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Presentation of Endogenously Synthesized MHC Class
II-Restricted Epitopes by MHC Class II Cancer Vaccines Is
Independent of Transporter Associated with Ag Processing and
the Proteasome’

Samudra K. Dissanayake, Natalia Tuera, and Suzanne Ostrand-Rosenberg”

Cell-based vaccines consisting of invariant chain-negative tumor cells transfected with syngeneic MHC class II (MHC II) and
costimulatory molecule genes are prophylactic and therapeutic agents for the treatment of murine primary and metastatic cancers.
Vaccine efficacy is due to direct presentation of endogenously synthesized, MHC Il-restricted tumor peptides to CD4* T cells.
Because the vaccine cells lack invariant chain, we have hypothesized that, unlike professional APC, the peptide-binding groove of
newly synthesized MHC II molecules may be accessible to peptides, allowing newly synthesized MHC II molecules to bind peptides
that have been generated in the proteasome and transported into the endoplasmic reticulum via the TAP complex. To test this
hypothesis, we have compared the Ag presentation activity of multiple clones of TAP-negative and TAP-positive tumor cells
transfected with I-A* genes and the model Ag hen egg white lysozyme targeted to the endoplasmic reticulum or cytoplasm. Absence
of TAP does not diminish Ag presentation of three hen egg white lysozyme epitopes. Likewise, cells treated with proteasomal and
autophagy inhibitors are as effective APC as untreated cells. In contrast, drugs that block endosome function significantly inhibit
Ag presentation. Coculture experiments demonstrate that the vaccine cells do not release endogenously synthesized molecules that
are subsequently endocytosed and processed in endosomal compartments. Collectively, these data indicate that vaccine cell pre-
sentation of MHC Il-restricted endogenously synthesized epitopes occurs via a mechanism independent of the proteasome and
TAP complex, and uses a pathway that overlaps with the classical endosomal pathway for presentation of exogenously synthesized
molecules. The Journal of Immunology, 2005, 174: 1811-1819.

D4" T cells are considered an important component of

effective immunity against tumors (1). Because of their

beneficial role, we are developing cell-based tumor vac-
cines that specifically target the activation of tumor-reactive CD4 ™
T lymphocytes. The vaccines are based on the hypothesis that tu-
mor Ag-specific CD4" T cells will be activated if they receive an
MHC class II (MHC II)*-restricted tumor Ag-specific signal plus a
costimulatory signal. To simultaneously deliver both of these sig-
nals, we have generated vaccines that consist of tumor cells that
constitutively express MHC class I (MHC I) molecules and are
genetically modified to coexpress MHC II and costimulatory mol-
ecules. Extensive in vivo studies have demonstrated the protective
and therapeutic efficacy of these vaccines in multiple mouse tumor
models including sarcomas, melanomas, and mammary carcino-
mas, and for both primary tumors and spontaneous, metastatic dis-
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ease (2—6). Additional genetic studies have demonstrated that the
cell-based vaccines activate tumor-specific CD4™ T cells by direct
presentation of endogenously synthesized tumor Ags via the trans-
fected MHC II molecules and that cross-presentation by host den-
dritic cells is only minimally involved (7, 8).

We have suggested that these vaccines are efficacious because
they activate type 1 CD4™ T cells to multiple tumor Ag epitopes
that are not presented by professional APC and to which the re-
cipient is therefore not tolerant (8, 9). Typically, professional APC
present MHC Il-restricted epitopes that are derived from exog-
enously synthesized molecules that are endocytosed by the pro-
fessional APC. The endocytosed molecules are processed in the
endocytic pathway where they are degraded to small peptides and
bound to newly synthesized and/or recycling MHC II molecules
(reviewed in Ref. 10). In contrast, the tumor Ag epitopes of our
cell-based vaccines are derived from molecules that are endog-
enously synthesized within the tumor cells (11, 12). This difference
in the source of Ag between professional APC and our vaccine
cells (exogenously synthesized vs endogenously synthesized)
raises the question of whether the pathways for loading epitopes
onto MHC II molecules in the two different cell types is also dif-
ferent. Because efficient Ag presentation by the MHC II molecules
is likely to affect vaccine efficacy, it is important to understand the
mechanisms and pathways by which tumor Ag epitopes are loaded
onto MHC II molecules of the vaccine cells.

The MHC II-associated accessory molecule invariant chain (Ii)
plays an important role in MHC Il-restricted Ag presentation by
professional APC. As newly synthesized MHC II molecules enter
the endoplasmic reticulum (ER) of professional APC, their Ag-
binding groove is occupied by Ii molecules, thereby preventing the
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binding of antigenic peptides present in the ER. Endosomal tar-
geting sequences of the Ii chain and the MHC II B-chain then
direct the MHC II/li complexes to the Golgi compartment and
subsequently to the MHC II compartments within the endocytic
pathway. Concurrently, endocytosed molecules are degraded
within endosomes, producing peptides that bind to the free pep-
tide-binding groove of the trafficking MHC II molecules. Thus,
coordinate expression of MHC II with Ii favors the presentation of
exogenously synthesized peptides that are generated in endosomal
compartments. In contrast, Ii does not bind to the peptide-binding
region of MHC I molecules, so newly synthesized MHC I mole-
cules bind peptides in the ER (reviewed in Ref. 13). ER-resident
peptides are typically derived from endogenously synthesized pro-
teins that are degraded in proteasomes and transported into the ER
by the TAP complex (reviewed in Ref. 14). We have hypothesized
that our vaccines present MHC Il-restricted epitopes derived from
endogenously synthesized proteins because the vaccine cells do
not coexpress li, and hence the peptide-binding groove of newly
synthesized class II molecules is available to bind peptides in the
ER. This hypothesis is directly supported by our findings that co-
expression of Ii by vaccine cells eliminates both their vaccine ef-
ficacy and their ability to present MHC Il-restricted endogenously
synthesized Ag (8, 11, 12, 15), and suggests that vaccine cell MHC
IT molecules may bind peptides that are generated by proteasomes
and transported by TAP into the ER. In the present report, we have
tested this hypothesis using vaccine cells that express MHC 11
molecules and do not coexpress Ii or TAP. Surprisingly, neither
TAP deficiency nor drugs that inhibit proteasome function affect
MHC Il-restricted vaccine cell Ag presentation, whereas drugs that
block the endosomal pathway are potent inhibitors. Therefore, vac-
cine cell MHC Il-restricted Ag presentation is via the endosomal
pathway, and the tumor Ag peptides that are presented are gener-
ated by a mechanism that is distinct from the mechanism that gen-
erates MHC I-restricted epitopes.

Materials and Methods
Cells

Media for all cell lines contained 1% gentamicin, 1% penicillin, 1% strep-
tomycin (all from BioSource), and 2 mM Glutamax (Invitrogen Life Tech-
nologies). M12C3F6 (H-2¢ MHC II-deficient B cell lymphoma transfected
with I-A¥ genes (16)), TA3 (B cell hybridoma of M12.4.1 X B cells from
(BALB/c X A/JF, mice (16)), hen egg white lysozyme (HEL)-specific,
I-AX-restricted hybridomas 3A9, 2B6.3, A2.A2, and 3B11.1, OVA-spe-
cific, K°-restricted hybridoma B3Z, and EL-4/OVA (17), were obtained
and maintained as previously described (8, 12, 18, 19). B78H1, B78H1/
TAP, and B78HI/TAP/K" (20) were kindly supplied by Dr. 1. Stroynowski
(University of Texas Southwest Medical Center, Dallas, TX) and were
cultured in IMDM medium (BioSource) supplemented with 10% Fetal
Clone I (HyClone). B78H1/TAP and B78HI/TAP/K" cultures were also
supplemented with 400 wg/ml G418 (Sigma-Aldrich).

