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CD8"-T-cell (T¢ps,) responses to infectious viruses are characterized by an immunodominance hierarchy
in which the majority of T, respond to one or a few immunodominant determinants, with a minority of
Tepg+ responding to a number of subdominant determinants. It is now well established that exogenous
antigens are capable of inducing Tpg, to such immunodominant determinants, but the diversity of the
response and the nature of the immunodominance hierarchy have not been examined. We addressed this issue
by characterizing T3, responses to influenza virus preparations rendered inert by incubation for 10 min at
100°C, as first reported by Speidel et al. (Eur. J. Immunol. 27:2391-2399, 1997). Extending these findings, we
show that the primary T ps, response to boiled virus can be sufficiently robust to be detected ex vivo by
intracellular cytokine staining and that the response encompasses many of the peptides recognized by T g,
induced by infectious virus. Importantly, the immunodominance hierarchy elicited was leveled, and we were
unable to detect T, that were specific for boiled virus. We used peritoneal exudate cells as antigen-
presenting cells in vitro, and a number of observations indicated that boiled virus is processed via a phagocytic
route that is likely to be endosomal in nature. These findings suggest that the repertoires of immunogenic
peptides generated by endosomes and cytosolic processes overlap to a surprising degree. Furthermore, they
demonstrate that the form of antigen administered can influence immunodominance hierarchies and that

exogenous-antigen vaccines can induce broad and balanced T g, responses.

Nearly all paradigms are short lived, at least in their most
absolute sense. For nearly 2 decades, immunology gospel dic-
tated that protein antigens were incapable of inducing CD8™ -
T-cell (Tepg, ) responses, which required immunization with
either antigens capable of inducing biosynthesis of “endoge-
nous antigens” in host cells or whole cells expressing the nom-
inal antigen (the latter phenomenon is known as cross-priming
[4]). Nevertheless, paradigm be damned, reports kept surfacing
that protein antigens could induce memory Tpg, responses
(reviewed in reference 40). Remarkably, Speidel and col-
leagues found that protein antigens could become Tpg, im-
munogens, albeit weak ones, simply through boiling (at the
same time, their abilities to elicit antibodies plummet) (30).

The widening discrepancy between paradigm and observa-
tion seemed to be reconciled by the finding that the artificial
delivery of exogenous antigens to the cytosol enabled their
entry to the classical pathway trod by endogenous antigens (15,
39). Indeed, the discovery that professional antigen-presenting
cells (pAPCs) can transfer endocytosed antigens to the cytosol
(17, 23) provides a cellular biological basis for the presentation
of exogenous antigens to Tepg, -

Nature often does not favor simplicity, however, and the
existence of the endosome-to-cytosol pathway does not pre-
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clude the endosomal generation of peptide class I complexes a
la the major histocompatibility complex (MHC) class II anti-
gen-processing system. Indeed, solid evidence has accumulated
for the MHC class I processing of particulate antigens in en-
dosomal compartments of pAPCs (21, 22, 36).

The endosomal processing of antigens raises a serious issue
of specificity. Given the complexity of the classical cytosolic
pathway, which imposes at least two filters (in the forms of the
proteasome and the transporter associated with antigen pro-
cessing [TAP]) on the peptides provided to class I molecules,
how can the action of endosomal proteases result in the gen-
eration of the same determinants? Biologically, and pragmat-
ically for those intent on raising T-pg, by endosomally pro-
cessed vaccines, this is a crucial question. There is little point
in making use of endosomal antigen processing to induce
Tepsy that cannot recognize target cells expressing determi-
nants produced by the cytosolic pathway. By the same token, if
exogenous immunogens can elicit Ty, that recognize endo-
genously processed antigens, then the advantages of using non-
biosynthetic-based immunogens are obvious.

