
Microenvironment and Immunology

SA-4-1BBL and Monophosphoryl Lipid A Constitute an
Efficacious Combination Adjuvant for Cancer Vaccines

Abhishek K. Srivastava, Gunes Dinc, Rajesh K. Sharma, Esma S. Yolcu, Hong Zhao, and Haval Shirwan

Abstract
Vaccines based on tumor-associated antigens (TAA) have limited therapeutic efficacy due to their weak

immunogenic nature and the various immune evasion mechanisms active in advanced tumors. In an effort to
overcome these limitations, we evaluated a combination of the T-cell costimulatorymolecule SA-4-1BBLwith the
TLR4 agonist monophosphoryl lipid A (MPL) as a novel vaccine adjuvant system. In the TC-1 mouse allograft
model of human papilloma virus (HPV)-induced cancer, a single administration of this combination adjuvant
withHPVE7 protein caused tumor rejection in all tumor-bearingmice. On its own, SA-4-1BBL outperformedMPL
in this setting. Against established tumors, two vaccinations were sufficient to elicit rejection in the majority of
mice. In the metastatic model of Lewis lung carcinoma, vaccination of the TAA survivin with SA-4-1BBL/MPL
yielded superior efficacy against pulmonary metastases. Therapeutic efficacy of SA-4-1BBL/MPL was achieved in
the absence of detectable toxicity, correlating with enhanced dendritic cell activation, CD8þ T-cell function, and
an increased intratumoral ratio of CD8þ T effector cells to CD4þFoxP3þ T regulatory cells. Unexpectedly, use of
MPL on its own was associated with unfavorable intratumoral ratios of these T-cell populations, resulting in
suboptimal efficacy. The efficacy of MPL monotherapy was restored by depletion of T regulatory cells, whereas
eliminating CD8þ T cells abolished the efficacy of its combination with SA-4-1BBL. Mechanistic investigations
showed that IFNg played a critical role in supporting the therapeutic effect of SA-4-1BBL/MPL. Taken together,
our results offer a preclinical proof of concept for the use of a powerful new adjuvant system for TAA-based cancer
vaccines. Cancer Res; 74(22); 6441–51. �2014 AACR.

Introduction
Therapeutic vaccines are preferred alternatives to conven-

tional treatments for cancer primarily because of their safety
profile, specificity, and generation of long-term immunologic
memory critical for the control of recurrences, which are the
main cause of death from cancer. Therapeutic vaccines based
on tumor-associated antigens (TAA) are particularly attractive
because of their ease of production, scale-up, storage, and
administration to a broad patient population. The efficacy of
such vaccines, however, is curtailed by the weak antigenic
nature of self-TAAs due to both central and peripheral tolero-
genic mechanisms (1, 2). These limitations can potentially be
overcome by developing vaccine formulations containing adju-

vants that not only generate potent immune responses against
TAAs with long-term immunologic memory, but also over-
come various immune evasion mechanisms. There remains an
active interest in identifying adjuvants and adjuvant combina-
tions, not only towards suitable therapy for cancers, but also
towards developing a theoretical framework to improve cancer
vaccine therapies.

Recent advances in our understanding of the immune
system, mechanistic basis of immune activation, immune
response, and establishment of long-term immunologic mem-
ory, and key molecules involved in regulating such responses
have provided an unparalleled opportunity to design adjuvants
with known molecular actions and desired activities for the
development of effective and safe therapeutic vaccines. Critical
to the activation and maintenance of an immune response are
the signals transduced by toll-like receptor (TLR) and costi-
mulatory receptor pathways (3, 4). As such, agonistic ligands to
receptors of these two pathways have significant potential as
adjuvants for therapeutic vaccines. Consistent with this notion
is the approval of TLR-4 agonist MPL, a nontoxic version of
lipopolysaccharide by FDA to be used as the adjuvant com-
ponent of a preventive vaccine against human papilloma virus
(HPV) infection (5). However, the efficacy of MPL as the
adjuvant component of therapeutic vaccines against cancer
remains to be realized.

We have recently proposed costimulatory ligands of TNF
family as potential adjuvants of choice and particularly focused
on 4-1BBL because of the critical role thismolecule plays in the
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generation and maintenance of CD8þ T-cell responses (6, 7)
and the importance of CD8þ T cells in eradication of tumors
(8, 9). Inasmuch as 4-1BBL is a cell surface membranous
protein and has no function in soluble form, we fused the
extracellular functional domain of this molecule to a modified
form of core streptavidin (SA) to generate a chimeric molecule
(SA-4-1BBL) that exists as tetramers and oligomers owing to
the structural features of streptavidin (10). SA-4-1BBL has
potent immune activity in soluble form and targets T effector
(Teff) cells for activation, acquisition of effector functions, and
establishment of long-term memory (10–14). Most important-
ly, SA-4-1BBL alsomodulates regulatory immunity by reversing
tumor-induced clonal anergy, rendering Teff cells resistant to
suppression by CD4þCD25þFoxP3þ T regulatory (Treg) cells
(13), and inhibiting the conversion of Teff cells into Treg cells
through the production of IFNg (15). These combined effects
translate into significant therapeutic efficacy in various pre-
clinical models (10–14), establishing SA-4-1BBL as an impor-
tant new class of adjuvant for the development of cancer
vaccines.

We herein tested whether a combination of SA-4-1BBL, as a
new class of adjuvant under development, andMPL, as an FDA-
approved adjuvant, has therapeutic utility in preclinical cancer
settings, and if the combination provides mechanistic insights
that aid in further improvement of adjuvant formulations.
We demonstrate that a combination of dual adjuvant SA-4-
1BBL/MPL gives 100% therapeutic efficacy in murine cancer
models without evidence of adverse effects due to acute
toxicity or autoimmune activation. A single vaccination with
SA-4-1BBL/MPL and E7 TAA resulted in effective eradication
of E7-expressing TC-1 tumor in all mice. This effect was
extendable to the 3LL pulmonary lung carcinoma model
where survivin (SVN) was used as a bona fide self-TAA. The
efficacy of SA-4-1BBL/MPL is mainly dependent on CD8þ

T cells/IFNg responses and associated with increased intra-
tumoral CD8þ Teff:Treg cell ratio, which played a definitive
role in vaccine therapeutic efficacy as confirmed by the
depletion or blocking of these critical components. Taken
together, these data demonstrate the utility of SA-4-1BBL/
MPL as a novel adjuvant system for the development of
therapeutic TAA-based subunit cancer vaccines with signifi-
cant clinical potential. Given that MPL primarily targets anti-
gen presenting cells (APC), such as dendritic cells (DC) and
macrophages, for the initiation of adaptive immunity (16) and
4-1BBL targets antigen-primed CD8þ T cells for activation,
expansion, acquisition of effector function, survival, and long-
term memory (17–19), and the critical role of CD8þ T cells for
tumor eradication (8, 9), this study suggests that stimulation of
both pathways is key to peak vaccine effectiveness.