Transfections were performed with Lipofectin according to the manu-
facturer’s instructions (Invitrogen Life Technologies) with the following
modifications: 8 X 10° cells were plated in 4 ml of growth medium in 6-cm
petrie dishes the day before transfection. Sixteen hours later, when cells
were ~40—-60% confluent, the growth medium was removed and 800 ul of
serum-free Optimen (Invitrogen Life Technologies) was added. Twenty
microliters of Lipofectin reagent was mixed with 2 pg each of I-Aa* and
I-Ab* plasmids (11) and 1 ug of pSV2neo or pSV2zeo plasmids (Invitro-
gen Life Technologies) (MHC II transfections), or 5 ug of BCMGhph-
erHEL (11) or 4 g of plasmid pCMV/myc/cytoHEL (8) was mixed with
1 pg of pSV2puro plasmid (Invitrogen Life Technologies), respectively,
for the erHEL and cytoHEL transfections, and added to the cells. Lipo-
fectin plus plasmids were in a total volume of 200 ul. Transfectants were
selected using G418 (Sigma-Aldrich), hygromycin (Calbiochem), puromy-
cin (Clontech), or zeocin (Invitrogen Life Technologies) and cloned by
limiting dilution. All transfectants were tested by flow cytometry approx-
imately once a month to ascertain stable expression of cell surface MHC II
and/or internal HEL. Table I lists the B78H1 and B78H1/TAP transfectants
used in this study.
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Table 1. Cell lines used in these studies

Cell Line/Transfectant Clone No. Drug Selection
B78H1
B78H1/TAP 1.12 G418“
B78HI/A* 51.3 G418
B78H1/A*/erHEL 16.1 G418, Hph
34.9 G418, Hph
35.1 G418, Hph
B78H1/A¥/cytoHEL 5 G418, puro”
11 G418, puro
19 G418, puro
25 G418, puro
B78H1/erHEL 20 Hph
B78H1/TAP/A® 5.1 G418, zeocin®
B78H1/TAP/A¥/erHEL 6 G418, zeocin, Hph
12 G418, zeocin, Hph
5.8 G418, zeocin, Hph
B78H1/T AP/Ak/cytoHEL 6 G418, zeocin, puro
13 G418, zeocin, puro
15 G418, zeocin, puro
16 G418, zeocin, puro
B78H1/TAP/erHEL 11.2 G418, Hph

“ G418, hygromycin (Hph), and zeocin were used at 400 pg/ml.
> Puromycin (puro) was used at 3 ug/ml.

Abs and peptides

mAbs 10-2.16 (mouse anti-I-A¥) (21), 3JP (mouse anti-I-A®) (22), 28.8.6
(mouse anti-H-2K"D") (23), hyHEL10 (rat anti-HEL) (24), In-1 (rat anti-
invariant chain) (25), 1G10 (BD Pharmingen), and polyclonal K553 (rabbit
anti-H-2 DM) (26) were prepared and used as previously described (8).
mAb 1D4B against lysosomal membrane glycoprotein 1 (LAMP1) (27)
was obtained from the Developmental Hybridoma Bank at the University
of Towa (Ames, IA). Alexa 488-labeled 10-2.16 was prepared using an
Alexa 488 Protein Labeling kit (Molecular Probes) according to the man-
ufacturer’s directions and used at 2 ug/ml. Alexa 488 isotype control mAb
(Pierce/Endogen) was used at 5 pg/ml. Rat anti-mouse IgG-FITC and goat-
anti-mouse IgG-FITC were from ICN. Donkey anti-rat IgG (Jackson
ImmunoResearch Labs) was used at 15 ug/ml. HEL, 4, peptide (NTDG
STDYGILQINSR) was prepared in the Biopolymer facility at the Univer-
sity of Maryland (Baltimore, MD). HEL was from Sigma-Aldrich.

Immunofluorescence

Cells were stained by immunofluorescence and analyzed using a Beckman
Coulter Epics XL flow cytometer as previously described (12).

Western blots

Western blots were performed as previously described (18) with the fol-
lowing modifications. Following electrophoresis on 12% SDS-PAGE gels,
proteins were transferred to polyvinylidene difluoride membranes (Amer-
sham Biosciences) using a Bio-Rad Mini Trans-Blot cell (100 V for 1 h)
and blocked with 2% BSA/TBS-T. I-A* was detected using the mAb
10.2.16 at 1 pg/ml followed by sheep anti-mouse-HRP (Amersham Bio-
sciences) at 50 ng/ml (1:10,000). Ii was detected using the mAb In-1 at
0.325 ng/ml followed by goat anti-rat HRP (Amersham Biosciences) at 5
ng/ml (1:50,000).

Confocal microscopy

Approximately 0.5-1 X 10° cells in 2 ml of PBS were adhered onto a glass
coverslip in a well of a six-well plate. Cultures were incubated for 2 h at
37°C and 5% CO,, and nonadherent cells were removed by washing the
coverslip twice with excess PBS. Adherent cells were then fixed with 1%
ice-cold paraformaldehyde, permeabilized with 0.2% saponin (Sigma-
Aldrich), and subsequently stained with LAMP1 mAb (3.5 ug/ml),
followed by donkey anti-rat IgG2a-tetramethylrhodamine isothiocya-
nate (TRITC) (18 mg/ml) plus Alexa 488-labeled 10-2.16 mAb (2
ng/ml). Microscopy was performed using a Leica TCS 4D confocal
laser-scanning microscope equipped with a X40, 1.0 numerical aperture
oil objective. Laser illuminations at 488 and 568 nm (krypton/argon)
were dually recorded through a 515- to 540-nm or 589- to 621-nm
bandpass filter for Alexa and TRITC, respectively, and the transmission
images were collected at the same time.
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Ag presentation assays

Ag presentation assays were conducted as previously described in 96-well
flat-bottom plates in a total volume of 200 ul per well (12) with the fol-
lowing modifications: Assays with the T cell hybridomas A2.A2 (28),
2B6.3 (29), and 3B11.1 (30) were performed in RPMI 1640 medium sup-
plemented with 10% FCS (HyClone), 1% penicillin, 1% streptomycin, and
1% Glutamax. Medium for assays with the 3A9 hybridoma (16) contained
IMDM instead of RPMI 1640. Hybridoma and APC cells were irradiated
with 2300 and 5000 rad, respectively. 3A9 and 2B6.3 hybridoma cells were
used at 1 X 10° cells/well. For assays using erHEL transfectants, A2.A2
and 3B11.1 hybridoma cells were used at 1 X 10* cells/well. For assays
using cytoHEL transfectants, A2.A2 and 3B11.1 hybridoma cells were
used at 4 X 10* cells/well. All HEL APC assays included positive-control
wells consisting of hybridoma cells plus 1 X 10* TA3 cells pulsed with 500
ng/ml exogenous HEL. Values ranged from 20 to 25 ng/ml IL-2. For assays
using a mixture of APCs, 2 X 10* B78H1/erHEL cells were mixed with
2 X 10* B78H1/TAP/A* or 1 X 10* TA3 cells and the combination incu-
bated with 4 X 10* A2.A2 hybridoma cells. Exogenous HEL protein and
HEL,,_¢, peptide were used at 500 and 50 wg/ml, respectively. B78H1/
erHEL supernatants were used at 100 ul/well and were taken from cultures
that were at confluence for 20 h. For assays of OVA presentation, 1 X 10°
EL-4/0OVA cells were cocultured with an equal number of B3Z hybridoma
cells. All APC cultures were incubated for ~16-20 h at 37°C in 5% CO,,
after which 20-50 ul of supernatant were removed from each well and
assayed by ELISA for IL-2 and IFN-vy activity using a kit according to the
manufacturer’s directions (Pierce/Endogen). The data presented are the av-
erage of triplicate wells = SD.