To date, studies of exogenous antigen processing have been
limited to one or two determinants in a given system. Here, we
take advantage of the influenza virus (IV) system to study the
immunogenicity of multiple determinants in a complex anti-
gen, in this case virus preparations rendered completely non-
infectious by boiling. Numerous IV determinants recognized
by H-2” and H-2 mice have been defined through the com-
bined efforts of a number of laboratories (2, 3, 11, 14, 19, 27,
33, 35). These determinants can be placed into a stable immu-
nodominance hierarchy that varies little between inbred indi-



4680 CHO ET AL.

viduals immunized under a given set of conditions (1, 6). In this
study, we compared the immunodominance hierarchies in-
duced by infectious and boiled virus and examined the mech-
anism of presentation of boiled virus.

MATERIALS AND METHODS

Cell lines. The dendritic cell line DC2.4 (H-2”; provided by K. Rock, Univer-
sity of Massachusetts Medical School, Worcester, Mass. [26]), the thymoma cell
line EL-4 (H-2"), TAP2-deficient lymphoma cell line RMA/S (H-2), and P815
(H-2) mastocytoma cells were maintained in RPMI 1640 containing 10% fetal
calf serum, 5 X 107> M B-mercaptoethanol, and 2 mM glutamine (RP-10).

Mice and cytotoxic-T-lymphocyte priming in vive. For in vivo priming, 8- to
10-week-old female BALB/c mice and C57BL/J6 (B6) mice (Taconic, German-
town, N.Y.), were injected intraperitoneally (i.p.) with ~600 hemagglutinating
units of chicken egg allantoic fluid containing infectious or boiled (100°C for 10
min) IV Puerto Rico/8/34 (HIN1) (PR8) or A/NT/60/68 (H3N2) (NT60 virus).
Splenocytes and peritoneal exudate cells collected by balanced salt solution-
bovine serum albumin lavage were directly assessed after 7 days for intracellular
cytokine staining (ICS). Alternatively, splenocytes were cultured for 7 days in
vitro with IV-infected autologous spleen cells with I+ medium (Iscove’s modified
Dulbecco’s modified essential medium [Iscove’s MDEM], 10% fetal calf serum,
5 X 107> M B-mercaptoethanol, 50 pg of gentamicin sulfate/ml).

Generation of specific Tcpg, lines. For generation of Tepg, lines, animals
were generally used at more than 30 days after priming. Tcpg, Stimulation was
always carried out in RP-10 with 10 U of recombinant human interleukin-2/ml.
In brief, 3 X 107 splenocytes were stimulated with 1/40 to 1/50 the number of
NT60-infected or peptide-pulsed EL-4 cells, which were irradiated with 220 Gy.
Stimulated live T cells were harvested through Ficoll-Hypaque gradient and
enriched for CD8" cells by depletion of B220" and CD4™ cells by using mono-
clonal antibody (MAb)-coated M-450 Dynal beads.

Tcps+ functional assays. For ICS, following lysis of erythrocytes, splenocytes
were resuspended at a concentration of 107/ml in I+, and 200 ul was added per
well to round-bottom 96-well plates. Synthetic peptides (>95% purity) were
added to a concentration of 0.5 wM. In the case of cysteine-containing peptides,
the medium was supplemented with 200 wM TCEP [tris (2-carboxyethyl) phos-
phine hydrochloride] (Pierce, Rockford, IIl.) to prevent sulfhydryl modification
(8). After 2 h of incubation at 37°C, brefeldin A (BFA) was added, and cells were
incubated for a further 4 h to accumulate gamma interferon (IFN-vy) in the
endoplasmic reticulum of activated cells. Cells were then incubated on ice for 1 h
with a Cy-Chrome-conjugated anti-CD8 o MAb (BD PharMingen, San Diego,
Calif.) at a 1:50 dilution in phosphate-buffered saline (PBS), washed, fixed with
1% paraformaldehyde in PBS at room temperature for 20 min, and then incu-
bated with fluorescein isothiocyanate-conjugated anti-IFN-y MAb (PharMin-
gen) at a 1:100 dilution in PBS containing 0.3% saponin (Calbiochem, San
Diego, Calif.). Stained cells were analyzed by flow cytometry gated on the CD8"
cells.