Materials and Methods
Mice and cell lines

C57BL/6 and C57BL/6.SJL mice were bred in our barrier
animal facility at theUniversity of Louisville (Louisville, KY). All
animals were cared for in accordance with institutional
and NIH guidelines. TC-1 and 3LL cell lines were purchased
from ATCC and not authenticated. Cell lines were regularly
tested for mycoplasma. The anti-IFNg–producing hybridoma

XMG1.2 was kindly provided by Dr. A.T. Vella of University of
Connecticut (Farmington, CT).

Antibodies and other reagents
All fluorochrome-conjugated antibodies against various

immune cell markers and isotype controls were purchased
from BD Biosciences, eBioscience, Invitrogen, or BioLegend.
MPL was purchased from InvivoGen. The HPV16 RAHYNIVTF
E7 peptide (E749–57), SA-4-1BBL, E7, and mouse SVN proteins
were reported previously (13).

Tumor models, vaccination, and cell depletion
For TC-1 tumor therapy, mice were challenged s.c. with

1 � 105 TC-1 cells and vaccinated subcutaneously on day
6 after tumor challenge. For established tumor study,micewith
approximately 9 mm2 established tumors were vaccinated
twice at 10 days interval. For the pulmonary tumor model, 2�
105 live 3LL cells were injected i.v. into the tail vein of mice.
Mice were vaccinated subcutaneously once on day 6 after
tumor challenge and euthanized 27 days after tumor challenge
for analysis of lung tumor burden as described (10).

CD8þ and CD4þ T cells were depleted using antibodies
against CD8 (clone 53.6.72) and CD4 (clone GK 1.5) at 500 mg/
mice via i.p. once 1 day before vaccination, whereas IFNg
blockade was performed by injecting the anti-IFNg antibody
(XMG1.2; 500 mg/mouse) 6 hours before tumor inoculation,
followed by 3 more doses every 3 days after tumor challenge.

Cytotoxicity assay
Splenocytes were cultured with 10 mg of E749–57 peptide/mL

in complete MLRmedium supplemented with 50 IU/mL of IL2
for 5 days. Viable lymphocytes were harvested and used as
effectors against TC-1 target cells in a JAM assay as published
(14).

Intracellular cytokine and confocal microscopy analyses
Lymphocytes (1� 106 cells/mL) were stimulated with either

10 mg/mL E749–57 peptide for 2 hours followed by overnight
incubation with GolgiPlug (1 mL/mL, BD PharMingen)
or stimulated with phorbol 12-myristate 13-acetate (PMA;
5 ng/mL, Sigma) and ionomycin (500 ng/mL, Sigma) for 2 hours
followed by an additional 4-hour incubation with GolgiPlug.
Cells were first stained with anti-CD44-APC and anti-CD8-
APC-Cy7, fixed with 4% paraformaldehyde, and then stained
with anti-IFNg-PE-Cy7, anti-IL2-Percp-Cy5.5, anti-TNF-PE, or
isotype controls as previously reported (10).

Intratumoral CD8þ T cells and CD4þFoxp3þ Treg cells were
analyzed using confocal microscopy as previously described
(10).

Analysis of autoantibody to ssDNA
A ssDNA ELISA was performed to assess the presence of

autoantibodies in treated mice as described (20) with mod-
ifications detailed in Supplementary Materials and Methods.

Acute toxicity analysis
Mice were vaccinated and serumwas analyzed for aspartate

transaminase (AST), alanine transaminase (ALT), blood urea
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nitrogen (BUN), and creatinine (CREA) levels 18 hours after
vaccination. Liver tissues were also collected from these mice,
fixed in 3.7% formaldehyde, embedded in paraffin, and sliced
and stained with hematoxylin and eosin for pathologic
changes.

Statistical analysis
Statistical analyses were performed using the Student t test,

one-way ANOVA–Tukey HSD test, Mann–Whitney U test, or
log-rank test using the SPSS software. For each test, P values of
<0.05 and <0.001 were considered significant (�) and very
significant (���), respectively.

Results
SA-4-1BBL/MPL as the adjuvant component of E7 TAA-
based vaccine has robust efficacy in eradicating
established TC-1 tumors
We recently demonstrated that a single vaccination with

SA-4-1BBL and E7 protein was effective in eradicating E7-
expressing TC-1 tumors in >70% of mice (10). Although
impressive, we sought to test whether the therapeutic efficacy
of this vaccine can further be improved by modifying the
formulation to include MPL as the second adjuvant with
primary effect on the innate immunity (16, 21). A single
vaccination of SA-4-1BBL/MPL with E7 protein resulted in
complete eradication of TC-1 tumors in all mice for an obser-
vation period of 90 days (Fig. 1A). In contrast, monotherapy
with SA-4-1BBL and MPL resulted in eradication of tumor in
only 80% and 50% of mice, respectively. However, mice that
expired from tumor burden in monotherapy groups had slow
kinetics of tumor progression as compared with both PBS and
E7protein control groupswhere allmice expiredwithin 50 days
(Supplementary Fig. S1A).

The therapeutic efficacy of the combined adjuvantswas next
tested in a more stringent and clinically relevant setting. Mice
with approximately 9 mm2 established tumors treated with a
prime-boost vaccination 10 days apart. Combined adjuvant
treatment resulted in complete eradication of established
tumors in 75% of mice, whereas SA-4-1BBL and MPL mono-
therapies resulted in approximately 40% and 25% tumor
eradication, respectively (Fig. 1B). Apart from inducing mod-
erate therapeutic benefit, SA-4-1BBL monotherapy also slows
the tumor growth compared with MPL monotherapy (Supple-
mentary Fig. S1B). Taken together, these data demonstrate that
SA-4-1BBL/MPL is effective in eradicating the established TC-1
tumors with better therapeutic efficacy than the individual
agents and that SA-4-1BBL has better efficacy than MPL.

