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Tumor cell–derived heat shock proteins
are used as vaccines for immunotherapy
of cancer patients. However, current
approaches require the generation of
custom-made products and are clini-
cally ineffective. To improve the applica-
bility of heat shock protein–based immu-
notherapy in cancers and to enhance
clinical efficacy, we explored combina-
tional treatments in a myeloma setting
using pooled heterogeneous or alloge-
neic myeloma cell line–derived glycop-
rotein 96 (gp96) as universal vaccines,
and clearly demonstrated that pooled

but not single gp96 from heterogeneous
or allogeneic myeloma cell lines was as
effective as autologous gp96 in protect-
ing mice from tumor challenge and re-
challenge and in treating established
myeloma. We showed that interferon �

and CD4� and CD8� T cells were re-
quired for gp96-induced antimyeloma
responses and that pooled gp96 in-
duced broader immune responses that
protected mice from developing differ-
ent myeloma. Furthermore, pooled gp96
plus CpG in combination with anti-B7H1
or anti–interleukin-10 monoclonal anti-

bodies were effective in treating mice
with large tumor burdens. Thus, this
study strongly suggests that pooled
gp96 vaccines from myeloma cell lines
can replace gp96 vaccines from autolo-
gous tumors for immunotherapy and
induce immune responses against
broader tumor antigens that may pro-
tect against tumor recurrence and devel-
opment of unrelated tumors in vacci-
nated myeloma patients. (Blood. 2009;
114:3880-3889)

Introduction

Tumor immunotherapy holds great promise in controlling or even
eradicating residual diseases and may provide an alternative
treatment modality to conventional chemotherapy for cancer
patients.1,2 In multiple myeloma (MM) and other B-cell malignan-
cies, tumor-specific immune and clinical responses can be induced
by immunization using idiotype-based vaccines.3,4 However, the
idiotype proteins represent a unique tumor-specific antigen and
thus cannot provide shared immunity and protection to other
patients with B-cell tumors. Therefore, in addition to optimizing
immunotherapy methods, there is an urgent need to search for and
use novel shared tumor antigens to efficiently stimulate antitumor
cytotoxic T lymphocyte (CTL) responses in treated cancer patients.

Heat shock proteins (hsp) are a large family of both inducible and
ubiquitously expressed protein chaperones involved in assisting protein
folding and unfolding in cells. They include several different molecular-
weight-class families, such as hsp27, hsp70, and hsp90. Hsps are among
the most conserved proteins known in phylogeny with respect to both
structure and function.5,6 Understanding the immunologic significance
of hsps came from the observation that tumor cell–derived hsps could
immunize against tumors, which is attributed to hsp-chaperoned pep-
tides derived from tumor antigens.7-9 Studies in solid tumors have
shown that tumor-derived hsps such as hsp70 and gp96 are immuno-
genic and potent in stimulating the generation of tumor-specific CTLs.10,11

Hsp70- and glycoprotein 96 (gp96)–based vaccines have been tested in
early-phase clinical trials in solid tumors as well as in lymphoma and

leukemias; all of these vaccines showed minimal toxicity and potential
efficacy.12-14 Phase 3 clinical studies using tumor-derived gp96 as
vaccines for melanoma and renal cell carcinoma have recently been
completed, and clinical benefits were observed only in subsets of
patients.15 However, these approaches require preparation of individual-
ized hsp vaccines, which is not only laborious but also expensive.
Moreover, in many types of tumors including MM, although myeloma-
derived gp96 can efficiently stimulate an antimyeloma CTL response,16

the requirement of a relatively large amount of tumor-derived hsps17,18

as vaccines limits the applicability and feasibility of clinical trials in
treating this and other malignancies. To improve the applicability and
feasibility of hsp-based immunotherapy in cancers and to enhance
clinical efficacy, we have explored the use of pooled, heterogeneous, or
allogeneic myeloma cell line–derived gp96 as a universal vaccine for
immunotherapy of MM. Furthermore, we combined the vaccines with
immune adjuvants and other therapeutic strategies to break immune
suppression to further improve the clinical efficacy of the immunotherapy.

Methods

Myeloma cell lines

The murine myeloma cell lines P3X63Ag8U.1, MOPC-315, MPC-11,
HOPC-1F/12, and C1.18.4 (Table 1) were purchased from ATCC. The
murine myeloma cell line 5TGM119,20 was derived from 5T33 myeloma
cells developed in aged C57BL/KaLwRij mice.21 All cell lines were
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cultured in Iscove modified Dulbecco medium complete medium (Atlanta
Biologicals) with 1% penicillin/streptomycin and 2 mM L-glutamine.

Mice

Male mice at 6 to 8 weeks old were used. C57BL/KaLwRij mice were
purchased from Harlan CPB, Balb/c mice were purchased from National
Cancer Institute (NCI), and C3H/He and interferon � (IFN-�) knockout
Balb/c mice were purchased from The Jackson Laboratory. The studies
were approved by the Institutional Animal Care and Use Committee of the
University of Texas M. D. Anderson Cancer Center.