S!Cr-release assays were performed as follows. A total of 10° target cells were
labeled with 100 pnCi of Na>'CrO,, (Perkin-Elmer, Boston, Mass.) in a minimum
volume of medium at 37°C for 60 min. After two washes, 10* cells were aliquoted
into round-bottom 96-well plates containing serial dilutions of effector Tcpg.. In
some experiments, TCEP was freshly dissolved in H,O and used at a concen-
tration of 200 M in microcytotoxicity assay wells. The radioactivity in superna-
tants collected after 6 h of incubation at 37°C was determined by using a gamma
counter. The percentage of specific release was then determined as follows:
percentage of specific release = [(T¢pg,-induced release — spontaneous re-
lease)/(release by detergent — spontaneous release)] X 100.

Antigen presentation assay. Thioglycollate-induced peritoneal exudate cells
(tPEC) were harvested from C57BL/J6 (B6) and B6 TAP1 knockout mice
(TAP~/~; obtained from Taconic) 3 days after i.p. injection with 1 ml of thio-
glycolate (BD Biosciences, Franklin Lakes, N.J.). Harvested tPEC were pooled
and resuspended with I+ at a concentration of 2 X 10°ml. One hundred mi-
croliters of the tPEC suspension was plated into a 96-well U microplate, and then
50 l of boiled NTg, was added. For inhibitor studies, tPEC in suspension were
pretreated for 30 min with 2 pM cytochalasin D (Calbiochem), the lowest
concentration that inhibits uptake of fluorescent Saccharomyces cerevisiae, (Mo-
lecular Probes, Eugene, Oreg.), or 25 mM NH,CI (Sigma, St. Louis, Mo.). After
3 to 6 h of incubation, 100 pl of specific Tepg, at a concentration of 10%/ml was
added with BFA (Sigma) to give a final concentration of 7 pg/ml. ICS was
performed 3 h later. Viability was confirmed by either trypan blue exclusion
visually or ethidium homodimer (Molecular Probes) exclusion by flow cytometry.
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B,m addition assay. tPEC were harvested from B6 and TAP™/~ mice and
washed five times with I— medium (Iscove’s MDEM, 5 X 107> M B-mercapto-
ethanol, 0.1% bovine serum albumin). tPEC (4 X 10°/ml) were cultured over-
night in 96-well round-bottom plates in 200 pl of I— with or without 5 pg of
human B, microglobulin (B,m)/ml (Fitzgerald Industries International, Inc.,
Concord, Mass.). Cells were then incubated with 50 wl of boiled-NT60 (bNT60)-
or infectious-NT60-containing allantoic fluid for 3 h. One hundred microliters of
Teps. at a concentration of 10°/ml was then added into each well with BFA at
a final concentration of 5 pg/ml. ICS was performed after a 3-h incubation.

Peptide binding assay. Freshly harvested tPEC were washed with PBS and
suspended at a concentration of 4 X 10°/ml in 200 w1 of PBS supplemented with
0.1% NaNj. Cells were incubated on ice for 20 min with or without 10 g of
synthetic peptide FAPGNYPAL, which binds both K® and D® with high affinity
(9). Cells were washed three times and then incubated for 20 min on ice in 100
wl of PBS containing a 5 pM concentration of synthetic peptide SIINFEKL
coupled to fluorescein via the e-amino group of the Lys residue (10). Cells were
washed, and the amount of peptide bound by live cells (determined by ethidium
homodimer exclusion) was determined by flow cytometry. Alternatively, fresh
tPEC were incubated similarly with synthetic peptide SIINFEKL on ice, and the
amounts of cell surface peptide class I complexes were enumerated by flow
cytometry following staining with the 25-D1.16 MADb coupled to Cy5.