The therapeutic efficacy of SA-4-1BBL/MPL is associated
with a robust effect of SA-4-1BBL and MPL on the
generation of peripheral CD8þ T-cell responses

CD8þ Teff and memory responses are critical to the elim-
ination of primary tumor and control of recurrences, respec-
tively, in various tumor settings, including the TC-1 model
(8, 9, 11, 13). We, therefore, assessed the CD8þ Teff and long-
termmemory responses elicited by SA-4-1BBL/MPL.Mice that
had eradicated the tumor in response to various vaccine
formulations (Fig. 1A) were boosted with the same formula-
tions and then euthanized one week later to test the intracel-
lular cytokine response of CD8þT cells to the dominant E749–57
epitope (8). Consistent with the therapeutic efficacy, SA-4-
1BBL/MPL generated a better antigen-specific IFNg , IL2, and
TNFa triple cytokine response than SA-4-1BBL and MPL
monotherapies as assessed by percentage (Fig. 2A–C) and
absolute number (Supplementary Fig. S2) of CD8þ T cells. In
addition, SA-4-1BBL/MPL induced higher E7 TAA-specific
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Figure 1. SA-4-1BBL/MPL adjuvant system eradicates established TC-1 tumors. A, C57BL/6 mice were challenged subcutaneously with 1 � 105 TC-1 cells
and left unvaccinated (PBS) or vaccinated once subcutaneously on day 6 after tumor challenge with E7 (50 mg) alone or mixed with SA-4-1BBL (25 mg),
MPL (25 mg), or the combination of both agents (25 mg/agent). B, C57BL/6 mice with approximately 9 mm2 established tumors were vaccinated twice
at 10 days interval. The log-rank test and Kaplan–Meier methods were used for analyses. In A, ���, P � 0.001 compared with all the other groups, except
SA-4-1BBL. �, P� 0.05 SA-4-1BBL while in B, �, P < 0.05 compared with SA-4-1BBL and MPL groups. Data are pooled from two independent experiments.
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CD8þ T-cell killing responses as compared with monothera-
pies at 20:1 effector:target ratio (Fig. 2D). Similar to therapeutic
responses, SA-4-1BBLmonotherapy generated better IFNg and
E7 TAA-specific CD8þ T-cell killing responses than MPL
monotherapy (Fig. 2A and D). Importantly, SA-4-1BBL/MPL
also generated the most effective CD8þ T-cell memory recall
responses as compared with SA-4-1BBL and MPL monothera-
pies (Supplementary Fig. S3). Collectively, these data demon-
strate the robust effect of SA-4-1BBL andMPL adjuvants in the
generation of potent CD8þ Teff and memory responses that
correlate with impressive therapeutic efficacy against TC-1
tumor.

Vaccination with the SA-4-1BBL/MPL results in a
favorable intratumoral CD8þ Teff: CD4þFoxp3þTreg cell
ratio

Elevated levels of intratumoral CD4þFoxp3þ Treg cells
along with a decline in CD8þ Teff cells is associated with a
clinically unfavorable prognosis of patients with cancer (22, 23)
and depletion of Treg cells results in better immune efficacy of
therapeutic vaccines (24, 25). Therefore, we evaluated the effect
of SA-4-1BBL/MPL on the status of intratumoral Treg and Teff
cells. Mice bearing approximately 9 mm2 TC-1 tumors were
vaccinated with various vaccine formulations. One week after

vaccination, tumors were harvested and analyzed for the
presence of intratumoral CD8þ Teff cells and CD4þFoxP3þ

Treg cells using confocal microscopy. The frequency of intra-
tumoral Treg cells was significantly reduced following the
vaccination of SA-4-1BBL and SA-4-1BBL/MPL when com-
pared with PBS or E7 alone controls (Fig. 3A, right and B).
Surprisingly, MPL monotherapy did not have detectable effect
on the number of intratumoral Treg cells as compared with
PBS control, and indeed performed worse than E7 protein
alone that appreciably, but not statistically significant, reduced
the intratumoral number of Treg cells.

We next tested whether decrease in the number of Treg cells
caused by SA-4-1BBL/MPL or SA-4-1BBL as monotherapy
inversely correlates with the number of intratumoral CD8þ

T cells, a hallmark of successful immunotherapeutic approach
against cancer (26). Vaccination with SA-4-1BBL/MPL had the
most pronounced effect on the number of intratumoral CD8þ

T-cell infiltration followed by SA-4-1BBL, whereas MPL had
a moderate effect that was similar to the E7 protein alone
(Fig. 3A, left and C). This increased intratumoral CD8þ T cells
by SA-4-1BBL/MPL resulted into the most favorable intratu-
moral Teff:Treg cell ratio followed by SA-4-1BBL as mono-
therapy (Fig. 3D). In marked contrast, MPL monotherapy had
no effect on the intratumoral Teff:Treg cell ratio as compared
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Figure 2. Vaccination with the SA-4-1BBL/MPL adjuvant system induces strong antitumor CD8þ Teff responses that correlate with vaccine efficacy. Long-
term (> 90 days) surviving mice were boosted with the same vaccine formulations used for primary immunization as indicated. Lymph node cells
were harvested 7 days later and assessed for E749–57 peptide-specific CD8þ T cells expressing intracellular IFNg mono (A), IFNgTNFa double (B), and
IFNgTNFaIL2 triple (C) cytokines. Lymph node cells from naïve mice stimulated with E7 peptide were used as background control with minimal to
undetectable cytokine response (0%–1% cells). Data are expressed as a percentage of total CD8þ T cells (D). Splenocytes from mice from above groups
were stimulated in the presence of IL2 for 5 days and used as effectors against TC-1 tumor targets. 3LL tumor cells were used as irrelevant targets.
Data shown are the mean � SEM of 3 to 4 mice per group and representative of two independent experiments. �, P � 0.05; ���, P � 0.001; ns > 0.05.
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with both PBS and E7 protein controls. Taken together, these
findings demonstrate that SA-4-1BBL and MPL work together
to increase the intratumoral Teff:Treg cell ratio that correlates
with the potent efficacy in eliminating established tumors.

