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Heat shock proteins loaded with viral peptides were shown to induce a CD8* T cell response and confer
protective immunity against challenge with herpes simplex virus (HSV). The delivery system consisted of
recombinant human hsp70 coupled to the peptide SSIEFARL, which is the immunodominant peptide epitope,
recognized by HSV specific T cells in C57BL/6 mice. Immunization resulted in CD8* T-cell responses,
measured by peptide-specific tetramers and peptide-induced intracellular gamma interferon expression and
cytotoxicity, similar to responses resulting from immunization with a recombinant vaccinia virus that ex-
pressed SSIEFARL as a minigene (VvgB) and UV-inactivated HSV. However, the durability of the hsp70-
SSIEFARL response was less than that resulting from VvgB and HSV immunization and in addition the CD8"
T-cell responses in the memory phase were functionally less effective. Mice challenged soon after immunization
showed excellent immunity, but by 90 days postimmunization this had waned to be significantly less than the
level of immunity in both VvgB- and HSV-immunized mice.

Peptides are poor immunogens unless given with potent
adjuvants that are largely unacceptable or impractical for use
in humans (21). However, as observed originally by Srivastava
and coworkers, peptides bound to one or more classes of mo-
lecular chaperones are often converted into potent immuno-
gens (23, 26). Initially, those chaperone/peptide complexes
were isolated from tumor tissue and shown to induce tumor-
specific immunity (11). Subsequently, it became apparent that
the immunoprotective chaperone complexes contained pep-
tides, which represented the tumor-specific antigens (15, 27).
Recent work has demonstrated that the gp96 and hsp70 class
of chaperones can be loaded with peptides in vitro and shown
to induce immunity in both tumor and virus systems (3, 5, 6,
17). This approach appears to be promising for immunity to
several viruses since it elicits primarily a cytotoxic T lympho-
cyte (CTL) response. For example, recombinant human hsp70
(thsp70) loaded with a peptide from the lymphocytic chorio-
meningitis virus (LCMV) induced both CTL and protective
antiviral immunity (5). It was not clear, however, how this
hsp70-peptide immunization approach compared with other
traditional means of inducing antiviral immunity. In the
present report, we evaluated the vaccine potential of an rhsp70
bound to SSIEFARL derived from glycoprotein B of herpes
simplex virus (HSV). This peptide represents the immunodom-
inant epitope recognized by anti-HSV CTLs in C57BL/6 mice,
and accounts for >90% of the CTL response in this mouse
strain (28). The magnitude of CTL induction by rhsp70-SSIE-
FARL was compared with other means of vaccination, includ-
ing immunization with a recombinant vaccinia vector that also
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expressed the SSIEFARL peptide. We evaluated the response
of these treatments both in the acute phase and into the mem-
ory phase. Our results indicate that hsp70-peptide induced
comparable CTL responses in the acute phase and that mice
were protected from systemic HSV challenge. However, mem-
ory CTL responses induced by rhsp70-peptide were 50% lower
than those induced by either the virus or recombinant vaccinia
virus immunization. The possible explanation for the poor
memory response and the implication of such findings to future
vaccine development are briefly discussed.

MATERIALS AND METHODS

Mice. Four- to five-week-old C57BL/6 (H-2") mice were purchased from Har-
lan Sprague-Dawley (Indianapolis, Ind.). In conducting the research described in
this work, we adhered to the Guide for the Care and Use of Laboratory Animals,
as proposed by the committee on care of Laboratory Animal Resources Com-
mission on Life Sciences of the National Research Council. The facilities are
fully accredited by the American Association for Accreditation of Laboratory
Animal Care.

Peptides. HSVgB (amino acids [aa] 498 to 505) peptide SSIEFARL and
chicken ovalbumin (aa 257 to 264) peptide SIINFEKL and ova265-280 peptide
(TEWTSSNVMEERKIKYV) were synthesized and supplied by Research Genet-
ics, Huntsville, Ala.

