dickinson), Dead cells were excluded from the analysks by staining
with propidium iodide, or based on the forward and sideways light
scattering properties.

In Vitro Antigen Presentation Assays
The RF3I5.84 (IF-NPmeam plus DF specific) and RF33.70 (OV A o
plus K* specific) T-T hybridomas have been described (Rock et al.,
1880a, 1991). Influenza virus infections were performed by incubation
of antigen-presenting cells (APCE) (0.5=1 x 10°'ml in QPTIMEM me-
dia) with or without influenza A 1968 (200 pi of aliantoic fluid per mi;
about 2 % 10° HALmI) far 3 hr at 37°C. Ovalbumin was introguced
into the cytoplasm of APC by cemotic lysis of pinosomes (Maore et
al,, 1988). Cells were then washed and mixed with the RF3E.84 ar
RF33.70 hybridoma, Culture supernatant (100 pl) was removed from
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duplicate cultures and assayed for interleukin-2 content as described
{Rock et al., 1980b).

The 4G3 CTL clone (obtained from Dr. H. N, Eisen) Is specific for
OWAsr e plus K (Walden and Eisen, 1990). [*'Cr] release assays
were performed as describad (Van Kaer et al,, 1992).

Virus Infections and Determination of CTL

Precursor Frequencies

In wivo virus infections and determination of CTLp frequencies ware
performed as described (Allan et al., 1990; Hou and Doherty, 1593).
The A/HEx31 [H3N2) influenza A virus (a laboratory-generated recarm-
binant between ASPRB/34 and A/Aichi) and the Enders strain of Sendai
virus were used. Anesthetized mice were infected intranasally with 50
ul of phosphate-buffered saline containing 240 HAU of the AMHKx31
wirug ar 200 EIDS0 of the Sendai virus. T cell precursors ware mea-
sured by limiting dilution analysis (LDA), as described (Lefkovitz &1
al., 1979; Hou and Daherty, 1983). C5TBLIG splenocytes pulsed with
synihetic IF-NPaw 70 peptice (ASNENMETM) or SV-MPy. . peplide
(FAPGNYPAL) were used as stimulgtars and MHC class I* II0 H-2¢
MCSETG cells (Bataillon &1 al., 1975) pulsed with the relevant peptice
were used as largets.
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