CD8þ T cells and IFNg are critical to the therapeutic
efficacy of SA-4-1BBL/MPL while Treg cells are
detrimental to the efficacy of MPL monotherapy
To test whether a high CD8þ Teff:Treg cell ratio can serve as

a predictor of SA-4-1BBL/MPL therapeutic efficacy, we next

depleted CD8þ Teff and Treg cells one day before vaccination
using antibodies against CD8 and CD4molecules, respectively.
As shown in Fig. 4A, depletion of CD8þ T cells completely
abrogated the therapeutic efficacy of SA-4-1BBL/MPL adju-
vant system with a measurable (�15%) but not statistically
significant negative effect on the efficacy of MPL, whereas
depletion of CD4þ T cells, including Treg cells, improved the
therapeutic efficacy of MPL from 50% to 100%. Blockade of
IFNg using a neutralizing antibody significantly abrogated the
therapeutic efficacy of SA-4-1BBL/MPL (20% tumor
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Figure 3. Vaccination with the SA-4-1BBL/MPL adjuvant system results in an increase in the intratumoral Teff:Treg cells ratio.Mice bearing TC-1 tumor (�9mm2)
were vaccinated subcutaneously with E7 protein (50 mg) alone or with SA-4-1BBL (25 mg), MPL (25 mg), or a combination of both agents (25 mg/agent).
One week after vaccination, tumors were harvested and stained for intratumoral CD8þ T cells and CD4þFoxp3þ Treg cells followed by analysis using confocal
microscopy. A, confocal pictures of tumor sections showing CD4þFoxp3þ Treg cells (right) stained with anti-CD4 antibody (red), anti-Foxp3 antibody (green),
and Hoechst (blue), and CD8þ T cells (left) stained with anti-CD8 antibody (red) and Hoechst (blue). Quantitative analysis of intratumoral CD4þFoxp3þ Treg
cells (B), CD8þ T cells (C), and CD8þ Teff:Treg cell ratio (D). Four areas per tissue section and three tissue sections per tumor per animal were analyzed and
compiled for represented quantitative data. The data represent four animals per group (each dot represents single animal). �, P� 0.05; ���, P� 0.001; ns > 0.05.
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eradication vs. 100%without blocking; Fig. 4B). Taken together,
these data establish a critical role for CD8þ T cells and IFNg-
driven immune responses in therapeutic efficacy achieved by
the combined adjuvant system and point to the importance of
Teff:Treg cell ratio as a predictor of vaccine success/failure in
this model.

SA-4-1BBL/MPL controls 3LL pulmonary metastasis
progression

The robust efficacy of SA-4-1BBL/MPL with xenogeneic E7
TAA in complete rejection of TC-1 tumors in all mice led us to
test whether this efficacy is translatable to SVN, a weak and
potentially tolerant self-TAA, using the 3LL pulmonary metas-
tasis model. Mice were challenged intravenously with a lethal
dose of 3LL cells followed by subcutaneous vaccination on
day 6 with various formulations containing SVN recombinant
protein and SA-4-1BBL and/or MPL as adjuvants. SA-4-1BBL/
MPL had themost therapeutic efficacy over single adjuvants in
controlling tumor growth as demonstrated by both lungweight
and presence of tumor nodules (Fig. 5A). Similar to the TC-1
model, SA-4-1BBL demonstrated better efficacy in controlling
tumor growth than MPL, which also showed moderate yet
statistically significant effect in controlling tumor growth over
PBS and SVN alone controls. The therapeutic efficacy of SA-4-
1BBL/MPL and SA-4-1BBL, but not MPL, as monotherapy
correlated with significantly higher number of CD8þ T cells
expressing IFNgþ as compared with PBS and SVN alone
controls (Fig. 5B).

Although lungs of SA-4-1BBL/MPL vaccinated mice had
similar weights as compared with lungs of na€�ve mice, some
of the lungs hadmicroscopically detectable tumor nodules.We
therefore tested the efficacy of a booster injection 7 days after
the first vaccination. Additional SA-4-1BBL/MPL booster

resulted in complete rejection of lung tumor in all mice
(Supplementary Fig. S4). Booster vaccination with SA-4-1BBL
and MPL monotherapies also improved the rejection of tumor
burden (Supplementary Fig. S4). Collectively, these findings
further confirm the utility of SA-4-1BBL/MPL as a powerful
adjuvant system to elicit potent immune responses to a self-
TAA that translates into effective immunotherapy in a strin-
gent pulmonary preclinical metastasis model.

Therapeutic efficacyof the SA-4-1BBL/MPL is achieved in
the absence of autoimmunity and detectable clinical
toxicity

Autoimmunity is a potential setback to effective self-TAA–
based therapeutic vaccine formulations using potent adju-
vants to induce immune responses to such antigens (27). Given
the potent therapeutic activity of the adjuvant system used in
this study, we tested serum from mice with successful immu-
notherapy for both the TC-1 (Fig. 6A) and 3LL (Fig. 6B) models
for the presence of antibodies against ssDNA as a sign of
systemic autoimmunity. There was lack of significant amount
of autoantibodies to ssDNA in all the groups tested compared
with autoantibodies from mice with full blown lupus.

To further evaluate the toxicity profile, we examined the
effect of SA-4-1BBL/MPL on total number of various cell
populations (T cells, B cells, NK cells, NK T cells, DCs, and
macrophages) in both spleen and draining lymph nodes (dLN)
and vaccine-induced organ damage bymeasuring serum levels
of ALT and AST as a means of assessing liver, while BUN and
creatinine (CREA) as renal function. As shown in Fig. 6C, there
was no significant difference in these enzymes levels in all
the vaccinated mice compared with na€�ve mice. Pathologic
analysis of liver tissue from SA-4-1BBL/MPL–vaccinated mice
(Fig. 6D) or enumeration of various cell populations harvested
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from the dLN or spleen (Supplementary Table S1) did not show
any significant changes as compared with na€�ve mice. Taken
together, these data demonstrate that the use of adjuvant
system is not associated with detectable acute toxicity or
chronic autoimmunity in mice.

Discussion
In the present study, we tested whether the costimulatory

ligand SA-4-1BBL andTLR-4 agonistMPLwith distinctmechan-
isms of action can serve as a novel adjuvant system for the
development of therapeuticTAA-based subunit cancer vaccines.
SA-4-1BBL worked in concert with MPL for the generation of
robust therapeutic efficacyagainst established largeTC-1 tumor.
The therapeutic efficacy of SA-4-1BBL/MPL was primarily
dependent on CD8þ T cells and IFNg and associated with a
favorable intratumoral CD8þ Teff:CD4þFoxp3þ Treg cell ratio.