Virus. HSV-1 KOS and HSV-1 17 strains were grown on Vero cell monolayers
(ATCC catalog no. CCL81), titrated, and stored in aliquots at —80°C until used.
The recombinant vacccinia virus encoding the minigene SSIEFARL (VvgB) was
provided by S. S. Tevethia (4).

Proteins. rhsp70 was purchased from Stressgen (catalog no. SPP-755). It tested
positive for ATPase activity and does not contain Dnak, as demonstrated by
Western blot analysis.

Cell lines. MC38, Vero (African green monkey kidney cell line), EL4
(C57BL/6, H-2° lymphoma), EMT6 (BALB/c mammary adenocarcinoma cells,
H-2¢) were used. All cell lines were cultured in Dulbecco modified Eagle me-
dium (Life Technologies, Grand Island, N.Y.) supplemented with 10% heat-
inactivated fetal bovine serum, 100 U of penicillin G/ml, 100 wg of streptomycin
sulfate/ml, and 2 mM L-glutamine.

Antibodies. Fluorescence-tagged antibodies for fluorescence-activated cell
sorting (FACS) staining (also purchased from Becton Dickinson, San Diego,
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Calif.) included fluorescein isothiocyanate (FITC)- and phycoerythrin (PE)-la-
beled immunoglobulin G1 (IgG1) isotype control (catalog no. 20604A and
20605A), FITC- and PE-labeled IgG2a isotype control (20047A and 20075A),
FITC- and PE-labeled IgG2b (23244A and 20075A), FITC-labeled anti-IFN-y
(18114A), CD3e (01084A), CD4 (09425A), CD8a (01045A), CD11b (01714A),
CD1lc (09705A), CD16/CD32 (01241A), CD25 (09985B), CD44 (01225A/
01224D), CD62L (01265B), CD69 (01504A/01505B), CD95L (09071A), and
CD154 (CD40L) (09025B/09022D).

hsp70 and peptide binding. The SSIEFARL was loaded onto the hsp70 by the
procedure described by Ciupiti et al. (5). In brief, the peptides were incubated
with rhsp70 in binding buffer (phosphate-buffered saline with 2 mM MgCl,) at
37°C for 60 min. Then, 0.5 mM ADP (Sigma Chemical Co.) was added, and the
incubation was continued for another 60 min at the same temperature. The
peptide was complexed to bovine serum albumin (BSA) by glutaraldehyde con-
jugation.

Immunizations. C57BL/6 mice were immunized with (i) 2.5 pg of SSIEFARL
and 2.5 pg of rhsp70 or BSA, (ii) 2.5 ng of peptide mixed with 2.5 ug of rhsp70
or BSA, or (iii) with binding buffer only. The immunizations were done intra-
peritoneally (i.p.) on day 0 and day 21. The i.p. route was chosen after experi-
menting with intramuscular and footpad injections.

Peptide-specific proliferation. The procedure is exactly as described above,
except for the stimulators. The antigen-presenting cells (APCs) from naive
C57BL/6 mice were pulsed with either SSIEFARL peptide or irrelevant peptide
as control for CD8" T-cell-specific stimulation. Next, 50 U of interleukin-2
(IL-2)/ml was added to the cultures. The incubation continued for 5 days, with
the last 18 h carried out in the presence of [*H]thymidine.

HSV-specific lymphoproliferation. Splenocytes from experimental mice were
restimulated in vitro with X-ray-irradiated APCs that were infected with UV-
inactivated HSV (multiplicity of infection before irradiation of 1.5) or uninfected
and/or unpulsed APCs and then incubated for 5 days at 37°C. The responders
(2 X 10°) were serially double diluted, and stimulators (10°) were mixed at a
responder/stimulator ratio beginning at 20:1, with the addition of 50 U of re-
combinant IL-2 (rIL-2)/ml, and incubated for 5 days (the last 18 h with [*H]thy-
midine). As a positive control, concanavalin A (5 pg/ml) and anti-CD3 were
added to some samples as a polyclonal stimulator and incubated for 3 days. At
18 h before harvesting the cells, [*H]thymidine was added to the cultures. The
cells were harvested and read with an Inotech automatic cell harvester and
reader. Proliferative responses tested in quadruplicate wells were expressed as
mean counts per minute * the standard deviation.