Preparation of gp96

Gp96 was purified from each of the tumor cell lines and normal murine liver
as described before.16,22,23 After sterile filtration, the preparations were
aliquoted and stored at �20°C until use. No lipopolysaccharide contamina-
tion was detected in gp96 preparation by a limulus amebocyte lysate
QCL-1000 kit (Cambrex Bioscience).

Generation of DCs

Dendritic cells (DCs) were generated from murine bone marrow stem cells
as described previously.24 At day 8, immature DCs were collected, pooled,
and pulsed with gp96 protein at a concentration of 100 �g per 106 DCs.
TNF-� (10 ng/mL) and interleukin-1� (IL-1�; 10 ng/mL; R&D Systems)
were added to the immature DCs, and after 48 hours of culture, gp96-pulsed
mature DCs were collected and used in the study.

Mouse vaccination

In prophylaxis studies, vaccinations consisted of 2 subcutaneous injections
(on days 0 and 7) of 10 �g/mouse gp96 derived from murine tumor cell
lines. Control mice received injections of 10 �g/mouse gp96 derived from
murine liver. On day 14, mice were subcutaneously or intravenously
challenged with tumors (106 cells/mouse). In therapeutic studies, mice
received subcutaneous injection of tumors (106 cells/mouse) on day 0,
followed by 3 subcutaneous gp96 vaccinations (10 �g/mouse) at a 3-day
interval when the subcutaneous tumors reached 25 mm2 or 100 mm2. As a
control, mice were immunized with gp96 purified from murine liver. Mice
were killed when subcutaneous tumors reached 225 mm2 or when mice
became moribund. Tumor burdens and survival data are used for compari-
son. The schema of mouse vaccination experiments is shown in supplemen-
tal Figure 1 (available on the Blood website; see the Supplemental Materials
link at the top of the online article).

For enhancing the efficacy of gp96 vaccines, various adjuvants including
granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-12, or CpG
were used. GM-CSF (200 ng/day per mouse) and IL-12 (40 ng/day per mouse),
respectively, were injected subcutaneously adjacent to the vaccination sites for
3 consecutive days. CpG-ODN-1826 (CpG; TCCATGACGTTCCTGACGTT;
DNATechnologies Inc) was administered at a dose of 50 �g/mouse, mixed with
and injected together with gp96 vaccines.

In vivo depletion of lymphocytes

To deplete CD4� or CD8� T cells or natural killer (NK) cells in vivo, mice were
first vaccinated twice with gp96 vaccines, followed by intraperitoneal injections
of depleting monoclonal antibodies (mAbs; 100 �g per mouse) on days 1, 4, and
7 after the second vaccination. Myeloma cells were injected subcutaneously on
the same day of the last mAb injection. The following mAbs were used: anti-CD4

(GK1.5; ATCC); anti-CD8 (2.43; ATCC); rabbit anti–asialo-GM1 (Wako Pure
Chemical Inc), or rat immunoglobulin G (IgG). The efficacy of the treatment,
evaluated by flow cytometry using T- and NK-cell markers, was shown to be
greater than 90%.

In some experiments, anti-B7H1 (M1H5, kindly provided by Prof
Miyuki Azuma, Tokyo Medical and Dental University, Tokyo, Japan),
anti–IL-10 (JES052A5; R&D Systems), or anti-CD25 (PC61; ATCC) mAbs
were used to block B7H1, neutralize IL-10, or deplete regulatory T cells
(Tregs), respectively, in vivo. Normal rat IgG (Sigma-Aldrich) was used as
a control. Mice were injected intraperitoneally (4 times at a 3-day interval)
with anti-B7H1 (200 �g/mouse), IL-10 (100 �g/mouse), or anti-CD25
(100 �g/mouse) after the first vaccination.

Adoptive transfer of lymphocytes

Splenocytes from 8- to 10-week-old vaccinated or naive Balb/c mice were
obtained and CD4� or CD8� T cells were isolated using anti-CD4 or
anti-CD8 mAb-coated magnetic beads (Miltenyi Biotec). Purified CD4� or
CD8� or splenocytes were resuspended in sterile phosphate-buffered saline
at a concentration of 5 � 107 cells/mL, and intravenously injected to
recipient mice (5 � 106 cells/mouse) one week after tumor inoculation.

To examine in vivo proliferation of adoptively transferred T cells,
purified CD4� or CD8� T cells were incubated with 5�M carboxyfluores-
cein succinimidyl ester (CFSE; Molecular Probes) for 10 minutes at 37°C,
followed by washing. CFSE-labeled cells were intravenously injected into
recipient mice. Five days after the transfer, mice were killed and spleens
and lymph nodes were collected to detect the T cells.