Importantly, this effect was not limited to the xenogeneic
E7 TAA and was equally effective with SVN as bona fide self-
TAA in controlling 3LL pulmonary metastasis progression.

The robust therapeutic efficacy of the combined adjuvants
could be due to their distinct mechanisms of action and
targeting different immune cells for activation and acquisition
of effector function. MPL primarily targets innate immunity by
interactingwith the constitutively expressedTLR-4 onDCs and
macrophages, leading to the production of various proinflam-
matory cytokines and upregulation of various costimulatory
andMHCmolecules that altogether regulate adaptive immune
responses (16). SA-4-1BBL, on the other hand, interacts with
the inducibly expressed 4-1BB receptor on both CD4þ and
CD8þT cells, leading to their survival, expansion, acquisition of
effector function, and long-term immune memory (17–19).
Importantly, 4-1BB signaling preferentially targets CD8þ
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T cells critical for antitumor efficacy (8, 9, 11, 13). Therefore,
MPL in SA-4-1BBL/MPL combination is envisioned to enhance
SA-4-1BBL costimulatory function on effector CD8þ T cells
through the activation of DCs and antigen crosspresentation
(28), resulting in the upregulation of 4-1BB receptor on the
surface of CD8þ T cells that in turn become the direct target of
SA-4-1BBL. The combined adjuvant may also work in concert
at the level of antigen-presenting cells, such as monocytes and
DCs. It has been shown that 4-1BB/4-1BBL signaling is critical
for the activation and survival of dendritic cells (29) and the
conversion ofmonocytes into dendritic cells (30). Interesting in
this context, it was shown that TLR signaling induces 4-1BBL
expression on the surface of macrophages and the physical
interaction of 4-1BBL with TLR-4 is necessary for sustained
TNF production (31, 32). We did not observe synergy between
MPL and SA-4-1BBL on bone marrow–derived DCs for the
induction of costimulatory molecules or elaboration of various
proinflammatory cytokines (Supplementary Table S2). How-
ever, SA-4-1BBLmay augment the effect of MPL on DCs in vivo
by improving their antigen uptake, crosspresentation, and
survival. This notion is supported by observations that a
subpopulation of DCs constitutively express 4-1BB receptor
(33, 34), and vaccination with SA-4-1BBL enhances their anti-
gen uptake and crosspresentation (10, 13). Furthermore, it has
been demonstrated that monocyte/macrophage proliferation
and survival was only achieved by 4-1BB signaling, but not
lipopolysaccharide as a TLR-4 agonist (35).

One of the main outcomes of using SA-4-1BBL and MPL
adjuvants together was the generation of potent CD8þ Teff
response that translated into effective therapy in both TC-1
cervical and 3LL pulmonary carcinoma tumor models. Deple-

tion of CD8þ T cells totally negated the therapeutic efficacy of
the SA-4-1BBL/MPL adjuvant system in the TC-1 model. The
critical role of SA-4-1BBL/MPL generated CD8þ T cells in
antitumor efficacy is perhaps due to its ability to produce
polyfunctional effector cytokines, such as IFNg , IL2, and TNFa,
found in this study. It is well documented that polyfunctional
Teff cells that simultaneously produce multiple effector cyto-
kines aremore effective in killing tumors than cells that secrete
single cytokine (36). The blockade of IFNg almost completely
negated the therapeutic efficacy of the combined adjuvant
against the TC-1 model. This observation taken together with
significantly increased numbers of IFNgþIL2þTNFaþCD8þ T
cells in mice receiving the most effective vaccine formulation
(SA-4-1BBL/MPL) are suggestive of the importance of this
polyfunctional T-cell population in the vaccine therapeutic
efficacy. However, further studies will be needed to provide
direct evidence for this contention.

The role of CD4þCD25þFoxP3þ Treg cells in mediating
immune suppression and as an important barrier for the
vaccines efficacy has been well documented (2, 24, 37–39).
Therefore, vaccine that reverses the Treg-mediated immune
suppression should have desired antitumor efficacy. Consis-
tent with this notion are studies demonstrating that the
physical depletion of Treg cells or modulation of their regu-
latory function have protective and therapeutic effects against
various tumors in preclinical models (39–43). A recent study
using mice transgenically expressing the diphtheria toxin
receptor only in Treg cells demonstrated that specific and
conditional depletion of these cells protected mice from car-
cinogenesis-induced spontaneous tumors via innate immunity
and eradicated established tumor via CD8þ T-cell- and IFNg-
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dependent responses (42). In clinic, Treg cells were shown to
accumulate in various progressing cancers in patients and a
high intratumoral Teff:Treg cell ratio is considered the hall-
mark of a favorable prognosis (22–24). Important in this
context, we found a robust increase in the ratio of intratu-
moral CD8þ Teff:Treg cells in response to vaccination with
the SA-4-1BBL/MPL, which was correlated with therapeutic
efficacy in the cancer model. Vaccination with SA-4-1BBL as
monotherapy also significantly improved the intratumoral
CD8þ Teff:Treg cell ratio, which is consistent with our
recently published data (10). Surprisingly, MPL as mono-
therapy was not only inefficient in significantly increasing
the frequency of intratumoral CD8þ T-cell infiltration, but
also failed to decrease the intratumoral number of Treg cells,
resulting in an unfavorable CD8þ Teff:Treg cell ratio. The
Treg cells played a detrimental role in the efficacy of MPL
monotherapy as their depletion resulted in eradication of all
tumors. Although primary target of TLR-4 agonists are cells
of innate immunity, their role on Teff and Treg cells is also
critical due to the expression of TLR-4 on these cells (44, 45).
TLR-4 signaling plays an inhibitory role on CD4þ Teff cells in
an experimental colitis model (45), whereas it promotes the
survival, expansion, and improved regulatory function of
Treg cells (44), which may account for the unfavorable
intratumoral CD8þ Teff:Treg cell ratio found in our study
in the MPL monotherapy group. This finding, to our knowl-
edge first to be reported, that MPL efficacy is compromised
by Treg cells is significant and provides better understand-
ing of the immunobiology of this FDA-approved adjuvant for
the development of therapeutic cancer vaccines.
Although the exactmechanistic basis of the combined effect