CTL assays. The CTL assay was performed as described earlier (13). Briefly,
effector cells generated after in vitro expansion (with peptide or HSV) were
analyzed for their ability to kill major histocompatibility complex (MHC)-
matched antigen-presenting targets. The cells were mixed with the target at
various ratios and incubated for 4 h. The targets included >'Cr-pulsed MHC-
matched HSV-infected (MC38-HSV), MHC-matched SSIEFARL-pulsed
(MC38-SSIEFARL), MHC-mismatched HSV-infected SSIEFARL-pulsed
(EMT6-HSV and EMT6-SSIEFARL), and MHC-matched uninfected (MC38)
targets. The chromium release results were computed and are expressed as lytic
units as described elsewhere (13).

FACS analysis. Cell suspensions containing 10° cells were incubated with 1 p.g
each of a FITC- or PE-labeled antibody. The cells were then incubated on ice for
45 min to 1 h. Cells were washed again with FACS buffer (1X phosphate-
buffered saline containing 3% fetal calf serum and 0.1% sodium azide) and fixed
with 2% paraformaldehyde. Cells were analyzed on Becton Dickinson FACScan
by using CellQuest software.

Intracellular IFN-y staining (ICG assay). To enumerate the number of IFN-
vy-producing cells, intracellular cytokine staining was performed as previously
described (14). In brief, 10° freshly explanted splenocytes were cultured in
flat-bottom 96-well plates. Cells were either left untreated, stimulated with
SSIEFARL peptide (1 pg/ml), or treated with phorbol myristate acetate (10
ng/ml) and ionomycin (500 ng/ml) and then incubated for 6 h at 37°C in 5% CO,.
Brefeldin A was added for the duration of the culture period to facilitate intra-
cellular cytokine accumulation. After this period, cell surface staining was per-
formed, followed by intracellular cytokine staining by using the Cytofix/Cytoperm
Kit (PharMingen, San Diego, Calif.) in accordance with the manufacturer’s
recommendations. For intracellular cytokine staining, the antibodies used were
anti-IFN-y (clone XMG1.2). All antibodies were purchased from PharMingen
and analyzed with CellQuest software.

Tetramer staining and flow cytometry. MHC class I (H-2) tetramers to mea-
sure SSIEFARL-specific T cells were provided by S. S. Tevethia (18). A total of
10° cells obtained from these mice were stained with a mixture of FITC-labeled
anti-CD8 (Caltag) and PE-labeled H-2K"-SIINFEKL tetramers for 45 min at 4
C. The controls included isotype control, stained cells, and unstained cells. They
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FIG. 1. Dose-response studies for optimization. C57BL/6 mice
were immunized i.p. (after experimentation with inoculation by the
intramuscular and subcutaneous routes) with various doses of hsp70-
peptide preparation ranging from 0.1 to 10 pg/ml to arrive at an
optimum dose to be used in the subsequent analysis of its efficacy.
BSA-SSIEFARL and SSIEFARL alone were included as controls. The
splenocytes were harvested from these mice and analyzed for the
frequency of SSIEFARL-specific CD8" T cells by peptide-stimulated
intracellular IFN-y assay. Based on the results shown, we chose 2.5
pg/ml as the optimum dose for administration.

were then analyzed by using a FACSCAN machine and CellQuest software. The
percentage values seen are the double-positive cells (CD8" and SSIEFARL-
specific T-cell receptor).

Virus challenge. A zosteriform challenge experiment was performed as de-
scribed by Manickan et al. (16). In brief, the left flank area was depilated prior
to challenge by a combination of hair clipping and the use of the depilatory
chemical (Nair; Carter-Wallace, Inc., New York, N.Y.). The animals were anes-
thetized with Metofane (Pitman-Moore, Inc., Mundelein, Ill.), and 20 scarifica-
tions were made in an ~4-mm? area. To such scarifications, 10 pl containing 10°
PFU of HSV-1 (strain 17) were added and the area was gently massaged.
Animals were inspected daily for the development of zosteriform ipsilateral
lesions, general behavior changes, encephalitis, and mortality. The severity of the
lesions were scored as follows: 1+, vesicle formation; 2+, local erosion and
ulceration of the local lesion; 3+, mild to moderate ulceration; 4+, severe
ulceration, hind limb paralysis, and encephalitis; and 5+, ultimate death (mice
that were moribund and hence euthanized).