Antigen-specific T-cell proliferation

Splenocytes or cultured T cells were labeled with 5�M CFSE for 10 min-
utes at 37°C. After washing, labeled cells were seeded into 96-well,
U-bottom plates and incubated with various stimulatory cells for 7 days.
Flow cytometric analysis was used to detect dilution of CFSE, which
represents T-cell proliferation.25

Cytotoxicity assay

The standard 4-hour 51Cr-release assay was performed to examine the
cytotoxicity of T cells against myeloma cells, as described previously.26

Flow cytometric analysis

Phycoerythrin-, fluorescein isothiocyanate–, or allophycocyanin-
conjugated mAbs were added to cell pellets, incubated for 30 minutes on
ice, and washed 3 times before analysis. Intracellular cytokine staining was
performed using the Cytofix/Cytoperm kit (BD PharMingen). Samples
were analyzed using a flow cytometer (FACSCalibur; Becton Dickinson).

Immunohistochemistry

Formalin-fixed, paraffin-embedded sections of tissues or tumors from mice
were used for the analysis as described in detail previously.27 All slides were
observed with light microscopy (10�/0.30 objective lens, Axiovert 200;
Carl Zeiss) and images were captured with digital image processing
software (AxioVision AC; Carl Zeiss).

Statistical analysis

The Student t test was used to compare various experimental groups. A
P value less than .05 was considered statistically significant. Unless
otherwise indicated, means and SD are shown.

Results

Pooled heterogeneous or allogeneic gp96 vaccines protect
mice from tumor challenge and rechallenge and are as effective
as autologous gp96 vaccines

In this study, we used MM as a tumor model to test our hypothesis
that pooled gp96 from heterogeneous or allogeneic tumor cell lines

Table 1. Murine myeloma tumor cell lines used in this study

Designation Idiotype Strain of mouse

A P3X63Ag8U.1 None Balb/c

B MOPC-315 IgA Balb/c

C MPC-11 IgG2b Balb/c

D HOPC-1F/12 IgG2a Balb/c

E 5TGM1 IgG2b C57BL/KaLwRij

F C1.18.4 IgG2a C3H
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can be used as universal tumor vaccines for cancer patients. As
shown in Table 1, 4 different murine myeloma cell lines that
originated from Balb/c mice (tumors A-D) and 2 myeloma cell
lines that originated from C57BL and C3H mice (tumors E and F)
were obtained. gp96 proteins purified from these cell lines were
used as vaccines and gp96 from mouse liver cells was used as
normal protein control. Balb/c mice were vaccinated with 2 weekly
subcutaneous injections of either normal gp96 (g96N); gp96 from

tumor A (gp96A), tumor B (gp96B), or tumor C (gp96C); pooled
gp96 from tumors B and C (gp96BC); or pooled gp96 from tumors
B, C, and D (gp96BCD), followed by subcutaneous challenge with
tumor A cells 1 week later. Tumor burdens were monitored by
measuring tumor sizes, and mice were killed when subcutaneous
tumors reached 15 mm in diameter. As shown in Figure 1A,
whereas 100% of mice vaccinated with gp96N developed my-
eloma, 10%, 90%, 100%, 40%, and 20% of mice vaccinated with

Figure 1. Protective effects of gp96 vaccines against myeloma development. Results shown are measurements of tumor burdens and survival of mice that received
different treatments. Tumor burdens were measured twice every week. Mice were killed when subcutaneous tumors reached 225 mm2 or when mice became moribund.
(A) Balb/c mice (10 per group) were subcutaneously vaccinated twice with either normal gp96 (g96N); gp96 from tumor A (gp96A), tumor B (gp96B), or tumor C (gp96C); pooled
allogeneic gp96 from tumors B and C (gp96BC); or pooled allogeneic gp96 from tumors B, C, and D (gp96BCD) followed by challenge with tumor A. (B) Mice were
subcutaneously vaccinated twice with gp96A followed by challenge with tumor A, and surviving mice (5 per group) were rechallenged with tumors A, B, C, or D 8 weeks after the
first challenge. (C) Mice were subcutaneously vaccinated twice with gp96BCD followed by challenge with tumor A, and surviving mice (5 per group) were rechallenged with
tumors A, B, C, or D 8 weeks after the first challenge. (D) Staining for CD138� myeloma cells (brown) in the tumor nodules of tumor-bearing or injection sites of tumor-free
Balb/c mice immunized with autologous gp96A or pooled heterogeneous gp96BCD. Representative results of 1 of 3 independent experiments performed are shown. *P � .05;
**P � .01 (compared with controls).
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gp96A (autologous gp96), gp96B, gp96C, pooled gp96BC, or
gp96BCD, respectively, developed myeloma. More than 80% of
mice receiving gp96A or gp96BCD vaccines survived without
tumor burden.

Figure 1B shows that vaccination also generated tumor-specific
memory responses; gp96A-vaccinated and tumor A–inoculated
surviving mice were protected from rechallenge with tumor A but
not with tumors B, C, or D, indicating that gp96 vaccines and
subsequent tumor challenge induced specific memory immune
responses against the original tumor. gp96BCD-vaccinated and
tumor A–inoculated surviving mice were protected or partially
protected from rechallenge with tumors A, B, and D, but not tumor
C (Figure 1C), which suggests that vaccination with pooled gp96
induced a broader immune responses against different tumors and
subsequent tumor (A) inoculation expanded the response toward
the challenging tumor cells. Immunohistochemical staining con-
firmed that there were fewer or no tumor cells in the subcutaneous
nodules or tumor-injection sites in tumor-free mice immunized
with gp96A or pooled gp96 (Figure 1D). Pooled heterogeneous
gp96 vaccines were also as effective as autologous gp96 vaccines
in protecting Balb/c mice from developing tumor B (supplemental
Figure 2) or tumor D myeloma (supplemental Figure 3). However,
gp96 vaccines, either autologous or heterogeneous, were less
protective in mice against tumor C myeloma (supplemental Figure
4), indicating that tumor C cells are less immunogenic than the
other tumors. These findings clearly show that pooled, but not
single, heterologous gp96 vaccines, particularly the ones pooled
from 3 cell lines, were as potent as autologous gp96 vaccines in
protecting mice from developing myeloma.