of SA-4-1BBL and MPL on the intratumoral CD8þ T:Treg
cell ratio observed in our model is unknown, it is possible
that SA-4-1BBL may (i) preferentially induce apoptosis in Treg
cells as reported for the agonists of OX-40 pathway (46),
another close member of TNFR costimulatory family, and/or
(ii) block the tumor-mediated conversion of Teff cells into
induced Treg cells, while (iii) both agents increasing the
intratumoral frequency of CD8þ Teff cells, thereby favorably
influencing the CD8þ Teff:Treg cell ratio. This notion is sup-
ported by our recent data demonstrating that SA-4-1BBL
blocks antigen- and TGFb-induced conversion of Teff cells
into induced Treg cells through IFNg (15). The increased
expression of IFNg in response to SA-4-1BBL/MPL in the
current study may further provide an explanation for this
observation. Blockade of IFNg almost completely negated the
therapeutic efficacy achieved by the adjuvant system as tested
in the TC-1 model. Interestingly, although we observed
enhanced frequency of CD8þ T cells expressing IFNg in the
periphery of mice treated with MPL monotherapy, this effect
did not result in increased intratumoral CD8þ T cells. Fur-
thermore, the depletion of CD8þ T cells in the MPL mono-
therapy group did not significantly negate vaccine efficacy,
suggesting their inability to traffic into the tumor. In contrast,
mice treated with the SA-4-1BBL/MPL had higher numbers of
peripheral and intratumoral CD8þ Teff cells, indicating that
both adjuvants in combination may affect trafficking/entry of
CD8þ Teff into the tumor, resulting in survival benefit. Con-

sistent with the notion, it has been shown that under hypoxic
conditions, tumor stroma expresses 4-1BB, and signaling
through this receptor generates various cytokines and chemo-
kines that facilitates lymphocyte trafficking into the tumor
(47). Although not investigated, we think that the therapeutic
efficacy of combined adjuvant system relies on similar immu-
nologic mechanisms in the 3LL and TC-1 models given the
demonstrated role of CD8þ Teff cells as immune effectors and
Treg cells as immune evaders in these tumor models (14, 48–
50).

Importantly, the therapeutic efficacy of SA-4-1BBL/MPL
adjuvant system was achieved in the absence of chronic
autoimmunity and detectable acute toxicity as assessed by
various indicators of toxicity, including vaccine-induced
organ damage and significant alteration in the number of
various cell populations in the dLNs and spleen. The lack of
acute toxicity is consistent with our previously published
studies demonstrating that treatment of mice with 4-fold
higher SA-4-1BBL over the therapeutic dose used in this
study did not result in detectable toxicity as assessed by
systemic cytokine response, nonspecific lymphoprolifera-
tion, altered lymphocyte trafficking, generalized lymphome-
galy and splenomegaly, and hepatitis, all of which were
observed with similar doses of an agonistic antibody to 4-
1BB receptor (12). The safety of MPL has already been
demonstrated both in preclinical and clinical settings
(5, 16, 21). Nevertheless, in view of the widespread concern
that autoimmune responses may results from the use of
potent adjuvants, the lack of any such pathology despite a
highly effective immune response is positive.

In conclusion, the studies presented in this communication
demonstrate the robust efficacy of the SA-4-1BBL/MPL in
inducing potent CD8þ Teff primary and long-term memory
responses against TAAs and a favorable intratumoral CD8þ

Teff:Treg cell ratio that translate into potent therapeutic
efficacy in two different tumor models. The better immune
and therapeutic efficacy of SA-4-1BBL/MPL over MPL as
monotherapy along with MPL being a clinically approved
adjuvant (5) emphasizes the importance of further developing
this adjuvant system and assessing its efficacy as component of
subunit therapeutic vaccines against cancer and chronic
infections.

Disclosure of Potential Conflicts of Interest
H. Shirwan and E.S. Yolcu are inventors on patents on SA-4-1BBL. No

potential conflicts of interest were disclosed by the other authors.

Authors' Contributions
Conception and design: A.K. Srivastava, G. Dinc, R.K. Sharma, E.S. Yolcu,
H. Shirwan
Development of methodology: A.K. Srivastava, G. Dinc, R.K. Sharma,
E.S. Yolcu, H. Zhao, H. Shirwan
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): A.K. Srivastava, G. Dinc, R.K. Sharma, H. Zhao,
H. Shirwan
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): A.K. Srivastava, G. Dinc, E.S. Yolcu, H. Shirwan
Writing, review, and/or revision of themanuscript:A.K. Srivastava, G. Dinc,
R.K. Sharma, E.S. Yolcu, H. Zhao, H. Shirwan
Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): G. Dinc, H. Zhao, H. Shirwan
Study supervision: E.S. Yolcu, H. Shirwan

SA-4-1BBL/MPL as a Potent Adjuvant System for Cancer Vaccines

www.aacrjournals.org Cancer Res; 74(22) November 15, 2014 6449

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/22/6441/2712738/6441.pdf by guest on 19 M

ay 2023



Acknowledgments
The authors thank Orlando Grimany-Nu~no and Vahap Ulker for their

excellent technical help with the production and characterization of recombi-
nant proteins.

Grant Support
This work was funded in parts by grants from the NIH (R41 CA121665, R44

AI071618, and R43AI074176), KLCRP, W.M. Keck Foundation, and the Com-

monwealth of Kentucky Research Challenge Trust Fund (H. Shirwan and E.S.
Yolcu).

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received June 12, 2014; revised August 27, 2014; accepted September 4, 2014;
published OnlineFirst September 24, 2014.

References
1. Dougan M, Dranoff G. Immune therapy for cancer. Annu Rev Immunol

2009;27:83–117.
2. Schabowsky RH, Madireddi S, Sharma R, Yolcu ES, Shirwan H.

TargetingCD4þCD25þFoxP3þ regulatory T-cells for the augmentation
of cancer immunotherapy. Curr Opin Investig Drugs 2007;8:1002–8.

3. Kawai T, Akira S. The role of pattern-recognition receptors in innate
immunity: update onToll-like receptors.Nat Immunol 2010;11:373–84.

4. Croft M. The role of TNF superfamily members in T-cell function and
diseases. Nat Rev Immunol 2009;9:271–85.

5. Romanowski B, de Borba PC, Naud PS, Roteli-Martins CM, De
CarvalhoNS,Teixeira JC, et al. Sustained efficacy and immunogenicity
of the human papillomavirus (HPV)-16/18 AS04-adjuvanted vaccine:
analysis of a randomised placebo-controlled trial up to 6.4 years.
Lancet 2009;374:1975–85.