Statistical analysis. The data were analyzed by dependent-sample ¢ test by
using SPSS for Windows, release 10.1.3 (SPSS, Inc., Chicago, Ill.), and the
Student ¢ test.

RESULTS

Pattern of in vitro response to hsp70-peptide immunization.
In initial experiments, groups of C57BL/6 mice were immu-
nized ip. on days 0 and 21 with (i) various doses of hsp
conjugated to SSIEFARL peptide (molar ratio ~75:1 [peptide/
rhsp70]), (ii) peptide conjugated to BSA, or (iii) 2.5 pg of
rhsp70 mixed but not conjugated to SSIEFARL peptide (75:1
molar ratio of peptide). Animals were killed 7 days after im-
munization, and their splenocytes were stimulated for 6 h with
free peptide. Responsiveness (Fig. 1), measured by detection
of intracellular IFN-y production (ICG), revealed that only
mice immunized with SSIEFARL conjugated to rhsp70 re-
sponded; optimal results were obtained with 2.5 g of rhsp70-
peptide conjugate. This dose was used for subsequent experi-
ments.

In subsequent experiments, the immunogenicity of rhsp70-
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TABLE 1. Comparison of immunity after immunization with
different preparations®

Frequency (%) CTL (LU)

Immunogen Phase” 1CG/ ] HSV/

Tetramer ICG Teto%* Peptide HSV Pep%*

rhsp70-SSIEFARL Acute 7.8 6.9 88 (1) 72 64 89 )
Memory 2.1 1.1 52 15 4 27

UV-inactivated HSV  Acute 6.0 58 97 @ 53 50 94 )
Memory 32 29 91 36 32 89

VvgB Acute 8.1 73 90 3) 82 72 87 ©)
Memory 2.6 1.8 69 32 22 68

“ The mice were sacrificed on day 7 (acute) and day 90 (memory) after the
second immunization and analyzed for tetramer-positive CD8 T-cells, peptide-
induced IFN-y production, and CTL activity by >'Cr release assay as described
in Materials and Methods. The tetramer and ICG values are the percentage of
double-positive cells (CD8"/Tet* and CD8*/IFN-y*, respectively). The CTL
data are expressed as lytic units (LU) and show results accrued from only the
UV-treated HSV, VvgB-, and rhsp70-peptide-immunized groups for SSIEF-
ARL-pulsed and HSV-infected targets. The experiments were done with 10
individual mice in each group at a given time point. The data represent the
average result. Individual values were used to compute the statistics by using
SPSS software to analyze the significance by the dependent sample ¢ test.

® Acute phase, 7 days after the second immunization; memory phase, 90 days
after the second immunization.

¢ ICG/Tet%, (intracellular IFN-y-positive cells/tetramer-positive cells) X 100;
HSV/Pep%, (HSV targets/peptide targets) X 100. P values are indicated by
numbers in parentheses as follows: 1, P < 0.0001 (ty = 13.93); 2, P < 0.001 (to =
4.87); 3, P < 0.0001 (to = 10.74); 4, P < 0.001 (ty = 17.92); 5, P < 0.242 (ty =
1.37); and 6, P < 0.008 (to = 4.99).

peptide conjugate, was compared to both mice immunized with
recombinant vaccinia virus that encoded SSIEFARL as a mini-
gene and to mice immunized with UV-inactivated HSV-1. Ad-
ditional control groups received rhsp70 alone, rhsp70 plus
SSIEFARL, or SSIEFARL coupled to BSA. Animals were
sacrificed either 7 days after the second immunization (i.e.,
acute phase) or 90 days after the second immunization (i.e.,
memory phase), and the isolated splenocytes were evaluated