RT-PCR

Total RNA was isolated, and first-strand cDNA synthesis was performed
according to the manufacturers’ directions using an RNeasy Mini kit (Qia-
gen) and a Retroscript RT-PCR kit (Ambion), respectively. PCR was per-
formed as follows: 0.5-1 ug of cDNA was combined with one pellet of
puReTaq Ready-To-Go PCR beads containing stabilizers, BSA dNTPs, 2.5
U of puReTaq DNA polymerase, and reaction buffer (Amersham Bio-
sciences), 1 ul each of 20 uM upstream (5'-GATCAACCTGCGGATAC
GAGAG-3") and downstream (5'-CGCAGTTCAGAATCAGCACC-3")
TAP primers, or 0.25 ul of control rig/S15 (a small ribosomal subunit
protein) primers (Retroscript RT-PCR kit; Ambion), in a total volume of 25
wul of water. DNA was amplified in a PTC-200 Peltier Thermal Cycler (MJ
Research) under the following conditions: denature at 94°C for 15 min
followed by 35 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1
min, followed by a final incubation at 72°C for 7 min. PCR products were
analyzed on a 1.0% agarose gel stained with ethidium bromide.

Drug treatments

Assays with drug-treated erHEL or cytoHEL APC used 4 X 10* APC/well
and TA3 at 1 X 10* cells/well. A2.A2 and 3B11.1 were used at 4 X 10*
cells/well. 2B6.3 cells were used at 1 X 10° cells/well. HEL protein was
added concurrently with drug. Working stocks of chloroquine (Sigma-
Aldrich; 100 mM in water), epoxomicin (A.G. Scientific; 100 uM in
DMSO), and 3-methyladenine (Sigma-Aldrich; 1M in DMSO boiled at
70°C for 10 min and diluted in growth medium to 100 mM) were prepared.
Chloroquine and 3-methyladenine treatments. Acid-stripped (12) APC
were plated at 1.5-2 X 10° cells in 10 ml of growth medium in 10-cm
dishes. Chloroquine or 3-methyladenine was added at the indicated doses,
and the cells were cultured for 16-18 h at 37°C in 5% CO,. Treated cells
were washed twice with excess, ice-cold PBS, fixed for 10 min with 1%
ice-cold paraformaldehyde (Sigma-Aldrich), and then washed twice with
excess ice-cold T cell hybridoma growth medium. Treated cells were
>90% viable after drug treatment and before fixation.
Epoxomicin treatment. APCs were striped with mild acid (12) and plated
in 6-cm dishes at 1.5 X 10° cells in 4 ml of growth medium supplemented
with the indicated amount of epoxomicin for 12-16 h at 37°C in 5% CO.,.
Treated cells were washed with excess PBS as per the chloroquine and
3-methyladenine-treated cells. Treated cells were >90% viable after ep-
oxomicin treatment and before fixation.

Percent response = 100% X ([IL-2 release from drug-treated APC]/
[IL-2 release from untreated APC])).

Results
B78HI1 and B78HI1/TAP transfectants express I-A¥, the model
Ag HEL, and do not express Ii or DM

To determine whether TAP and the proteasome are involved in
presentation of MHC Il-restricted endogenously synthesized Ags
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by vaccine cells, we have generated TAP-positive and TAP-neg-
ative tumor cell transfectants that express MHC II molecules and
tested their ability to present an endogenously synthesized, model
tumor Ag. The parental tumor line for the transfectants is the
C57BL/6-derived B78H1 melanoma, which is a poorly metastatic,
amelanotic variant that was originally derived from the melanotic,
B16 melanoma (31). B78H1 cells do not contain functional TAP2
and LMP7 genes and do not express cell surface MHC I H-2K" or
H-2D" molecules. However, transfection of B78H1 cells with the
TAP2 gene under a CMV promoter (B78H1/TAP cells) is sufficient
to restore MHC I expression (20, 32). Because coexpression of Ii
inhibits presentation of MHC Il-restricted endogenously synthe-
sized Ag in the tumor vaccines, we have tested whether B78H1
cells express li. B78H1, B78HI1/TAP, and positive-control
M12C3F6 cells, a BALB/c-derived B cell lymphoma (16), were
permeabilized, stained with the li-specific mAb In-1, and analyzed
by flow cytometry. As shown in Fig. 1, neither B78H1 nor B78H1/
TAP cells contain Ii, whereas M12C3F6 cells contain high levels
of Ii. Likewise, the B78H1 cells do not contain H-2-DM, another
MHC II-associated accessory molecule. Therefore, B78H1 and
B78H1/TAP cells appear to be an appropriate set of cells to use to
determine whether TAP expression is required for presentation of
MHC Il-restricted endogenously synthesized Ag.

Because B78H1 cells do not constitutively express MHC II mol-
ecules or have a known tumor Ag, we have stably transfected them
with genes encoding the class II molecule I-A* and HEL, respec-
tively. The allogeneic I-A* molecule was used because expression
of functional I-A* is known to be independent of Ii expression,
whereas expression of the functional syngeneic I-A® allele is
thought to be Ii dependent (33, 34). Two forms of the HEL gene
have been used. One form contains a KDEL signal, which local-
izes HEL to the ER. The second form contains no targeting se-
quence so HEL localizes to the cytoplasm (8). These two alterna-
tive HEL constructs have been used so we can analyze the role of
TAP and the proteasome in the presentation of Ag from different
subcellular compartments. Table I lists the various transfectants
and their clones that have been generated and shows the drugs that
have been used for their selection. Fig. 2 shows the expression of
I-A* and HEL by the transfectants as measured by immunofluo-
rescence and flow cytometry of live and fixed cells, respectively.
MHC 1I transfectants express comparable levels of I-A¥, whereas
HEL transfectants express roughly equivalent levels of HEL, al-
though the erHEL transfectants as a group (Fig. 24) tend to express
higher levels of HEL than do the cytoHEL transfectants (B). Au-
tologous MHC I (H-2K"D"; 28-8-6 mAb) and class II (I-A"; 3JP

li DM

M12C3F6 1'}\
‘ X
B78H1 ﬁ;

BTBH”TAP& A
T T T T T >|

LOG FLUORESCENCE

FIGURE 1. B78HI1 and B78HI/TAP cells do not express li chain or
DM. Cells were fixed and permeabilized and stained by indirect immuno-
fluorescence for Ii or DM. Unfilled peaks are Ab-specific staining; filled
peaks represent staining with fluorescent conjugate alone. These data are
representative of three independent experiments.
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FIGURE 2. B78H1 and B78HI1/TAP transfectants
express high levels of surface MHC II and internal HEL.
B78H1 and B78H1/TAP cells transfected with I-A* and
erHEL (A) or cytoHEL (B) were stained for surface I-A*
or internal HEL. Unfilled peaks denote Ab-specific
staining; filled peaks represent staining with fluorescent
conjugate alone. Numbers in the upper-right corner of
each histogram are the mean channel fluorescence val-
ues. These data are representative of two to five inde-
pendent experiments.
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mAb) expression in these cells is absent as measured by immuno-
fluorescence and flow cytometry (data not shown).

To ascertain that the MHC II heterodimers are functional and
bind peptides in the absence of Ii and DM, Western blots were
performed. Cell lysates were prepared from B78H1, B78H1 trans-
fectants, and control M12C3F6 cells. If the MHC II «- and
B-chains are properly conformed and bind peptide, then the «f3
heterodimer forms a stable complex of ~55 kDa that dissociates
with boiling (35). The I-A* molecules of B78H1/A"/erHEL and
B78H1/TAP/A* erHEL (Fig. 3A) and cytoHEL (B) transfectants
form stable dimers in the nonboiled samples. Stable dimer forma-
tion in the transfectants is independent of HEL expression, because
I-A* transfectants without HEL also contain stable dimers (Fig.
3A). To confirm that MHC II stable dimers are formed in the ab-
sence of Ii, the B78H1/erHEL transfectants were also analyzed by
Western blots for Ii expression using the Ii-specific In-1 mAb. As
shown in Fig. 3C, neither B78H1/A*erHEL nor B78H1/TAP/AY/
erHEL cells contain Ii, although it is present as a 31-kDa band in
the control M12C3F6 cells. Therefore, the transfectants contain
properly conformed MHC II molecules, and these I-A* molecules
are expressed in the absence of Ii and DM, in agreement with our
previous studies (8, 36) and those of others (34, 37).