6. Myers L, Lee SW, Rossi RJ, Lefrancois L, Kwon BS, Mittler RS, et al.
Combined CD137 (4–1BB) and adjuvant therapy generates a devel-
oping pool of peptide-specific CD8 memory T cells. Int Immunol
2006;18:325–33.

7. Lee HW, Nam KO, Park SJ, Kwon BS. 4–1BB enhances CD8þ T cell
expansion by regulating cell cycle progression through changes in
expression of cyclins D and E and cyclin-dependent kinase inhibitor
p27kip1. Eur J Immunol 2003;33:2133–41.

8. Feltkamp MC, Smits HL, Vierboom MP, Minnaar RP, de Jongh BM,
Drijfhout JW, et al. Vaccination with cytotoxic T lymphocyte epi-
tope-containing peptide protects against a tumor induced by
human papillomavirus type 16-transformed cells. Eur J Immunol
1993;23:2242–9.

9. Lin KY, Guarnieri FG, Staveley-O'Carroll KF, Levitsky HI, August JT,
Pardoll DM, et al. Treatment of established tumorswith a novel vaccine
that enhances major histocompatibility class II presentation of tumor
antigen. Cancer Res 1996;56:21–6.

10. Sharma RK, Schabowsky R-H, Srivastava A, Elpek KG, Madireddi S,
Zhao H, et al. 4–1BB ligand as an effective multifunctional immuno-
modulator and antigen delivery vehicle for the development of ther-
apeutic cancer vaccines. Cancer Res 2010;70:3945–54.

11. SharmaRK, Yolcu ES, ElpekKG, ShirwanH. Tumor cells engineered to
codisplay on their surface 4–1BBL and LIGHT costimulatory proteins
as a novel vaccine approach for cancer immunotherapy. Cancer Gene
Ther 2010;17:730–41.

12. SchabowskyRH, ElpekKG,SharmaRK,YolcuES,Bandura-Morgan L,
Mittler RS, et al. A novel formof 4–1BBL has better immunomodulatory
activity than an agonistic anti-4–1BB Abwithout Ab associated severe
toxicity. Vaccine 2009;28:512–22.

13. Sharma RK, Elpek KG, Yolcu ES, Schabowsky R-H, Zhao H,
Bandura-Morgan L, et al. Costimulation as a platform for the
development of vaccines: a peptide-based vaccine containing a
novel from of 4–1BBL eradicates established tumors. Cancer Res
2009;69:4319–26.

14. Srivastava AK, Sharma RK, Yolcu ES, Ulker V, MacLeod K, Dinc G,
et al. Prime-boost vaccination with SA-4–1BBL costimulatory mole-
cule and survivin eradicates lung carcinoma in CD8þ T and NK cell
dependent manner. PLoS ONE 2012;7:e48463.

15. Madireddi S, Schabowsky RH, Srivastava AK, Sharma RK, Yolcu ES,
Shirwan H. SA-4–1BBL costimulation inhibits conversion of conven-
tionalCD4þTcells intoCD4þFoxP3þT regulatory cells byproduction
of IFN-gamma. PLoS ONE 2012;7:e42459.

16. Didierlaurent AM,Morel S, Lockman L,Giannini SL, BisteauM,Carlsen
H, et al. AS04, an aluminum salt- and TLR4 agonist-based adjuvant

system, induces a transient localized innate immune response leading
to enhanced adaptive immunity. J Immunol 2009;183:6186–97.

17. Bukczynski J, Wen T, Ellefsen K, Gauldie J, Watts TH. Costimulatory
ligand 4–1BBL (CD137L) as an efficient adjuvant for human antiviral
cytotoxic T cell responses. ProcNatl AcadSci USA2004;101:1291–6.

18. Cannons JL, Lau P, Ghumman B, DeBenedette MA, Yagita H,
Okumura K, et al. 4–1BB ligand induces cell division, sustains
survival, and enhances effector function of CD4 and CD8 T cells
with similar efficacy. J Immunol 2001;167:1313–24.

19. Watts TH. TNF/TNFR family members in costimulation of T cell
responses. Annu Rev Immunol 2005;23:23–68.

20. Cohen PL, Caricchio R, Abraham V, Camenisch TD, Jennette JC,
Roubey RA, et al. Delayed apoptotic cell clearance and lupus-like
autoimmunity in mice lacking the c-mer membrane tyrosine kinase.
J Exp Med 2002;196:135–40.

21. Mata-Haro V, Cekic C, Martin M, Chilton PM, Casella CR, Mitchell TC.
The vaccine adjuvant monophosphoryl lipid A as a TRIF-biased ago-
nist of TLR4. Science 2007;316:1628–32.

22. Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, et al.
Specific recruitment of regulatory T cells in ovarian carcinoma fosters
immune privilege and predicts reduced survival. Nat Med 2004;10:
942–9.

23. Gobert M, Treilleux I, Bendriss-Vermare N, Bachelot T, Goddard-Leon
S, Arfi V, et al. Regulatory T cells recruited through CCL22/CCR4 are
selectively activated in lymphoid infiltrates surrounding primary breast
tumors and lead to an adverse clinical outcome. Cancer Res
2009;69:2000–9.

24. Dannull J, Su Z, Rizzieri D, Yang BK, Coleman D, Yancey D, et al.
Enhancement of vaccine-mediated antitumor immunity in cancer
patients after depletion of regulatory T cells. J Clin Invest 2005;115:
3623–33.

25. Powell DJ Jr, Felipe-Silva A, Merino MJ, Ahmadzadeh M, Allen T,
Levy C, et al. Administration of a CD25-directed immunotoxin,
LMB-2, to patients with metastatic melanoma induces a selective
partial reduction in regulatory T cells in vivo. J Immunol 2007;179:
4919–28.

26. Quezada SA, Peggs KS, Curran MA, Allison JP. CTLA4 blockade and
GM-CSF combination immunotherapy alters the intratumor balance of
effector and regulatory T cells. J Clin Invest 2006;116:1935–45.

27. PhanGQ, Yang JC, Sherry RM,HwuP, Topalian SL, Schwartzentruber
DJ, et al. Cancer regression and autoimmunity induced by cytotoxic T
lymphocyte-associated antigen 4 blockade in patients withmetastatic
melanoma. Proc Natl Acad Sci U S A 2003;100:8372–7.

28. Burgdorf S, Scholz C, Kautz A, Tampe R, Kurts C. Spatial and
mechanistic separation of cross-presentation and endogenous anti-
gen presentation. Nat Immunol 2008;9:558–66.