RESULTS

Boiled virus induces a balanced T g, response against
determinants generated by virus-infected cells. Speidel et al.
(30) reported that boiled IV is capable of priming for second-
ary in vitro responses to the nucleoprotein (NP) determinant
NP,6.574 as measured by cytotoxicity. Boiling the virus is ex-
pected to destroy all viral functions, and as expected, heating
virus-containing allantoic fluid for 10 min at 100°C reduced
viral infectivity, hemagglutination, and fusion activity to unde-
tectable levels (data not shown).

We first compared the immunogenicities of infectious and
boiled PR8 (bPR8) in BALB/c mice by immunizing mice by i.p.
injection and stimulating memory Tepg, in vitro with virus-
infected APCs. After 7 days of culture, cells were tested for
their capacity to lyse histocompatible target cells sensitized
with K%-restricted peptides. As seen in Fig. 1A, infectious virus
induces Tepg, that can be ranked according to their lytic
activity as follows: NP, ;55 > HAs 5506 > NP3g47 = NP, 5 506
bPRS elicited an easily detected secondary response that was
approximately half the magnitude of that elicited by PR8 as
detected on PR8-infected cells (Fig. 1B). The dose used was
close to optimal since increasing or decreasing the amount of
bPRS by fivefold decreased immunogenicity (data not shown).
The immunogenicity of bPRS8 could not be attributed solely to
contamination with free protein or peptides present in allan-
toic fluid, since purified virus was also immunogenic upon
boiling (data not shown). Importantly, the spectrum of speci-
ficities elicited by bPR8 was similar to but clearly different
from that of PR8: NP, 5 4-specific Topg, were not primed,
and the activities of the other specificities were rearranged
(NP3g47 = NPy47.455 > HAs5.526)-

We extended these findings by immunizing B6 mice with
infectious NT60 or bNT60. bNT60 proved to be more immu-
nogenic than bPRS8. This allowed us to quantitate both local
(peritoneal exudate) and splenic primary responses at 7 days
postinfection by ICS, which provides a much more direct mea-
sure of Tpg, priming than does measuring of lytic activities of
secondary in vitro cultures (Fig. 2). The total number of re-
sponding Trpg., elicited by bNT60 was approximately 5% of
that elicited by NT60, as assessed on NT60-infected APCs.
Importantly, the typical immunodominance hierarchy induced
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FIG. 1. T¢epg. response of BALB/c mice to boiled virus. Splenocytes from BALB/c mice immunized with infectious (A) or boiled (B) PR8 were
restimulated in vitro for 7 days and then used in a 3'Cr-release assay at the indicated effector-to-target cell ratio (E:T). P815 target cells were
infected with PRS or sensitized with synthetic peptides as indicated. Similar results were obtained in an additional experiment.

by NT60 introduced by i.p. injection, NPgs 374 = PA,,, 535 >
PB2,95.507, NPss 43 and PA ;149 (7), was altered, with relative
decreases in T¢pg, responding to immunodominant determi-
nants NP, -, and PA,,, ,5; and relative increases in Tpg
responses to subdominant determinants, particularly NPss ¢4
and PA 4140