We also examined whether gp96 from Balb/c mouse–derived
myeloma cell lines could protect against myeloma in other strains
of mice. As described previously, mice received 2 injections of
gp96 vaccines followed by inoculation of tumor cells intravenously
(tumor E) or subcutaneously (tumor F). Although gp96 vaccines
were less efficient at protecting the mice from developing tumors
E or F, pooled gp96BCD was as effective as gp96 from the
autologous tumors in delaying the development of myeloma and
prolonging the survival of tumor E–bearing C57BL (supplemental
Figure 5a) and tumor F–bearing C3H (supplemental Figure 5b)
mice. These results demonstrate the ability of pooled allogeneic
gp96 vaccines in protecting mice with different major histocompat-
ibility complex (MHC) haplotypes from developing myeloma.
Taken together, these findings strongly suggest that pooled gp96
vaccines from heterogeneous or allogeneic myeloma cell lines can
replace gp96 vaccines from autologous tumor cells as universal
tumor vaccines for all patients. Moreover, pooled gp96 vaccines
induce broader immune responses against different tumor antigens
than autologous gp96 vaccines, which may be important for
protecting against tumor recurrence and development of unrelated
tumors in vaccinated patients.

gp96 vaccines induced CD4� and CD8� T-cell responses
against tumor cells

The mechanisms of tumor protection induced by tumor vaccines
are numerous2,28 and are often associated with CTL and IFN-�
production. To assess whether CTL activity was induced by the
vaccines and tumor challenge, Balb/c mice were first vaccinated
with gp96N, gp96A, gp96BC, or gp96BCD, followed by inocula-
tion with tumor A cells. One week after tumor injection, mice were
killed and splenocytes were collected, restimulated with irradiated
tumor A cells in vitro for 3 days, and subjected to analyses. In some
cases, splenocytes were labeled with CFSE, followed by ex vivo

restimulation with irradiated tumor-A cells. Flow cytometric analy-
sis showed that restimulated CD8� T cells exhibited the typical
effector CTL phenotype (CD25�CD69�CD62LlowCD44high

perforin�) in mice vaccinated with gp96A, gp96BC, or gp96BCD
(Figure 2A). CFSE dilution analysis indicated that the tumor-
specific T-cell proliferative response from mice vaccinated with
pooled gp96BCD was the same as that of mice vaccinated with the
autologous gp96A, and a stronger CD8� T-cell response was
observed compared with CD4� T-cell response (Figure 2B).
Intracellular cytokine staining showed that the restimulated CD4�

and CD8� T cells secreted IFN-� and a lower amount of IL-4
(Figure 2C). Cytotoxicity assays demonstrated that splenocytes
from mice vaccinated with gp96A, gp96BC, and gp96BCD effi-
ciently killed tumor A cells in vitro (Figure 2D). As expected, no
tumor-specific T-cell response was detected in mice vaccinated
with control gp96N and subsequently challenged with tumor-A
cells, which underscores the requirement of gp96 vaccination in
generating tumor-specific T-cell responses. Similar results were
also obtained from mice vaccinated with gp96 vaccines and
inoculated with tumor-B cells (supplemental Figure 6a-c). These
results indicate that, similar to vaccination with autologous gp96,
vaccination with pooled heterogeneous gp96BCD or gp96ACD
induced predominantly tumor-specific, IFN-�–producing CD4�

and CD8� T-cell responses in mice inoculated with tumor cells.
These results confirm the ability of pooled gp96 vaccines from
heterogeneous tumor cell lines to induce tumor-specific T-cell
responses in vivo.

We also examined the longevity of tumor-specific T-cell re-
sponses in mice vaccinated with autologous and pooled heteroge-
neous gp96 vaccines. Balb/c mice received 2 subcutaneous injec-
tions of gp96 vaccines and killed at 1, 2, or 3 months after the final
gp96 vaccination. Splenocytes were labeled with CFSE and
restimulated with irradiated tumor A cells for 5 days. As shown in
supplemental Figure 6d, tumor-specific T-cell responses could be
detected at 3 months after vaccination, although the percentages of
proliferating T cells gradually decreased over time. Again, tumor-
specific T-cell responses were comparable in mice vaccinated with
the autologous gp96A and pooled gp96BCD.