29. Choi BK, Kim YH, Kwon PM, Lee SC, Kang SW, Kim MS, et al. 4–1BB
functions as a survival factor in dendritic cells. J Immunol 2009;182:
4107–15.

30. Ju S, Ju S, Ge Y, Qiu H, Lu B, Qiu Y, et al. A novel approach to induce
human DCs from monocytes by triggering 4–1BBL reverse signaling.
Int Immunol 2009;21:1135–44.

31. Kang YJ, Kim SO, Shimada S, Otsuka M, Seit-Nebi A, Kwon BS, et al.
Cell surface 4–1BBL mediates sequential signaling pathways 'down-
stream' of TLR and is required for sustained TNF production in
macrophages. Nat Immunol 2007;8:601–9.

32. Ma J, Bang BR, Lu J, Eun SY, Otsuka M, Croft M, et al. The TNF family
member 4–1BBL sustains inflammation by interacting with TLR

Srivastava et al.

Cancer Res; 74(22) November 15, 2014 Cancer Research6450

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/22/6441/2712738/6441.pdf by guest on 19 M

ay 2023



signaling components during late-phase activation. Sci Signal 2013;6:
ra87.

33. Wilcox RA, Chapoval AI, Gorski KS, Otsuji M, Shin T, Flies DB, et al.
Cutting edge: Expression of functional CD137 receptor by dendritic
cells. J Immunol 2002;168:4262–7.

34. Zhang L, Wang Q, Wang X, Ding P, Song J, Ma C, et al. Anti-CD137
monoclonal antibody promotes the direct anti-tumor effect mediated
by peripheral blood-derived human dendritic cells in vitro. Cell Mol
Immunol 2004;1:71–6.

35. Langstein J, Becke FM, Sollner L, Krause G, Brockhoff G, Kreutz M,
et al. Comparative analysis of CD137 and LPS effects on monocyte
activation, survival, and proliferation. Biochem Biophys Res Commun
2000;273:117–22.

36. Imai N, Ikeda H, Tawara I, Wang L, Wang L, Nishikawa H, et al.
Glucocorticoid-induced tumor necrosis factor receptor stimulation
enhances the multifunctionality of adoptively transferred tumor anti-
gen-specific CD8þ T cells with tumor regression. Cancer Sci
2009;100:1317–25.

37. Toka FN, Suvas S, Rouse BT. CD4þ CD25þ T cells regulate vaccine-
generatedprimary andmemoryCD8þT-cell responses against herpes
simplex virus type 1. J Virol 2004;78:13082–9.

38. Chen X, Zhou B, Li M, Deng Q, Wu X, Le X, et al. CD4(þ)CD25(þ)
FoxP3(þ) regulatory T cells suppress Mycobacterium tuberculosis
immunity in patients with active disease. Clin Immunol 2007;123:
50–9.

39. Yu P, Lee Y, Liu W, Krausz T, Chong A, Schreiber H, et al.
Intratumor depletion of CD4þ cells unmasks tumor immunoge-
nicity leading to the rejection of late-stage tumors. J Exp Med
2005;201:779–91.

40. Elpek KG, Lacelle C, Singh NP, Yolcu ES, Shirwan H. CD4þCD25þ T
regulatory cells dominate multiple immune evasion mechanisms in
early, but not late phases of tumor development in a B cell lymphoma
model. J Immunol 2007;178:6840–8.

41. Klages K, Mayer CT, Lahl K, Loddenkemper C, Teng MW, Ngiow SF,
et al. Selective depletion of Foxp3þ regulatory T cells improves

effective therapeutic vaccination against established melanoma.
Cancer Res 2010;70:7788–99.

42. TengMW,NgiowSF, vonSB,McLaughlinN, Sparwasser T, SmythMJ.
Conditional regulatory T-cell depletion releases adaptive immunity
preventing carcinogenesis and suppressing established tumor
growth. Cancer Res 2010;70:7800–9.

43. Zhou Q, Bucher C, Munger ME, Highfill SL, Tolar J, Munn DH, et al.
Depletion of endogenous tumor-associated regulatory T cells
improves the efficacy of adoptive cytotoxic T-cell immunotherapy in
murine acute myeloid leukemia. Blood 2009;114:3793–802.

44. Caramalho I, Lopes-Carvalho T, Ostler D, Zelenay S, Haury M,
Demengeot J. Regulatory T cells selectively express toll-like recep-
tors and are activated by lipopolysaccharide. J Exp Med 2003;
197:403–11.

45. Gonzalez-Navajas JM, FineS, LawJ,Datta SK,NguyenKP,YuM, et al.
TLR4 signaling in effector CD4þ T cells regulates TCR activation and
experimental colitis in mice. J Clin Invest 2010;120:570–81.

46. Gough MJ, Ruby CE, Redmond WL, Dhungel B, Brown A, Wein-
berg AD. OX40 agonist therapy enhances CD8 infiltration and
decreases immune suppression in the tumor. Cancer Res 2008;
68:5206–15.

47. Melero I,MurilloO, Dubrot J, Hervas-Stubbs S, Perez-Gracia JL.Multi-
layered actionmechanisms of CD137 (4–1BB)-targeted immunothera-
pies. Trends Pharmacol Sci 2008;29:383–90.

48. Sharma RK, Yolcu ES, Srivastava AK, Shirwan H. CD4(þ) T cells play a
critical role in the generation of primary andmemory antitumor immune
responses elicited by SA-4–1BBL and TAA-based vaccines in mouse
tumor models. PLoS ONE 2013;8:e73145.

49. Liu N, Zheng Y, Zhu Y, Xiong S, Chu Y. Selective impairment of
CD4þCD25þFoxp3 þregulatory T cells by paclitaxel is explained by
Bcl-2/Baxmediated apoptosis. Int Immunopharmacol 2011;11:212–9.

50. Tuve S, Chen BM, Liu Y, Cheng TL, Toure P, Sow PS, et al. Combi-
nation of tumor site-located CTL-associated antigen-4 blockade and
systemic regulatory T-cell depletion induces tumor-destructive
immune responses. Cancer Res 2007;67:5929–39.

www.aacrjournals.org Cancer Res; 74(22) November 15, 2014 6451

SA-4-1BBL/MPL as a Potent Adjuvant System for Cancer Vaccines

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/22/6441/2712738/6441.pdf by guest on 19 M

ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