J. VIROL.

for SSIEFARL and HSV specific reactivity. Four assays were
used: (i) enumeration of CD8" T-cell numbers by a
SSIEFARL-specific tetramer; (ii) peptide-induced intracellu-
lar IFN-y expression (ICG); (iii) cytotoxicity to both syngeneic
peptide and HSV targets; and (iv) proliferative responses to
peptide or HSV antigens. The results are shown in Table 1 and
Fig. 2. It is clear that both a positive acute and a memory
response to hsp70-peptide, VvgB, and HSV was detectable by
all four assays. The control groups rhsp70, BSA-peptide, and
peptide alone were all negative. Both the quantitative tetramer
staining and ICG responses revealed that the rhsp70-peptide
responses exceeded those elicited by UV-inactivated HSV dur-
ing the acute phase. In fact, these assays indicated that rhsp70-
peptide responses were comparable in magnitude to those
induced by VvgB. Similarly, as reflected by peptide-specific
proliferation and CTL responses to peptide targets, maximal
responses were observed in mice immunized with rhsp70-pep-
tide. In addition, when splenocytes were stimulated with HSV,
and HSV-infected targets were used in the cytotoxicity assays,
comparable responses occurred in mice immunized with either
rhsp70-peptide, HSV, or VvgB.

In memory populations (Table 1), the pattern of T-cell re-
sponses to the three immunogens (rhsp70-peptide, VvgB, and
HSV) showed some differences compared to responses ob-
served in the acute phase. Accordingly, responses as deter-
mined by all assays were highest from mice immunized with
UV-inactivated HSV. For example, by the tetramer assay, the
memory response in HSV immunized mice was determined to
be ~53% compared to that observed in the acute phase. In
contrast, with rhsp70-peptide-immunized mice, the tetramer
response was only ~25% of the acute-phase response. In the
memory VvgB-immunized mice, the tetramer response was
~33% that of the acute phase. Differences were also evident in
the various groups in CTL responses to peptide- or HSV-
specific targets. Animals immunized with HSV showed CTL
responses (recorded as lytic units) to peptide and HSV targets
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FIG. 2. hsp70-SSIEFARL immunization induces HSVgB 495 505 (SSIEFARL)-specific CD8* T-cell proliferative response in B6 mice. C57BL/6
mice were immunized with thsp70-SSIEFARL, SSIEFARL, VvgB (10° PFU), HSV-1 KOS (10° PFU), or buffer alone i.p. on days 0 and 21. One
week later the splenocytes were harvested, and nylon wool-nonadherent T cells were assessed for in vitro proliferative response to SSIEFARL
peptide-pulsed or HSV-infected syngeneic APCs. The controls included and not shown are anti-CD3- and concanavalin A-stimulated responders,

stimulators alone, and responders with irrelevant peptide-pulsed APCs.



VoL. 76, 2002

TABLE 2. Zosteriform challenge of mice immunized with
SSIEFARL loaded chaperones

Challenge (HSV-1 = 5 LDs)” at:

Immunogen Acute phase Memory phase

Mortality” Severity’ DD Mortality? Severity’ DD

SSIEFARL 100 5 8 ND

rhsp70-peptide 0 2.6 80 45 12

VvgB 2.5 25 15 53 3.1 14

UV-inactivated HSV 0 <1 0 1.5

rshp70 100 5 9 ND

BSA-peptide 100 5 ND

“ Intracutaneous challenge with 5 LDss of HSV-1 strain-17. Acute phase, 7
days postimmunization; memory phase, 90 days postimmunization. DD, average
day of death.

> Average of two separate experiments involving 12 mice per group.

¢ ZL severity as measured at day 10 postchallenge.

@ Average of two experiments involving 20 mice per group. ND, not done.

¢ ZL severity as measured at day 15 postchallenge.

/P < 0.001.

that were roughly equal. In contrast, HSV-specific responses of
rhsp70-peptide-immunized animals were only 33% of the pep-
tide-specific responses. This demonstrates that the response to
HSV targets was less effective in the hsp70-peptide-immunized
group than that measured in HSV-immunized animals.