IFN-� and CD4� and CD8� CTLs are crucial for gp96
vaccine–induced antitumor immune responses

Next, we evaluated the role of IFN-�, CD4�, and CD8� T cells,
and NK cells in gp96 vaccine-induced antitumor responses in vivo
using Ab depletion and Balb/c mice deficient in IFN-� (IFN��/�).
First, Balb/c mice were vaccinated with 2 subcutaneous injections
of gp96BCD, followed by depletion of CD4� or CD8� T cells or
NK cells before challenge with tumor-A cells. Mice vaccinated
with gp96N or injected with control rat IgG served as controls. As
shown in Figure 3, whereas all mice vaccinated with gp96N died of
myeloma and all mice vaccinated with gp96BCD and injected with
rat IgG were protected from developing myeloma, depletion of
CD4� T cells by injecting anti-CD4 mAb led to a loss of protection
in 3 of 5 mice. Depleting CD8� T cells resulted in myeloma
development in 4 of 5 mice, whereas depletion of NK cells resulted
in myeloma development in 1 of 5 mice. Mice deficient in the
production of IFN-� (IFN��/� mice) lacked the ability to mount
antitumor immunity after the vaccination and all died from
myeloma. Similar results were also obtained in Balb/c–tumor-B
model (supplemental Figure 7). These results demonstrate that,
although NK cells may play a role, IFN-� and both CD4� and
CD8� T cells are the major effector molecules and cells in gp96
vaccine–induced protection against myeloma.
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Adoptive transfer of vaccinated splenic T cells protected naive
mice from developing myeloma

To further confirm the importance of tumor-specific CD4� and
CD8� T cells in antitumor responses, we investigated the in vivo
efficacy of splenic T cells at mediating antimyeloma activity by

adoptive transfer experiments. Balb/c mice were first challenged
with tumor-A cells, and 7 days later, were infused intravenously
with 107 splenocytes or purified CD4� or CD8� T cells from mice
vaccinated with gp96BCD and survived from tumor A challenge.
Splenic CD4� and CD8� T cells from naive Balb/c mice served as

Figure 2. gp96 vaccines induce CD4� and CD8� tumor-specific T-cell responses. Balb/c mice (3 per group) were subcutaneously vaccinated twice with either normal
gp96N or tumor-derived gp96A, gp96BC, or gp96BCD followed by challenge with tumor A. One week later, splenocytes were isolated, pooled, and restimulated with irradiated
tumor-A cells for 5 days. Shown are the results of T cells from mice immunized with different gp96 vaccines. (A) Expression of CD25, CD69, CD62L, and CD44 by gated CD8�

T cells measured by flow cytometric analysis. Numbers inside represent mean fluorescence index (MFI). (B) Percentages of proliferative T cells measured by CFSE dilution
assay on gated CD4� and CD8� T cells. (C) Percentages of IFN-� or IL-4–positive T cells on gated CD4� and CD8� T cells. (D) Cytotoxicity of CTLs against tumor-A cells.
Representative results of 3 independent experiments are shown. The error bars in panel D represent SD of 3 independent experiments.

Figure 3. Importance of T cells, NK cells, and IFN-� in gp96 vaccine–induced tumor protection. Mice (5 per group) were subcutaneously vaccinated twice with pooled
heterologous gp96BCD and depleted of CD4� or CD8� T cells or NK cells by specific mAbs before tumor-A challenge, or IFN��/� mice were subcutaneously vaccinated twice
with gp96BCD and followed by tumor A challenge. Tumor burdens were measured twice each week. Mice were killed when subcutaneous tumors reached 225 mm2 or when
mice became moribund. Results shown are measurements of tumor burdens and survival of mice that received different treatments. Representative results of 1 of
2 independent experiments performed are shown. *P � .05; **P � .01 (compared with controls).
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controls. As shown in Figure 4, panels A and B, all tumor-bearing
mice receiving infusion of phosphate-buffered saline or T cells
from naive mice died from myeloma within 1 month after tumor
inoculation, whereas 3 of 5, 4 of 5, and 5 of 5 mice infused with
immunized CD4� T cells, CD8� T cells, or splenocytes, respec-
tively, survived with minimal or without tumor burdens. To
examine the in vivo proliferation of these adoptively transferred
T cells, we labeled splenocytes with CFSE and infused them into
Balb/c mice 7 days after tumor-A inoculation. Five days later,
lymph nodes and spleens were collected and T cells were analyzed
for CFSE dilution. As shown in Figure 4C, in the spleens and
lymph nodes of the recipient mice, CD4� and CD8� T cells from
immunized mice proliferated, whereas T cells from naive mice did
not. These results confirm the importance of gp96 vaccine–
induced, tumor-specific CD4� and CD8� T cells in protecting mice
from developing myeloma in vivo.