Presentation of MHC Il-restricted endogenous HEL is TAP
independent

To determine whether TAP is required for presentation of class
II-restricted endogenous Ag, the B78H1 and B78H1/TAP trans-
fectants were used as APC to HEL-specific, I-A*-restricted T cell
hybridomas, and IL-2 production was monitored to assess Ag pre-
sentation. Four hybridomas that react to three different HEL pep-
tides have been used: A2.A2 (HEL,q ¢,), 2B6.3 (HEL,5 ,5),
3B11.1 (HEL,, ,s5), and 3A9 (HEL,q_,). Figs. 4 and 5 show the
results of Ag presentation assays using three independent clones of
the TAP-negative and TAP-positive erHEL (Fig. 4) and cytoHEL
(Fig. 5) transfectants. Positive-control wells using TA3, an I-A*-
expressing B cell hybridoma, pulsed with exogenous HEL were
included in all assays and gave values of 20 to 25 ng/ml IL-2.
Although there is some variation between the clones of each trans-
fectant line, Ag presentation activity of the TAP-negative and
TAP-positive lines is very similar.

TAP/AYerHEL 6

TAPIAerHEL 12

TAP/ANerHEL 5.8

TAP/erHEL 11.2
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The similarity in Ag presentation between the TAP-positive and
TAP-negative B78H1 lines could be the result of up-regulation of
TAP2 during the Ag presentation assays. To test this possibility,
supernatants from the APC cultures were assayed by ELISA for
IFN-v, a known inducer of TAP2 expression in B78H1 cells (32).
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FIGURE 3. I-Ak-transfected B78HI and B78HI/TAP cells express
MHC II stable dimers and do not contain Ii. A and B, Extracts of detergent-
lysed erHEL-transfected (A) or cytoHEL-transfected (B) B78HI/AK,
B78H1/TAP/A*, B78H1, B78H1/A¥, or control M12C3F6 cells were
boiled or not boiled, electrophoresed on SDS-PAGE gels, transferred to
nitrocellulose, and probed for I-AX. C, Boiled extracts were blotted onto
nitrocellulose and probed for Ii. “Dimer” indicates stable dimer of ~55
kDa; “B” indicates free B-chain. These data are from one of three inde-
pendent experiments.
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—&— TAP/AYerHEL 6
—m— TAP/AKerHEL 12
—A— TAP/A¥erHEL 5.8
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IL-2 (ng/mt)

APC: T cell ratio

FIGURE 4. MHC Il-restricted presentation of endogenously synthesized
ER-localized HEL is TAP independent. Three independent clones of B78H1/
ANerHEL (dotted lines; A, [J, O) and B78H1/TAP/A¥/erHEL (solid lines; ¢,
W, A) transfectants were cocultured with each of four I-A*-restricted, HEL-
specific CD4™ T cell hybridomas (3A9, A2.A2, 2B6.3, or 3B11.1), and T cell
hybridoma activation was determined by measuring IL-2 production. Presen-
tation of exogenous HEL by TA3 cells gave 2025 ng/ml IL-2. These data are
representative of five independent experiments.

No detectable IFN-y was present (assay detected >1 pg/ml IFN-
v). B78H1 cells were also cocultured for 16 h with supernatants
from the APC assays and subsequently tested by RT-PCR for
TAP2, to ascertain whether there were other factors in the APC
assays that could up-regulate TAP2. As shown in Fig. 6, B78H1/
TAP/A¥erHEL cells and control A2.A2 cells express TAP2, but
neither B78H1/A%erHEL, B78H1, nor B78H1/A*/erHEL cocul-
tured with APC supernatant contain TAP2 message. Therefore,
presentation of endogenously synthesized erHEL and cytoHEL is
not regulated by the TAP complex.

Processing of MHC Il-restricted endogenous Ag is proteasome
independent and does not involve autophagy

The proteasome is the site of degradation of most cellular proteins
and is responsible for the generation of MHC I-restricted peptides.
Drugs that selectively block proteasomal degradation limit the
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FIGURE 5. MHC Il-restricted presentation of endogenously synthesized
cytoplasmically localized HEL is TAP independent. Four independent clones
of B78H1/A*/cytoHEL (dotted lines; <, A, [, O) and three clones of B78H1/
TAP/Ak/cytOHEL (solid lines; 4, W, A) transfectants were cocultured with
each of four I-AX-restricted, HEL-specific CD4" T cell hybridomas (3A9,
A2.A2,2B6.3,0or 3B11.1), and T cell hybridoma activation was determined by
measuring IL-2 production. Presentation of exogenous HEL by TA3 cells gave
20-25 ng/ml IL-2. These data are representative of three to five independent
experiments.
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FIGURE 6. B78HI transfectants are not induced to express TAP2 dur-
ing the Ag presentation assays. RNA was isolated from the indicated cell
populations and from B78H1/A*/erHEL cells cocultured with supernatant
from an APC assay of A2.A2 plus B78H1/A¥/erHEL, reverse transcribed,
and PCR amplified using primers specific for TAP2 (upper band) and a
positive control ribosomal gene (lower band). Supernatant from the A2.A2
plus B78H1/AYerHEL culture contained 25 ng/ml IL-2.

generation of ER-resident peptides and reduce the stability of
MHC I molecules (38). To determine whether proteasomal degra-
dation is involved in the generation of MHC Il-restricted peptides,
we have used the drug epoxomicin. Epoxomicin is a highly selec-
tive inhibitor of the proteasome because it reacts with both the
hydroxyl and amino groups of the catalytic N-terminal threonine
of the proteasome. It is highly specific for the proteasome and does
not have other intracellular targets, whereas lactacystin, a com-
monly used proteasomal inhibitor, also affects some nonproteaso-
mal proteases. Epoxomicin is also highly stable in cells, whereas
lactacystin is rapidly hydrolyzed by water at physiological
pH (39, 40).

To determine whether proteasomal activity is required for pre-
sentation of endogenously synthesized Ag by MHC II molecules,
B78H1 transfectants were acid stripped, treated with epoxomicin,
and tested as APCs to the HEL-specific hybridomas. As shown in
Fig. 7A, epoxomicin slightly impairs presentation by B78H1/AY/
cytoHEL to A2.A2, but has no effect on presentation to the 3B11.1
or 2B6.3 hybridomas or by B78H1/A/erHEL to A2.A2. In con-
trast, epoxomicin inhibits >90% of the Ag presentation activity of
EL-4/OVA transfectants to the OVA-specific, H-2K"-restricted
B3Z hybridoma, demonstrating its ability to block presentation of
proteasome-generated epitopes.

Epoxomicin also blocks the generation of MHC I-restricted
epitopes in B78H1 cells. B78H1 cells transfected with TAP2 and
the H-2K” gene under a viral promoter (B78H1/TAP/K®) (20, 32)
were incubated with epoxomicin and tested for H-2K® and H-2DP
expression by flow cytometry. As shown in Fig. 7B, epoxomicin
treatment results in decreased MHC I expression, but does not
affect MHC 11 expression. These experiments are in full agreement
with our earlier findings in which lactacystin was shown to inhibit
presentation of MHC I epitopes, but did not affect presentation of
MHC II epitopes by a Sal sarcoma tumor cell-based vaccine (12).
Therefore, although the proteasome is involved in processing of
MHC I-restricted epitopes, it is not a significant factor in gener-
ating MHC Il-restricted peptides.

The process of autophagy, or the trafficking of degraded cyto-
solic proteins from the cytoplasm to the endosomal compartment,
has also been suggested as a possible mechanism for generating
peptides for presentation by MHC II molecules. To determine
whether autophagy is responsible for peptide generation in our
vaccines, we have used the drug 3-methyladenine, which specifi-
cally inhibits autophagy (41). B78H1 transfectants were treated
with 3-methyladenine, fixed, and used as APC to the A2.A2 hy-
bridoma. No reduction in Ag presentation activity was seen rela-
tive to untreated cells (data not shown), indicating that autophagy
is not involved in the processing and presentation of MHC II-
restricted epitopes.
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FIGURE 7. MHC II-restricted endogenously synthesized epitopes are
not processed in the proteasome. A, B78H1/T AP/AX/erHEL, B78H1/TAP/
A¥cytoHEL, and EL-4/OVA transfectants were treated with the indicated
amounts of epoxomicin, fixed, incubated with A2.A2, 3B11.1, or 2B6.3
(HEL transfectants) or B3Z (EL-4/OVA) hybridoma cells, and IL-2 release
was determined by ELISA. HEL,,_¢, peptide was added to some cultures
as a control. B, B78HI/TAP/K® and B78HI/TAP/AX transfectants were
untreated or treated with 0.4 or 0.2 uM epoxomicin, fixed, stained for
H-2K" or I-A* expression, and analyzed by flow cytometry. These data are
representative of two to three independent experiments.