The major portion of T5, induced by boiled virus recog-
nizes virus-infected cells. These data make the important point
that boiled IV induces Tcpg, that are specific for the same
peptides generated from endogenous IV proteins. To address
the critical question of whether Tpg, against novel determi-
nants are also induced, we immunized mice with NT60 or
bNT60 and determined the percentage of Ty, activated by
APCs sensitized with infectious versus boiled virus. For rea-
sons described below, we used thioglycolate tPEC as APCs. As
shown in Table 1, bNT60 was less efficient than NT60 as both
an immunogen and an antigen. The crucial finding of this
experiment was that, using Tcpg. induced by bNT60, bNT60
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was proportionally worse as an antigen than NT60. Thus, rel-
ative to NT60, bNT60 displayed a 12-fold decrease in the
percentage of NT60-induced Tpg, activated and a 23-fold
decrease in the percentage of bNT60-induced Tepg, acti-
vated. While this experiment does not eliminate the possibility
that novel specificities arise in response to bNT60, it indicates
that the major portion of the response is directed against
peptides generated by the cytosolic pathway.
Characterization of presentation of bNT60 in vitro. To ex-
plore the extent to which antigens from boiled IV are pre-
sented by cytosolic versus endosomal processing, we generated
a Tepg. line specific for NP5qq 574. We first determined which
cells were able to present bNT60 to these cells. Primary bone
marrow-derived dendritic cells and bone marrow macrophages
were cultured as described previously (16, 17). tPEC were
harvested from mice 3 days after i.p. injection of thioglycolate.
We also used the DC-like cell line DC2.4. Cells were incubated
with bNT60 for 6 h and then with T for 3 h in the presence
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FIG. 2. T¢pg, response of B6 mice to boiled virus. Splenocytes or tPEC from B6 mice immunized with infectious (A) or boiled (B) NT60 were
tested ex vivo by ICS for recognition of DC2.4 cells sensitized with the indicated peptides or with infectious NT60. Note that the response elicited
by infectious NT60 was ~20-fold higher than that elicited by bNT60. Similar results were obtained in four additional experiments.
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TABLE 1. NT60 and bNT60 elicit highly overlapping sets of Tepg. ¢
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TABLE 2. TAP knockout decreases PR molecules on tPEC”

% of Tepg (mean = SD)
responding” to antigen:

Immunogen
NT60 bNT60
NT60 36.7 £ 5.6 3.0*+08
bNT60 7.04 = 0.61 03=*x04

“ pTEC from B6 mice primed 7 days previously with either infectious NT60 or
bNT60 were harvested and incubated with B6 tPEC exposed to infectious NT60
or bNT60 for 3 h. T¢pg were obtained from four mice immunized with NT60
and three mice immunized with bNT60.

b As determined by ICS.

of BFA to accumulate intracellular IFN-y (Fig. 3A). All of the
pAPCs were able to generate NP5y, 57, from bNT60. Bone
marrow-derived dendritic cells were actually the least effective
APCs. We chose tPEC for further study based on their high
capacity to present bNT60 to Tcpg, and ease of preparation
from both wild-type and knockout mice.

To demonstrate that presentation was not based on the
presence of peptides in the virus preparation, we centrifuged
virus at various g forces for 10 min and tested the capacity of
tPEC to present material present in the supernatant. As seen
in Fig. 3B, antigenic material was completely depleted by low-
speed centrifugation, demonstrating that NP5 5,4 IS gener-
ated from highly aggregated material. Furthermore, TAP-de-
ficient RMA/S cells, which present antigenic peptides at
extremely low concentrations, were unable to present bNT60
to Tepg . (Fig. 3C).
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FIG. 3. Presentation of bNT60 to NP5 374-specific Tpg, in vitro.
(A) The indicated cells were incubated with bNT60 for 6 h prior to
addition of an NP5 5-4-specific Tpg, line. After 3 h, the activation of
Teps+ was assessed by ICS. BMDC, bone marrow-derived dendritic
cells; BMM®, bone marrow macrophages. (B) tPEC incubated as in
panel A with supernatants from bNT60 after centrifugation for 10 min
at the indicated relative centrifugal force (rcf) were used to stimulate
NP 374-specific Tepg . (C and D) Cells were incubated with bNT60
or infectious NT60 as indicated and used to stimulate NP544_3-4-specific
Teps- Similar results were obtained in an additional experiment.

Mice
Peptide
B6 TAP~/~
SIINFEKL-FI 88 63
SIINFEKL 106 71

“ Peptide binding to tPEC was determined by flow cytometry. Values represent
mean channel fluorescence of viable cells. SIINFEKL-FI (SIINFEKL coupled to
fluorescein) binding to cells was measured directly. Data represent specific bind-
ing to class I molecules as determined by subtracting background binding values
obtained when cells were incubated with a competitor peptide prior to the
addition of the labeled peptide. Binding of STINFEKL to K® was determined by
using Cy5-conjugated 25-D1.16. Background binding to cells not exposed to
peptide was subtracted from values shown. Similar results were obtained in two
additional experiments.