The pattern of responsiveness to the VvgB immunogen was
more akin to the pattern in HSV-immunized animals, with the
lytic unit response to HSV being 68% of the peptide response.
Finally, a comparison of the response to peptide, measured by
both tetramer staining and the ICG assay, revealed that the
magnitude of the CD8" T-cell reaction was approximately
equal in the HSV-immunized group (ICG assay result = 94%
of the tetramer response). However, in the rhsp70-peptide-
immunized group, memory responses measured by the ICG
assay were only 52% of those measured by the tetramers.
Collectively, these results serve to indicate that the memory
responses to the rhsp70-peptide complexes was both quantita-
tively and functionally weaker than the responses to either
HSV or VvgB immunization.

Immunity to challenge. Mice immunized with the various
preparations described previously were challenged with five
50% lethal doses (LDs,s) of HSV-1 strain-17 both at the acute
phase (7 days postimmunization) and during the memory
phase (90 days postimmunization). At both stages the mice
were scored for zosteriform lesions (ZL) and for signs of en-
cephalitis. Table 2 presents the cumulative results of two sep-
arate challenge experiments. Clearly, mice immunized with
hsp70-SSIEFARL and challenged in the acute phase all sur-
vived infection. Many animals, in contrast to those immunized
with HSV, developed skin lesions (ZL average of 2.6 at day
10), but none succumbed to encephalitis. Similar results were
observed with the mice immunized with VvgB (ZL average of
2.5 at day 10), with one animal dying of herpes encephalitis.
The control mice groups given peptide-coupled BSA, peptide
alone, or hsp alone all succumbed to challenge.

A different pattern of results was evident when mice were
challenged at 90 days after the second immunization. Thus,
mice immunized with the rhsp70-peptide were more suscepti-
ble to challenge (80% of animals dying of encephalitis) than at
the acute phase. In contrast, HSV-immunized mice resisted
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challenge, with only a few animals showing minor lesions. In
the VvgB-immunized mice, 55% of the animals survived the
challenge, but all animals showed lesions. These lesions were
significantly (P < 0.001) less severe than those observed in the
rhsp70-peptide-immunized animals.

DISCUSSION

The present results demonstrate that immunization with a
molecular chaperone loaded with an immunodominant viral
peptide induces CD8* T-cell immunity and protection from
systemic viral challenge. Specifically, we confirm the ability of
a recombinant human hsp70 loaded in vitro with SSIEFARL
(aa 498 to 505) from the glycoprotein B of HSV to produce a
potent acute effect, followed by a weak memory response.

In the acute phase, CD8" T-cell responses were evaluated
by four separate assays and found to be either comparable or
elevated beyond those induced by immunization with either
HSV alone or with a recombinant vaccinia virus that expressed
SSIEFARL as a minigene. However, 3 months after immuni-
zation the CD8" T-cell immunity was still detectable in the
rhsp70-peptide-immunized mice, whereas activity levels had
diminished to ~50% of those present in the HSV-immunized
animals. Moreover, rthsp70-peptide immune animals remained
more susceptible to systemic challenge than the HSV- or
VvgB-immunized mice and yet still displayed significant pro-
tection compared to control animals. The reduction in immu-
nity in the memory phase, compared to animals immunized
with virus or VvgB, appeared to be associated both with a
diminished quantitative and functional CD8* T-cell response.
Thus, CD8" T cells measured by tetramers fell fourfold in
rhsp70-peptide immune animals between the acute and mem-
ory phase. In addition, CD8" T cells were less functional, as
measured both by the percentage of tetramer positive cells that
scored positive by the ICG assay and by the ability of CTLs to
kill both HSV- and peptide-sensitized target cells. Our results
indicate that rhsp70-peptide represents a useful vaccination
strategy, but optimal efficacy may require the optimization of
dosage, timing, and choice of epitopes to increase the magni-
tude and function of the memory CD8" T-cell response.