Presentation of endogenously synthesized MHC Il-restricted
epitopes requires a functional endosomal compartment and does
not involve recycling

Binding of exogenously synthesized, endocytosed Ag to MHC II
molecules occurs in the MHC II compartments and requires func-
tional endosomal compartments (42). To determine whether the
endosomal pathway is also involved in presentation of MHC II-
restricted endogenously synthesized peptides, we have used the
drug chloroquine, which inhibits endosomal processing by block-
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ing acidification of endosomal/lysosomal compartments. Despite
its targeted effects on the endocytic pathway, chloroquine is a
pleiotropic agent and can also affect the secretory pathway. To
ascertain that, at the dosages used, chloroquine specifically affects
the endosomal compartment and does not interfere with MHC 1
peptide generation or the class I secretory pathway, B78H1/K®
cells were acid stripped, treated with varying doses of chloroquine,
and monitored for cell surface MHC I expression by immunoflu-
orescence and flow cytometry. As shown in Fig. 84, chloroquine
treatment has no effect on MHC I expression, indicating that it is
not affecting class I peptide generation, loading of peptides onto
MHC I molecules, or the secretory pathway. To determine whether
chloroquine aftects MHC II presentation of endogenously pro-
duced Ag, B78HI/TAP/A* cells with endogenous erHEL or cyto-
HEL were acid stripped, treated with chloroquine, and used as
APCs to the HEL-specific A2.A2 hybridoma. As a control, chlo-
roquine-treated TA3 cells were pulsed with HEL peptide. As
shown in Fig. 8B, presentation of exogenous Ag by TA3 cells is
chloroquine sensitive, as is presentation of endogenously synthesized
HEL by the B78H1 transfectants. Therefore, presentation of endog-
enous Ag by MHC II molecules requires functional endocytic com-
partments, suggesting that the MHC II/peptide complexes traffic via
the endocytic pathway on their way to the cell surface.

To confirm that MHC II molecules in the B78H1 transfectants
traffic via the endosomal compartment, we have used confocal mi-
croscopy to visualize I-A* in B78H1/A* cells. B78H1/A*/erHEL and
B78H1/A"/cytoHEL cells were fixed, permeabilized, and stained for
I-A* and the endosomal compartment marker LAMPI. As shown in
Fig. 9, in B78H1/A*erHEL and B78H1/A*/cytoHEL cells, much of
the internal I-A* colocalizes with LAMPI1. Cells incubated with an
irrelevant isotype-matched mAb (1G10) or Alexa-labeled isotype
control Ab alone were unstained (data not shown). Therefore, MHC
IT molecules traffic through endosomal compartments.

We have hypothesized that the MHC II molecules of our vac-
cine cells bind self peptides derived from Ags produced within the
vaccine cells. Because the MHC II molecules traffic via endosomal
compartments, it is possible that the transfectants secrete Ag,
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FIGURE 8. Presentation of MHC Il-restricted epitopes derived from en-
dogenous erHEL or cytoHEL requires functional endosomal compartments. A,
B78H1/TAP/K® cells were untreated or treated with 100 uM chloroquine,
fixed, stained for H-2K" expression, and analyzed by flow cytometry. B,
B78H1/TAP/A¥/erHEL, B78H1/T. AP/Ak/cytoHEL, or control TA3 cells were
treated with the indicated amounts of chloroquine, fixed, and cocultured with
A2.A2 hybridoma cells, and IL-2 release was measured by ELISA. These data
are representative of three independent experiments.
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B78H1/TAP/A¥/
cytoHEL

erHEL

FIGURE 9. MHC II traffics through the endosome. B78H1/TAP/A*/er-
HEL (left panels) and B78H1/TAP/A*/cytoHEL (right panels) transfectants
were fixed, permeabilized, and stained for MHC II (Alexa 488) and the en-
dosomal marker LAMP1 (TRITC), and visualized by confocal microscopy.

which they subsequently endocytose and re-present via the classi-
cal MHC II endosomal presentation pathway. To test this hypoth-
esis, we have performed mixing experiments in which Ag presen-
tation can only occur if the vaccine cells release HEL and it is
endocytosed by other vaccine cells. For these experiments,
B78HI1/TAP/A* cells were mixed with B78H1/erHEL cells or su-
pernatant, and cocultured with A2.A2 hybridoma cells. As shown
on the left side of Fig. 10, IL-2 release only occurs if I-A* and HEL
are associated with the same vaccine cell, suggesting that the HEL-
expressing cells do not secrete HEL and/or that they are incapable
of endocytosing soluble HEL. To distinguish whether the vaccine
cells are not secreting HEL vs not able to endocytose HEL, the
professional APC, TA3, was mixed with B78H1/erHEL cells and
subsequently cocultured with A2.A2 hybridoma cells. As shown in
the right side of Fig. 10, TA3 cells stimulate IL-2 release when
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FIGURE 10. Presentation of erHEL by B78HI transfectants does not
involve endocytosis of secreted HEL. B78H1/TAP/A* or TA3 cells were
mixed with B78H1/erHEL cells, supernatants from B78H1/erHEL cells, or
HEL,,_¢, peptide, and the mixture was cocultured with I-A*-restricted,
HEL-specific A2.A2 hybridoma cells. Culture supernatants were assayed
by ELISA for IL-2 production. Error bar indicates the SD. These data are
representative of three independent experiments.
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mixed with B78H1/erHEL cells, indicating that the B78H1 cells
secrete HEL. Therefore, although the vaccine cells release HEL,
they do not endocytose it, so vaccine presentation of MHC II-
restricted epitopes is not a re-presentation of endocytosed material.

Discussion

Most peptides that are presented by MHC II molecules are exog-
enously synthesized molecules that are either endocytosed in the
fluid phase or following binding to cell surface receptors. Follow-
ing endocytosis, these exogenously synthesized Ags associate with
MHC II molecules within endocytic compartments. Endogenously
synthesized proteins are also presented by MHC II molecules;
however, their pathway for presentation is not as well defined (re-
viewed in Ref. 43). In the present report, we have examined en-
dogenous presentation of MHC Il-restricted Ags in tumor cells that
have been genetically modified as tumor vaccines. It is important
to understand the mechanisms underlying Ag presentation by the
vaccine cells because they are effective prophylactic and therapeu-
tic agents for activating tumor-specific CD4* T lymphocytes and
for facilitating rejection of primary and metastatic tumor cells (3—
6). In contrast to most other cells in which endogenous MHC II Ag
presentation has been examined, our vaccine cells are not profes-
sional APC and they do not express MHC II-associated accessory
molecules (e.g., i and DM) that have previously been shown to
affect exogenous and endogenous Ag presentation (reviewed in
Ref. 10). Because our vaccine cells do not coexpress i, the pep-
tide-binding cleft of newly synthesized MHC II molecules may be
accessible to peptides. We have therefore proposed that MHC II-
restricted tumor peptides presented by the vaccine cells traffic via
a pathway similar to that taken by peptides presented by MHC I
molecules (11, 44). Accordingly, MHC Il-restricted peptides are
generated in the proteasome from endogenously synthesized, cy-
tosolic proteins and transported via the TAP complex into the ER.
In the current report, we demonstrate that our earlier hypothesis is
not correct, because neither TAP nor the proteasome is involved in
the presentation of three peptides derived from either cytosolic or
ER-retained Ags of the vaccine cells.