T cells from tumor-bearing mice secreted more IL-10

Next, we compared T-cell responses induced by gp96 vaccines in
mice that either were cleared of or succumbed to myeloma to better
understand the relationship of myeloma and the immune system.
Balb/c mice were first vaccinated with different gp96 vaccines and
subsequently challenged with tumor-A cells. Mice were followed
for 3 weeks and tumor-bearing, tumor-free, or no-visible-tumor-
burden mice were selected and killed. Splenocytes from the mice
were restimulated with irradiated tumor A cells for 5 days, and
supernatants of the cultures were collected and used for enzyme-
linked immunosorbent assay to detect secreted cytokines. As
shown in Figure 5A, splenocytes from mice that were tumor-free or
those with no visible tumor burden secreted high amounts of IFN-�
and IL-4 but low IL-10, whereas splenocytes from tumor-bearing
mice secreted high amounts of IL-4 and IL-10 but low IFN-�.
These results indicate that clearance of myeloma was accompanied
by induction of tumor-specific type-1 and type-2 T-cell responses
induced by gp96 vaccines, whereas tumor development led to a
shift to tumor-specific type-2 and IL-10–secreting regulatory T-cell

responses. Indeed, our results showed that more CD4�Foxp3�

Tregs were found in the spleens of tumor-bearing mice compared
with tumor-free mice and in the tumors (Figure 5B). Furthermore,
we showed that all the myeloma cells expressed a negative T-cell
costimulatory molecule B7H1 (Figure 5C), and blocking surface
B7H1 using a specific mAb (M5H1)29 enabled tumor-specific
CTLs from vaccinated mice to be more efficient at lysing the tumor
cells (Figure 5D). Thus, these results indicate that myeloma cells
are able to induce or recruit regulatory T cells and actively inhibit
the cytolytic function of tumor-specific CTLs by expressing B7H1.

Pooled heterogeneous gp96 vaccines are as effective as
autologous gp96 vaccines in the treatment of established
myeloma

Finally, we investigated whether autologous or pooled heteroge-
neous gp96 vaccines could be used to treat established myeloma.
Balb/c mice were first inoculated subcutaneously with tumor-A
cells, and when subcutaneous tumors reached 25 mm2, vaccination
with autologous gp96A, pooled gp96BC, or gp96BCD was initi-
ated, which included 3 subcutaneous injections of gp96 proteins at
a 3-day interval. Gp96N was used as a protein control. As shown in
Figure 6A, vaccination with gp96N, gp96A, gp96BC, or gp96BCD
led to tumor regression in 0 of 5, 3 of 5, 1 of 5, and 3 of 5 mice,
respectively, indicating that pooled gp96 from 3 heterogeneous
tumor cell lines (gp96BCD) was as effective as autologous gp96A
in treating established myeloma. To enhance the therapeutic
efficacy of gp96 vaccines, we explored combinational treatment of
the vaccines (gp96BCD) with adjuvants GM-CSF,30,31 IL-12,32,33 or
Toll-like receptor ligand CpG-ODN-1826 (CpG).34,35 As shown in
Figure 6B, whereas gp96N, CpG alone, gp96BCD alone, gp96BCD
plus GM-CSF, and gp96BCD plus IL-12 eradicated established
myeloma in 0 of 5, 2 of 5, 3 of 5, 4 of 5, and 3 of 5 mice,
respectively, gp96BCD plus CpG eradicated myeloma in all
5 mice. However, if the treatments were given when subcutaneous
tumors reached 100 mm2 (large tumor burdens) in the mice, the
immunotherapies were less effective (Figure 6C). Nevertheless,

Figure 4. Effects of adoptively transferred
T cells on myeloma development. Mice (5 per
group) were challenged with tumor A cells, fol-
lowed by intravenous infusion of 107 splenocytes
or purified CD4� and CD8� T cells from tumor-A
surviving mice vaccinated with gp96BCD or naive
Balb/c mice 7 days later. Shown are (A) tumor
burdens and (B) survival of mice receiving different
T cells; or (C) percentages of proliferating CD4�

and CD8� T cells measured by CFSE dilution in
the spleens or lymph nodes of mice receiving
CFSE-labeled splenocytes from naive or gp96BCD-
vaccinated mice. The error bars in panel A repre-
sent SD of 5 mice. Representative results of 1 of
3 independent experiments performed are shown.
*P � .05; **P � .01 (compared with controls).
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these findings clearly indicate that pooled heterogeneous gp96
vaccines can replace gp96 vaccines from autologous tumor cells to
treat cancers, and among the adjuvants examined, CpG is most
potent at enhancing the therapeutic effects of gp96 vaccines.

To cure mice with large tumor burdens with the pooled
heterogeneous gp96 vaccines, we hypothesized that it is necessary
not only to enhance the immunogenicity of the vaccines, but also to
target the suppressive tumor microenvironment and break immune
suppression on effector cells. Based on the results presented
previously in this study, we examined whether depleting Tregs,
blocking B7H1-negative T-cell signaling, and neutralizing IL-10
would further improve the efficacy of the vaccine (gp96BCD). In
this study, we used anti-CD25 mAb to deplete CD25� Tregs,36,37