Several observations have documented that the feeble im-
munogenicity of CD8 peptide epitopes can be overcome by the
use of appropriate carrier systems and adjuvants (9, 12, 19).
The ability of chaperones to possibly function in both capaci-
ties is highly attractive, since these conserved proteins have
minimal immunogenicity and no apparent toxicity (1, 2, 25).
Unexpectedly however, chaperones may act as potent adju-
vants when linked either covalently or noncovalently to pep-
tides (10, 20, 24). Initial observations of this effect came from
the tumor field, where complexes of stress proteins and tumor
peptide antigens were isolated from tumors and shown to be
excellent immunogens (11). Subsequently, complexes between
various chaperone proteins and peptide prepared in vitro were
shown to induce CD8" T-cell immunity (3). One report doc-
uments that the normally intracellular stress protein hsp70
bound to an epitope peptide of LCMV induced CD8" T-cell
immunity and immunoprotection (5). However, this report
failed to compare the immunogenicity of the hsp70-peptide
with other forms of vaccination, nor did it study the duration of
immunity. The findings in this study corroborates many of the
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results above and also demonstrates for the first time their
efficacy in comparison to other forms of vaccination and eval-
uation of the duration. Our results confirm that immunization
with rhsp70 linked noncovalently to an immunodominant CD8
peptide epitope provides an excellent immunogen and confers
immunity to viral challenge. Indeed, the rhsp70-peptide ap-
proach induced a potent CD8" T-cell response equivalent to
that engendered by exposure to live or UV-inactivated virus.
Such observations applied, however, only for the acute phase
soon after immunization. According, the durability of immu-
nity induced by rhsp70-peptide was less than that observed
with either HSV or VvgB immunization.

This diminished resistance of rhsp70-peptide-immunized
mice appeared to have both a quantitative and a functional
explanation in terms of the CD8" T-cell response. Accord-
ingly, when analyzed 3 months postimmunization, the numbers
of CD8" T cells measured by peptide specific tetramers had
fallen more notably in rhsp70-peptide-immunized animals than
had occurred in animals immunized with HSV. Perhaps of
greater consequence, however, the CD8" T-cell reactivity that
did remain showed functional shortcomings. Thus, when we
compared the ability of peptide binding cell to produce IFN-y
upon stimulation, a much lower percentage of cells from
rhsp70-peptide-immunized animals scored positive than was
evident in HSV-immunized mice.

Indeed, the rhsp70-peptide memory population shows func-
tional defects similar to those of the so-called “Sisyphean cell”
described by the Ahmed group that occurred in instances in
which T-cell help was lacking in mice exposed to LCMV (29).
Our group has also observed functionally defective HSV pep-
tide-specific cells in LTa mice, which lack normal lymphoid
function (13). The appearance of such functionally defective
cells may reflect the absence of adequate helper cell stimula-
tion by rhsp70-peptide complexes during the immunization
process. Conceivably, such helper cell deficiencies could be
overcome by coimmunization with helper cell-inducing epitopes
by providing help by other means of costimulation or facilitat-
ing interaction between responder T cells and cells which
present the rhsp70-peptide antigen. Such experiments are cur-
rently under way in our laboratory.

An additional explanation for the observation that rhsp70-
peptide-immunized mice were less protected in the memory
phase than occurred with the other immunogens tested could
be that memory CTLs from rhsp70-peptide-immune mice show
less avidity. Accordingly, in contrast to CD8" T cells from
HSV-immunized mice, cells from rhsp70-peptide-immunized
animals were less able to lyse HSV-infected targets than they
were on peptide-sensitized targets. Such a situation has been
described as low avidity (8, 22). It has also been noted to occur
when CTL precursors were stimulated in vitro with high doses
of peptide. Such low-avidity cells were less immunoprotective
in adoptive transfer experiments against virus infection (7).
Since a major requirement for any vaccine is that it should
induce potent long-term memory responses, it will be impor-
tant to find methods to reinforce the memory responses to
rhsp70-peptide immunization. Several approaches are cur-
rently being tested in an attempt to improve the memory CTL
responses induced by rhsp70-peptide immunization.

J. VIROL.
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