The multicatalytic proteasome degrades cytosolic proteins,
which are subsequently translocated by the TAP complex into the
ER where they are bound by newly synthesized MHC I molecules
(reviewed in Ref. 45). Because the proteasome generates peptides
of variable length (46), including ones appropriate for binding to
MHC 1II dimers, we hypothesized that it may supply ligands for
MHC II molecules as well as for MHC I molecules. However,
epoxomicin does not significantly inhibit presentation of either cy-
toplasmic or ER-tethered Ag, indicating that the proteasome is not
involved in the generation of the peptides presented by the vaccine
cells. The absence of LMP7 (IFN-vy-inducible 20S proteasome
subunit) in B78H1 cells (20), a critical component of the immu-
noproteasome, further supports our conclusion that peptide gener-
ation does not require the proteasome. Our results are in agreement
with studies of others (41), and our own earlier studies in which the
less-specific proteasome inhibitor, lactacystin, also showed no in-
hibition of MHC II Ag presentation (12), but differ from those of
Lich et al. (47), who showed that the proteasomal protease calpain
is required for the generation of a cytosolic peptide. Collectively,
these studies could be interpreted as showing that different pep-
tides are generated via divergent pathways, some of which involve
proteasomal degradation. However, our results with multiple peptides
and with molecules targeted to multiple compartments suggest that, in
the Ii negative vaccine cells, proteasomal degradation is not involved
in the generation of endogenously synthesized MHC II peptides.

The TAP complex is essential for the transport of peptides into
the ER where they are subsequently bound by newly synthesized
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MHC I molecules (48-53). Deficiencies and/or mutations of TAP
impair MHC I expression and protect tumor cells against CDS§-
mediated T cell lysis (reviewed in Ref. 54). Although some inves-
tigators have found that TAP is not required for presentation of
endogenously synthesized MHC Il-restricted peptides (41, 55, 56),
others have found that presentation is TAP dependent (57, 58). It
has been suggested that this discrepancy in the apparent require-
ment for TAP is due to differences in Ag stability, because rapidly
degraded, but not long-lived cytosolic Ag requires TAP for Ag
presentation (59). However, our results showing that presentation
of cytoHEL, which is very rapidly degraded in the cytoplasm (Ref.
60; L. Qi and S. Ostrand-Rosenberg, unpublished data), is TAP
independent, contradict this explanation. The discrepancy between
these studies could be due to the different APC that have been
used. With the exception of our vaccine cells, the APC used in
previous studies were professional APC that contain both Ii and
DM. In addition, most of the earlier reports drew their conclusions
from studies with a single epitope derived from an Ag localized to
a single subcellular compartment (e.g., cytosol or plasma mem-
brane). In contrast, we have examined three epitopes from two
subcellular locations and consistently find no role for TAP. There-
fore, although there are conflicting reports of the role of TAP in
presentation of MHC II-restricted peptides by professional APC,
there appears to be no role for TAP in our vaccine cells.

In contrast to the lack of involvement of the proteasome and the
TAP complex, a functional endosomal pathway is required for
presentation of MHC Il-restricted, ER- and cytosolic-localized
Ags by the vaccine cells. This finding agrees with our previous
studies (12) for ER-localized tumor Ag, and with many other stud-
ies that have examined presentation of endogenous Ag by profes-
sional APC (30, 61-63); however, it differs from the results of
Lich et al. (47), who found that endosomal acidification was not re-
quired for presentation of a cytosolic Ag by Ii-positive B lympho-
blastoid cells. Inconsistency with this latter study cannot be easily
explained, other than the superficial conclusion that a small percent-
age of Ags are processed through an alternative mechanism.

The finding that a functional endocytic pathway is required
raises the possibility that vaccine cell MHC II Ag presentation is
via the classical route in which Ag is endocytosed, and subse-
quently degraded to peptides and bound to MHC II molecules in
endosomal compartments. This pathway could be active if the vac-
cine cells release soluble or microvesicle-contained tumor-en-
coded molecules that are subsequently endocytosed by the same or
other vaccine cells. However, the mixing experiments reported
here indicate that, although the vaccine cells release some endog-
enously synthesized Ag, they do not endocytose that Ag and
present it. Autophagy has also been proposed as a mechanism by
which cytosolic molecules access endosomal compartments (41).
However, vaccine cells treated with 3-methyladenine, a drug that
inhibits autophagy, retain their Ag presentation activity, indicating
that autophagy is not involved.

Cytoplasmic and ER-resident Ags in our vaccines may be de-
graded to peptides and presented via MHC II through several po-
tential mechanisms. MHC Il-restricted peptides could be generated
via cytoplasmic hydrolytic enzymes that are independent of the
proteasome and that have been shown to be active in generating
MHC I peptides (64, 65). The ER also contains peptides that have
not been transported into the ER by TAP. These peptides are pre-
sumably derived from partially or incorrectly folded proteins that
access the ER through channels. The complete processing to pep-
tides could occur in the ER by ER-resident enzymes, or alterna-
tively, partially degraded protein could bind to newly synthesized
MHC II molecules in the ER, and final trimming of the peptide
occurs after it is bound to MHC II, either in the ER or in endo-
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somal compartments, as suggested by Sercarz and Maverakis (66).
Such complexes between MHC II molecules and partially folded
proteins have been observed in li-negative cell lines (Refs. 67 and
68; reviewed in Ref. 43). Alternatively, empty class II dimers may
traffic from the ER to endosomal compartments and pick up pep-
tides along the way. Such peptides could access endosomes by
chaperone-mediated trafficking from the cytosol such as via heat
shock proteins (69, 70). Because the 3-chain of MHC II molecules
contains an endosomal targeting sequence, even in the absence of
Ii, MHC II dimers will enter endosomal compartments (71-73).

The studies reported here demonstrate the critical role of endo-
somal compartments and the lack of involvement of the protea-
some and TAP complex in Ag presentation of endogenously syn-
thesized MHC II-restricted peptide, and suggest various scenarios
by which Ag processing and presentation could occur in the vac-
cine cells. Because vaccine potency correlates with Ag presenta-
tion activity, a complete understanding of the Ag processing and
presentation mechanisms of the vaccine cells may lead to more
efficacious vaccines.

Acknowledgments

We thank Ms. Virginia Clements for her cheerful and outstanding technical
support, Dr. Haixin Xu for his help with the confocal microscopy, Mr.
Brian Dolan for preparing the Alexa 488-labeled Ab, and Ms. Cordula
Davis for completing some of the Western blots and flow cytometry.

References

1. Ostrand-Rosenberg, S. CD4™ T lymphocytes: a critical component of anti-tumor
immunity. Cancer Invest. In press.

2. Ostrand-Rosenberg, S., A. Thakur, and V. Clements. 1990. Rejection of mouse
sarcoma cells after transfection of MHC class II genes. J. Immunol. 144:4068.

3. Baskar, S., L. Glimcher, N. Nabavi, R. T. Jones, and S. Ostrand-Rosenberg. 1995.
Major histocompatibility complex class II"B7-1" tumor cells are potent vaccines
for stimulating tumor rejection in tumor-bearing mice. J. Exp. Med. 181:619.

4. Pulaski, B. A., and S. Ostrand-Rosenberg. 1998. Reduction of established spon-
taneous mammary carcinoma metastases following immunotherapy with major
histocompatibility complex class II and B7.1 cell-based tumor vaccines. Cancer
Res. 58:1486.

5. Pulaski, B. A., D. S. Terman, S. Khan, E. Muller, and S. Ostrand-Rosenberg.
2000. Cooperativity of Staphylococcal aureus enterotoxin B superantigen, major
histocompatibility complex class II, and CD80 for immunotherapy of advanced
spontaneous metastases in a clinically relevant postoperative mouse breast cancer
model. Cancer Res. 60:2710.

6. Pulaski, B. A, V. K. Clements, M. R. Pipeling, and S. Ostrand-Rosenberg. 2000.
Immunotherapy with vaccines combining MHC class II/CD80" tumor cells with
interleukin-12 reduces established metastatic disease and stimulates immune effectors
and monokine induced by interferon-y. Cancer Immunol. Immunother. 49:34.