anti-B7H1 (M5H1) mAb29 to block negative T-cell signaling, and
anti–IL-10 mAb to neutralize IL-10 in mice bearing large tumor
burdens. Mice were inoculated with tumor-A cells, and when
tumors reached 100 mm2, vaccination and other treatments were
given, which included 3 subcutaneous vaccinations followed by
intraperitoneal injections of depleting, blocking, or neutralizing
mAbs on days 1, 4, 7, and 10 after the first vaccination. As shown in
Figure 6D, whereas all mice receiving gp96N and control IgG and
4 of 5 mice vaccinated with gp96BCD alone died from myeloma by
25 day after tumor injection, treatments with pooled gp96BCD plus
CpG, or gp96BCD plus CpG in combination with anti-CD25,
anti-B7H1, or anti–IL-10 mAbs, respectively, eradicated myeloma
in 3 of 5, 3 of 5, 4 of 5, and 4 of 5 mice, respectively. These results
indicate that pooled gp96BCD plus CpG in combination with

anti-B7H1 or anti–IL-10 mAbs were more effective at eradicating
established large myeloma in vivo. Taken together, these results lay
a basis for future clinical trials in myeloma using pooled allogeneic
gp96 from human tumor cell lines.

Discussion

The goals of this study were to develop hsp-based immunotherapy
for cancer patients without the requirement of individualized
vaccine preparation and to improve the therapeutic efficacy of the
treatment. To overcome the first problem, we hypothesized that
pooled hsps such as gp96 from established tumor cell lines can be
used to replace gp96 purified from autologous tumor cells and can
be used as universal vaccines for immunotherapy of all patients
with the same type of cancers. By pooling hsps from several cell
lines, a broader repertoire of tumor antigens may be obtained to
cover the need of all potential patients. In this study, preclinical
studies using murine myeloma cell lines and mouse models were
performed. Our results clearly showed that pooled gp96 vaccines
from heterogeneous or allogeneic myeloma cell lines protected
mice against developing myeloma and treated myeloma-bearing
mice as efficiently as gp96 from the autologous tumor cells. These
results also showed that gp96 vaccines from individual heterolo-
gous tumor cell lines did not provide sufficient protection against
other tumors, which is in line with results from previous studies
showing that immunotherapy with autologous but not heterologous

Figure 5. Myeloma cells recruit Tregs and express B7H1. (A) Cytokines secreted by tumor-specific T cells in tumor-free and tumor-bearing mice. Balb/c mice were
subcutaneously vaccinated twice with either normal g96N, autologous gp96A, or pooled heterologous gp96BC or gp96BCD, followed by challenge with tumor-A cells. Three
weeks later, splenocytes were isolated from tumor-bearing and tumor-free mice, and restimulated for 5 days with irradiated tumor-A cells. Culture supernatants were collected
and assayed by enzyme-linked immunosorbent assay to quantify IFN-�, IL-4, and IL-10. (B) Percentages of CD4�Foxp3� Tregs in the spleens of tumor-free and tumor-bearing
mice and in subcutaneous tumors. (C) B7H1 expression on murine tumors A, B, C, D, E, and F. (D) Blocking B7H1 enhanced the killing activity of tumor-specific CTLs. Shown is
the cytolytic activity of splenocytes from mice vaccinated with gp96BCD and ex vivo restimulated with irradiated tumor-A cells for 5 days, in cultures with or without the addition
of anti-B7H1 mAb (M5H1; 20 �g/mL) or an isotype control rat IgG. Target cells were tumors A, B, C, or D cells. Representative results of 3 independent experiments are shown.
*P � .05; **P � .01 (compared with controls). The error bars in panels A and D represent SD of 3 independent experiments.
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cancer (a single cell line)–derived gp96 is effective in therapy.9,38,39

Furthermore, pooled gp96 vaccines were able to protect mice with
different MHC backgrounds from developing tumors. Thus, these
findings strongly suggest that pooled gp96 vaccines from heteroge-
neous or allogeneic myeloma cell lines not only can replace gp96
vaccines from autologous tumor cells as universal tumor vaccines
for all patients but also induce broader immune responses against
different tumor antigens than autologous gp96 vaccines, which
may be important for protecting against tumor recurrence and
development of unrelated tumors in vaccinated patients.

The second problem associated with hsp-based immunotherapy
in human cancers is the disappointing clinical response in treated
patients.15,40 As we have a better understanding of tumor microen-
vironment and the presence of regulatory T cells, it has become
clear that simple active vaccination with tumor antigens, whether
combined with DCs or other adjuvants such as GM-CSF or
IL-12,32,33 is insufficient to induce strong immune responses and
overcome immune suppression to generate objective clinical
responses. Thus, we explored combinational therapy of gp96
vaccines with more potent immune adjuvants such as CpG to
improve the immunogenicity of the vaccines, and depletion of
Tregs, blocking B7H1 signaling, and/or neutralizing IL-10 to
overcome immune suppression on vaccine-induced, tumor-specific
CTLs and Th1 cells. These treatments were chosen because similar

to other tumor cells, myeloma cells recruit and expand Tregs
(Figure 5B),41,42 express B7H1 (Figure 5C), and secrete IL-10.43,44