The presentation of NP5 5,4 by IV-infected cells via the
standard cytosolic route is largely TAP dependent (13, 32). We
compared the capacity of tPEC from B6 and TAP1 ™/~ mice to
present bNT60 to NP, 5-4-specific Tpg, . In the absence of
TAP, activation by boiled virus was reduced by approximately
threefold while activation by infectious virus was reduced by
approximately 15-fold (Fig. 3C). The absence of TAP is ac-
companied by a decrease in the number of peptide-receptive
(PR) class I molecules on the cell surface (10) and in endoso-
mal compartments (5, 28, 29). We extended these observations
to tPEC by measuring the binding of a fluorescent version of
SIINFEKL, which associates with both K® and D" (10). Spe-
cific binding to class I molecules was determined by subtracting
background binding values obtained when cells were first in-
cubated with an unlabeled peptide that also binds D® and K.
As shown in Table 2, tPEC from B6 mice possess ~40% more
PR class I molecules than do tPEC from TAP ™/~ mice, as
determined by the difference in peptide binding. Similarly en-
hanced binding of nonmodified SIINFEKL to K® on B6 tPEC
was demonstrated by staining of cells with CyS-conjugated
25-D1.16 MAD (20), which is specific for K>-Ova,s, 54, com-
plexes (Table 2). These findings are consistent with the idea
that the decreased presentation of boiled virus by TAP1 ™/~
cells is due to a decrease in PR class I molecules in post-Golgi
complex compartments.

B,m acquired from the media is responsible for upwards of
90% of PR cell surface class I molecules. B,m dependence
provides another measure of presentation by the exogenous
route, though for the effect to be absolute, cells must be incu-
bated for 5 to 10 days in B,m-free media (24, 34). Primary cells
cannot survive for such long periods, but we were able to
incubate tPEC overnight in serum-free medium with or with-
out B,m. As shown in Fig. 4A, presentation of bNT60 by B6
tPEC to either NP544 574-specific Tepg, or polyclonal anti-
NT60 Tepg, was enhanced by B,m. Similar findings were
made using tPEC from TAP~/~ mice (data not shown). Im-
portantly, presentation of infectious NT60 by B6 tPEC dem-
onstrated the opposite dependence on exogenous 3,m, which
decreased presentation (Fig. 4A).

We further examined the mechanism of presentation of
bNT60 to NP5 574~ and NT60-specific Tpg, by treating B6
and TAP1~/~ tPEC with agents that affect endocytosis or exo-
cytosis (Table 3). If presentation is based on the processing of
aggregated antigen, as suggested by the depletion of antigenic-
ity by low-speed centrifugation, then it should be blocked by
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FIG. 4. Presentation of boiled virus is enhanced by p2m. tPEC
from B6 mice were incubated overnight with or without human 82m
and exposed to either infectious NT60 or bNT60. Cells were tested for
their capacity to activate NP54457,4- or NT60-specific Tepg, as de-
scribed in the legend to Fig. 3. Similar, though less dramatic, results
were obtained in two additional experiments.

prevention of phagocytosis. This can be accomplished by treat-
ing cells with the actin-polymerized drug cytochalasin D. Since
cytochalasin D is more selective for phagocytosis at lower
doses, in a preliminary experiment we established a concen-
tration (2 pg/ml) that blocked uptake of fluorescent zymosan A
(S. cerevisiae) BioParticles in 95% of cells (data not shown).
This dose was sufficient to completely block presentation by
TAP1~/~ tPEC and reduce by threefold the number of Tepg.
activated by B6 tPEC. Presentation was completely blocked by
the lysosomotropic agent NH,Cl, which interferes with endo-
somal trafficking and the activity of acid proteases by increas-
ing the pH of acidic compartments. These findings strongly
suggest that presentation of bNT60 to NP544 5-,4- and NT60-
specific Tepg, occurs predominantly, if not exclusively, in a
phagosomal compartment.