7. Armstrong, T. D., V. K. Clements, and S. Ostrand-Rosenberg. 1998. MHC class
II-transfected tumor cells directly present antigen to tumor-specific CD4 " T lym-
phocytes. J. Immunol. 160:661.

8. Qi, L., J. M. Rojas, and S. Ostrand-Rosenberg. 2000. Tumor cells present MHC
class II-restricted nuclear and mitochondrial antigens and are the predominant
antigen presenting cells in vivo. J. Immunol. 165:5451.

9. Ilkovitch, D., and S. Ostrand-Rosenberg. 2004. MHC class IT and CD80 tumor
cell-based vaccines are potent activators of type 1 CD4" T lymphocytes provided
they do not coexpress invariant chain. Cancer Immunol. Immunother. 53:525.

10. Bryant, P., and H. Ploegh. 2004. Class II MHC peptide loading by the profes-
sionals. Curr. Opin. Immunol. 16:96.

11. Armstrong, T. D., V. K. Clements, B. K. Martin, J. P. Ting, and
S. Ostrand-Rosenberg. 1997. Major histocompatibility complex class II-trans-
fected tumor cells present endogenous antigen and are potent inducers of tumor-
specific immunity. Proc. Natl. Acad. Sci. USA 94:6886.

12. Qi, L., and S. Ostrand-Rosenberg. 2000. MHC class II presentation of endoge-
nous tumor antigen by cellular vaccines depends on the endocytic pathway but
not H2-M. Traffic 1:152.

13. Hiltbold, E. M., and P. A. Roche. 2002. Trafficking of MHC class II molecules
in the late secretory pathway. Curr. Opin. Immunol. 14:30.

14. Ritz, U., and B. Seliger. 2001. The transporter associated with antigen processing
(TAP): structural integrity, expression, function, and its clinical relevance. Mol.
Med. 7:149.

15. Clements, V. K., S. Baskar, T. D. Armstrong, and S. Ostrand-Rosenberg. 1992.
Invariant chain alters the malignant phenotype of MHC class 11" tumor cells.
J. Immunol. 149:2391.

16. Glimcher, L. H., T. Hamano, R. Asofsky, D. H. Sachs, M. Pierres,
L. E. Samelson, S. O. Sharrow, and W. E. Paul. 1983. IA mutant functional
antigen-presenting cell lines. J. Immunol. 130:2287.

17. Sanderson, S., and N. Shastri. 1994. LacZ inducible, antigen/MHC-specific T cell
hybrids. Int. Immunol. 6:369.



The Journal of Immunology

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Dolan, B. P., T. P. Phelan, D. Ilkovitch, L. Qi, W. F. Wade, T. M. Laufer, and
S. Ostrand-Rosenberg. 2004. Invariant chain and the MHC class II cytoplasmic
domains regulate localization of MHC class II molecules to lipid rafts in tumor
cell-based vaccines. J. Immunol. 172:907.

Qi, L., and S. Ostrand-Rosenberg. 2001. H2-O inhibits presentation of bacterial
superantigens, but not endogenous self antigens. J. Immunol. 167:1371.
Chiang, E. Y., M. Henson, and I. Stroynowski. 2002. The nonclassical major
histocompatibility complex molecule Qa-2 protects tumor cells from NK cell-
and lymphokine-activated killer cell-mediated cytolysis. J. Immunol. 168:2200.
Oi, V. T., P. P. Jones, J. W. Goding, and L. A. Herzenberg. 1978. Properties of
monoclonal antibodies to mouse Ig allotypes, H-2, and Ia antigens. Curr. Top.
Microbiol. Immunol. 81:115.

Janeway, C. A, Jr., P. J. Conrad, E. A. Lerner, J. Babich, P. Wettstein, and
D. B. Murphy. 1984. Monoclonal antibodies specific for Ia glycoproteins raised
by immunization with activated T cells: possible role of T cellbound Ia antigens
as targets of immunoregulatory T cells. J. Immunol. 132:662.

Ozato, K., and D. H. Sachs. 1981. Monoclonal antibodies to mouse MHC anti-
gens. ITI. Hybridoma antibodies reacting to antigens of the H-2b haplotype reveal
genetic control of isotype expression. J. Immunol. 126:317.

Smith-Gill, S. J., T. B. Lavoie, and C. R. Mainhart. 1984. Antigenic regions
defined by monoclonal antibodies correspond to structural domains of avian ly-
sozyme. J. Immunol. 133:384.

Koch, N., and A. W. Harris. 1984. Differential expression of the invariant chain
in mouse tumor cells: relationship to B lymphoid development. J. Immunol.
132:12.

Karlsson, L., A. Peleraux, R. Lindstedt, M. Liljedahl, and P. A. Peterson. 1994.
Reconstitution of an operational MHC class II compartment in nonantigen-pre-
senting cells. Science 266:1569.

Hughes, E. N., and J. T. August. 1981. Characterization of plasma membrane
proteins identified by monoclonal antibodies. J. Biol. Chem. 256:664.
Glimcher, L. H., and E. M. Shevach. 1982. Production of autoreactive I region-
restricted T cell hybridomas. J. Exp. Med. 156:640.

Adorini, L., J. Moreno, F. Momburg, G. J. Hammerling, J. C. Guery, A. Valli,
and S. Fuchs. 1991. Exogenous peptides compete for the presentation of endog-
enous antigens to major histocompatibility complex class II-restricted T cells.
J. Exp. Med. 174:945.

Adorini, L., J. C. Guery, S. Fuchs, V. Ortiz-Navarrete, G. J. Hammerling, and
F. Momburg. 1993. Processing of endogenously synthesized hen egg-white ly-
sozyme retained in the endoplasmic reticulum or in secretory form gives rise to
a similar but not identical set of epitopes recognized by class II-restricted T cells.
J. Immunol. 151:3576.

Silagi, S., D. Beju, J. Wrathall, and E. Deharven. 1972. Tumorigenicity, immu-
nogenicity, and virus production in mouse melanoma cells treated with 5-bro-
modeoxyuridine. Proc. Natl. Acad. Sci. USA 69:3443.

Chiang, E. Y., M. Henson, and I. Stroynowski. 2003. Correction of defects re-
sponsible for impaired Qa-2 class Ib MHC expression on melanoma cells protects
mice from tumor growth. J. Immunol. 170:4515.

Bikoff, E. K., L. Y. Huang, V. Episkopou, J. van Meerwijk, R. N. Germain, and
E. J. Robertson. 1993. Defective major histocompatibility complex class II as-
sembly, transport, peptide acquisition, and CD4™ T cell selection in mice lacking
invariant chain expression. J. Exp. Med. 177:1699.

Bikoff, E. K., R. N. Germain, and E. J. Robertson. 1995. Allelic differences
affecting invariant chain dependency of MHC class II subunit assembly. Immu-
nity 2:301.

Sadegh-Nasseri, S., and R. N. Germain. 1991. A role for peptide in determining
MHC class II structure. Nature 353:167.

Dissanayake, S. K., J. A. Thompson, J. J. Bosch, V. K. Clements, P. W. Chen,
B. R. Ksander, and S. Ostrand-Rosenberg. 2004. Activation of tumor-specific
CD4" T lymphocytes by major histocompatibility complex class II tumor cell
vaccines: a novel cell-based immunotherapy. Cancer Res. 64:1867.

Stebbins, C. C., G. E. Loss, Jr., C. G. Elias, A. Chervonsky, and A. J. Sant. 1995.
The requirement for DM in class Il-restricted antigen presentation and SDS-
stable dimer formation is allele and species dependent. J. Exp. Med. 181:223.
Benham, A. M., and J. J. Neefjes. 1997. Proteasome activity limits the assembly
of MHC class I molecules after IFN-vy stimulation. J. Immunol. 159:5896.
Kisselev, A. F., and A. L. Goldberg. 2001. Proteasome inhibitors: from research
tools to drug candidates. Chem. Biol. 8:739.

Elofsson, M., U. Splittgerber, J. Myung, R. Mohan, and C. M. Crews. 1999.
Towards subunit-specific proteasome inhibitors: synthesis and evaluation of pep-
tide a’,B'-epoxyketones. Chem. Biol. 6:811.