Our results showed that gp96 vaccines alone or in combination
with GM-CSF or IL-12, which were the commonly used forms of
hsp vaccines in clinical trials,45,46 were therapeutic in some mice
bearing intermediate tumor burdens, whereas gp96 vaccines in
combination with CpG eradiated all intermediate tumors in the
mice, suggesting that CpG may be a better adjuvant for immuno-
therapy with gp96 vaccines. However, when large tumors devel-
oped in the mice, which may be similar to the situations for human
cancers, the treatments (gp96 vaccines � CpG) alone were less
therapeutic, indicating that strategies to break immune suppression
are also required. Indeed, blocking B7H1 and/or neutralizing IL-10
further improved the therapeutic efficacy of gp96 vaccines in mice
bearing large tumor burdens. Depletion of Tregs by anti-CD25
mAb did not improve the therapeutic efficacy, although our
preliminary studies confirmed that the mAb indeed depleted most
of Tregs in the blood and spleen after infusions (data not shown).
Considering the facts that anti-CD25 mAbs also deplete effector
T cells expressing CD2547 and Tregs can be converted from
CD4�CD25� T cells after Treg depletion,48 it is not surprising that
anti-CD25 mAb showed no effect to improve the therapeutic effect
of gp96 vaccines. Nevertheless, these results support our hypoth-
esis that the efficacy of hsp-based immunotherapies can be

Figure 6. Therapeutic effects of gp96 vaccines against established myeloma. Balb/c mice (5 per group) were inoculated subcutaneously with tumor-A cells, and when
subcutaneous tumors reached 25 mm2, received 3 subcutaneous injections at 3-day intervals of (A) normal gp96N, autologous gp96A, or pooled heterologous gp96BC or
gp96BCD; or (B) gp96N, CpG; gp96BCD, gp96BCD � GM-CSF, IL-12; or Balb/c mice (5 per group) were inoculated subcutaneously with tumor-A cells, and when
subcutaneous tumors reached 100 mm2, received 3 subcutaneous injections at 3-day intervals of (C) gp96N, CpG; gp96BCD, gp96BCD � GM-CSF, IL-12; or (D) gp96N, rat
control IgG (IgG-ctrl), gp96BCD or gp96BCD � CpG combined with anti-CD25, B7H1, or IL-10 mAbs. Tumor burdens were measured twice every week. Mice were killed when
subcutaneous tumors reached 225 mm2 or when mice became moribund. Results shown are measurements of tumor burdens and survival of mice that received different
treatments. Representative results of 1 of 2 independent experiments are shown. *P � .05; **P � .01 (compared with controls).
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improved by combinational treatments and lay a basis for future
clinical trials in myeloma and other tumors using pooled allogeneic
gp96 from human tumor cell lines as universal tumor vaccines.

The ability of hsps to facilitate the cross-presentation of MHC class I–
restricted epitopes and to prime CD8� cell effector responses is well
established.49 Interestingly, recent studies have also shown that hsp-
peptide complexes can also lead to antigen presentation on MHC class II
molecules, thus activating CD4� T cells.50,51 In line with these findings,
our studies clearly showed that gp96 vaccines induced tumor-specific
CD4� and CD8� T-cell responses, although the CD8� T-cell response
was stronger than that of CD4� T cells. In vivo depletion experiments
further indicate that both CD4� and CD8� T cells play a role in
protecting mice against myeloma and adoptive transfer of splenocytes
containing both CD4� and CD8� T cells from vaccinated mice pro-
vided better protection than that of CD4� or CD8� T cells alone. The
ability of gp96 to activate CD8� and CD4� T cells in vivo bears
considerable potential for future clinical applications, especially with
recent reports supporting the essential role of costimulated CD4� T-cell
responses in the induction of functionally competent memory CTLs.52,53

CD8� T cells have previously been shown to have a greater proliferative
potential than CD4� T cells,54,55 and require only a short period of
antigenic stimulation to become programmed to differentiate into
effectors,56,57 whereas CD4� T-cell effector differentiation generally
requires longer periods of antigenic stimulation and/or extrinsic cyto-
kines.57-59 Our study appears to be consistent with these previous
observations by suggesting that CD4� and CD8� T cells might differ in
their immunization requirements for developing the ability to express
the effector cytokine IFN-�. Thus, gp96 vaccines that induce cognate
naive CD8� T cells to proliferate and develop the potential to express
IFN-� can induce cognate naive CD4� T cells to proliferate, but not to
differentiate into effectors that have the potential to express IFN-�.

In conclusion, our study suggests that pooled gp96 from
established tumor cell lines can be used as universal tumor vaccines
for immunotherapy of patients with the same type of cancers. This
is supported by our results that pooled gp96 from 3 heterogeneous
or allogeneic myeloma cell lines provided equally strong protection
as gp96 from autologous tumor cells against mice from developing
myeloma. Pooled gp96 was effective in treating established

myeloma in the mouse models. Furthermore, using CpG, B7H1
blocking Abs, and IL-10 neutralizing mAbs, the therapeutic
efficacy of gp96 vaccines can be greatly improved to eradicate
large tumors developed in the mice. As established tumor cell lines
are available to many if not most human cancers, and clinical-grade
mAbs for B7H1, PD-1, or IL-10 are available, this novel approach
is feasible and applicable to human cancer treatments.
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