DISCUSSION

Recent interest in the processing of exogenous antigens has
been stoked by three factors. First is the need to develop
effective vaccines for eliciting Tcpg, responses to pathogens
and tumors. Second are the findings that molecular chaperones
bound to some yet-to-be-defined form of nominal antigen can
induce T¢pg, responses (31). Third is the recognition that

TABLE 3. Presentation of bNT60 to NPs¢_374-specific Tepg, 1S
blocked by endosomal and phagosomal inhibitors

% of Teps.. activated/% inhibition”

Treatment”
B6 mice TAP ™/~ mice
Control 6.62 (100%) 2.01 (100%)
CD 2.43/64 0/100
NH,CI 0.08/99 0/100

“tPEC from B6 or TAP™/~ mice were exposed to cytochalasin D (CD) or
NH,CI for 30 min prior to and during incubation with bNT60. In control exper-
iments, inhibitors had only minor effects on the T¢pg, activation induced by
limiting amounts of peptides.

® Data show the effect of inhibitors on presentation of bNT60 and are relative
to control values. Similar results were obtained in two additional experiments.
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Bevan’s cross-priming phenomenon may account for a consid-
erable amount of priming to infectious organisms (12), though
the importance of cross-priming is not universally acknowl-
edged (18).

Here we demonstrate that the specificities of Tepg, re-
sponding to boiled IV overlap considerably with those elicited
by infectious virus. A mountain of evidence indicates that these
determinants are generated from infectious virus via the stan-
dard cytosolic pathway (though the involvement of the protea-
some in the generation of many of the determinants has not
been definitively established), at least in the nonprofessional
APCs studied in vitro (37). While we cannot eliminate the
possibility that boiled virus is presented via a cytosolic route,
our findings suggest that it is presented via endosomal process-
ing. If this is true, then the data shown in Table 1 indicate that
the sets of peptides generated by endosomal and cytosolic
processing overlap to a surprisingly high degree.

How is this possible? Studies of immunodominance indicate
that perhaps only one in five peptides capable of high-affinity
binding to class I molecules is generated from its source pro-
teins in sufficient amounts by the cytosolic pathway to be im-
munogenic (38). It is not difficult to see how the endosomal
route could generate a high percentage of the peptides gener-
ated by the cytosolic route. The trouble comes from achieving
this without generating additional determinants that are gen-
erated in limiting amounts by the cytosolic route. Since the
major filter in cytosolic processing is proteolysis (not TAP),
this suggests an unexpected overlap in the specificities of en-
dosomal and cytosolic proteases.

We do not mean to imply that the overlap is seamless.
Indeed, Schirmbeck, Wild, and Reimann have reported that
distinct determinants are generated by endosomal and cytoso-
lic processing of hepatitis B virus surface antigen (25). It is
possible, indeed even likely, that we have missed some deter-
minants uniquely immunogenic in boiled virus. The point is
rather that such determinants do not dominate the response to
boiled virus.

Overall, the T¢pg, response to boiled virus is more bal-
anced than the response to infectious virus. This may be due to
a more balanced generation of peptides. Alternatively, it could
reflect differences in the nature of the APC or the conditions
of antigen presentation. If nothing else, interferons and other
cytokines induced by virus infection will alter the conditions
during antigen presentation. Additional potential factors in-
clude the cytopathogenicity of the virus for APCs and the
continued synthesis of viral antigens until the virus is cleared.

From the standpoint of vaccine development, the present
results potentially represent welcome news. They suggest that
it may be possible to obtain a balanced, reasonably robust
immune response with an extremely simple antigen prepara-
tion that avoids the unavoidable side effects of live viral vac-
cines or the potential dangers of DNA vaccines. It may be
possible to boost immunogenicity further by using adjuvants.
Importantly, Tpg, induced by this noninfectious preparation
recognize determinants generated by virus-infected cells.
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