Nimmerjahn, F., S. Milosevic, U. Behrends, E. M. Jaffee, D. M. Pardoll,
G. W. Bornkamm, and J. Mautner. 2003. Major histocompatibility complex class
Il-restricted presentation of a cytosolic antigen by autophagy. Eur. J. Immunol.
33:1250.

Chapman, H. A. 1998. Endosomal proteolysis and MHC class II function. Curr.
Opin. Immunol. 10:93.

Lechler, R., G. Aichinger, and L. Lightstone. 1996. The endogenous pathway of
MHC class II antigen presentation. Immunol. Rev. 151:51.

Ostrand-Rosenberg, S., B. A. Pulaski, V. K. Clements, L. Qi, M. R. Pipeling, and
L. A. Hanyok. 1999. Cell-based vaccines for the stimulation of immunity to
metastatic cancers. Immunol. Rev. 170:101.

Uebel, S., and R. Tampe. 1999. Specificity of the proteasome and the TAP trans-
porter. Curr. Opin. Immunol. 11:203.

Kisselev, A. F., T. N. Akopian, K. M. Woo, and A. L. Goldberg. 1999. The sizes
of peptides generated from protein by mammalian 26 and 20 S proteasomes:
implications for understanding the degradative mechanism and antigen presen-
tation. J. Biol. Chem. 274:3363.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

1819

Lich, J. D, J. F. Elliott, and J. S. Blum. 2000. Cytoplasmic processing is a
prerequisite for presentation of an endogenous antigen by major histocompati-
bility complex class II proteins. J. Exp. Med. 191:1513.

Ljunggren, H. G., N. J. Stam, C. Ohlen, J. J. Neefjes, P. Hoglund, M. T. Heemels,
J. Bastin, T. N. Schumacher, A. Townsend, K. Karre, et al. 1990. Empty MHC
class I molecules come out in the cold. Nature 346:476.

Spies, T., and R. DeMars. 1991. Restored expression of major histocompatibility
class I molecules by gene transfer of a putative peptide transporter. Nature 351:323.
Powis, S. J., A. R. Townsend, E. V. Deverson, J. Bastin, G. W. Butcher, and
J. C. Howard. 1991. Restoration of antigen presentation to the mutant cell line
RMA-S by an MHC-linked transporter. Nature 354:528.

Van Kaer, L., P. G. Ashton-Rickardt, H. L. Ploegh, and S. Tonegawa. 1992.
TAP1 mutant mice are deficient in antigen presentation, surface class I molecules,
and CD4~ 8" T cells. Cell 71:1205.

Seliger, B., M. J. Maeurer, and S. Ferrone. 2000. Antigen-processing machinery
breakdown and tumor growth. Immunol. Today 21:455.

Johnsen, A. K., D. J. Templeton, M. Sy, and C. V. Harding. 1999. Deficiency of
transporter for antigen presentation (TAP) in tumor cells allows evasion of im-
mune surveillance and increases tumorigenesis. J. Immunol. 163:4224.
Alimonti, J., Q. J. Zhang, R. Gabathuler, G. Reid, S. S. Chen, and W. A. Jefferies.
2000. TAP expression provides a general method for improving the recognition
of malignant cells in vivo. Nat. Biotechnol. 18:515.

Loss, G. E., Jr., C. G. Elias, P. E. Fields, R. K. Ribaudo, M. McKisic, and
A. J. Sant. 1993. Major histocompatibility complex class II-restricted presenta-
tion of an internally synthesized antigen displays cell-type variability and segre-
gates from the exogenous class IT and endogenous class I presentation pathways.
J. Exp. Med. 178:73.

Oxenius, A., M. F. Bachmann, P. G. Ashton-Rickardt, S. Tonegawa,
R. M. Zinkernagel, and H. Hengartner. 1995. Presentation of endogenous viral
proteins in association with major histocompatibility complex class II: on the role
of intracellular compartmentalization, invariant chain and the TAP transporter
system. Eur. J. Immunol. 25:3402.

Malnati, M. S., M. Marti, T. LaVaute, D. Jaraquemada, W. Biddison, R. DeMars,
and E. O. Long. 1992. Processing pathways for presentation of cytosolic antigen
to MHC class II-restricted T cells. Nature 357:702.

Carmichael, P., L. A. Kerr, A. Kelly, G. Lombardi, B. U. Zeigler, A. Ziegler,
J. Trowsdale, and R. Lechler. 1996. The TAP complex influences allorecognition
of class II MHC molecules. Hum. Immunol. 50:70.

Gueguen, M., and E. O. Long. 1996. Presentation of a cytosolic antigen by major
histocompatibility complex class IT molecules requires a long-lived form of the
antigen. Proc. Natl. Acad. Sci. USA 93:14692.

Brooks, A. G., and J. McCluskey. 1993. Class II-restricted presentation of a hen
egg lysozyme determinant derived from endogenous antigen sequestered in the
cytoplasm or endoplasmic reticulum of the antigen presenting cells. J. Immunol.
150:3690.

Jaraquemada, D., M. Marti, and E. O. Long. 1990. An endogenous processing
pathway in vaccinia virus-infected cells for presentation of cytoplasmic antigens
to class Il-restricted T cells. J. Exp. Med. 172:947.

Lombard-Platlet, S., P. Bertolino, H. Deng, D. Gerlier, and C. Rabourdin-Combe.
1993. Inhibition by chloroquine of the class IT major histocompatibility complex-
restricted presentation of endogenous antigens varies according to the cellular
origin of the antigen-presenting cells, the nature of the T-cell epitope, and the
responding T cell. Immunology 80:566.

Kittlesen, D. J., L. R. Brown, V. L. Braciale, J. P. Sambrook, M. J. Gething, and
T. J. Braciale. 1993. Presentation of newly synthesized glycoproteins to CD4™ T
lymphocytes: an analysis using influenza hemagglutinin transport mutants.
J. Exp. Med. 177:1021.

Lopez, D., and M. Del Val. 1997. Selective involvement of proteasomes and
cysteine proteases in MHC class I antigen presentation. J. Immunol. 159:5769.
Mo, X. Y., P. Cascio, K. Lemerise, A. L. Goldberg, and K. Rock. 1999. Distinct
proteolytic processes generate the C and N termini of MHC class I-binding pep-
tides. J. Immunol. 163:5851.

Sercarz, E. E., and E. Maverakis. 2003. MHC-guided processing: binding of large
antigen fragments. Nat. Rev. Immunol. 3:621.

Anderson, M. S., K. Swier, L. Arneson, and J. Miller. 1993. Enhanced antigen
presentation in the absence of the invariant chain endosomal localization signal.
J. Exp. Med. 178:1959.

Busch, R., I. Cloutier, R. P. Sekaly, and G. J. Hammerling. 1996. Invariant chain
protects class II histocompatibility antigens from binding intact polypeptides in
the endoplasmic reticulum. EMBO J. 15:418.

Chiang, H. L., S. R. Terlecky, C. P. Plant, and J. F. Dice. 1989. A role for a
70-kilodalton heat shock protein in lysosomal degradation of intracellular pro-
teins. Science 246:382.

Cuervo, A. M., and J. F. Dice. 1996. A receptor for the selective uptake and
degradation of proteins by lysosomes. Science 273:501.

Zhong, G., P. Romagnoli, and R. N. Germain. 1997. Related leucine-based cy-
toplasmic targeting signals in invariant chain and major histocompatibility com-
plex class II molecules control endocytic presentation of distinct determinants in
a single protein. J. Exp. Med. 185:429.

Chervonsky, A. V., L. Gordon, and A. J. Sant. 1994. A segment of the MHC class
II B chain plays a critical role in targeting class II molecules to the endocytic
pathway. Int. Immunol. 6:973.

. Smiley, S. T., A. Y. Rudensky, L. H. Glimcher, and M. J. Grusby. 1996. Trun-

cation of the class II B-chain cytoplasmic domain influences the level of class
II/invariant chain-derived peptide complexes. Proc. Natl. Acad. Sci. USA 93:241.



