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Abstract
Cancer vaccines, so far, have shown limited effect to control the growth of established tumors due
largely to effector failure of the antitumor immune responses. Tumor lesion is characterized as
chronic indolent inflammation in which the effector function of tumor infiltrating lymphocytes
(TILs) is severely impaired. In this study, we investigated whether the effector function of CD8
TILs could be rescued by converting the chronic inflammation milieu to acute inflammation
within tumors. We found that injection of TLR3/9 ligands (PolyI:C/CpG) into a tumor during the
effector phase of lentivector (lv) immunization effectively rescued the function of lv-activated
CD8 TILs and decreased the percentage of Treg within the tumor, resulting in a marked
improvement in the antitumor efficacy of lv immunization. Mechanistically, rescue of the effector
function of CD8 TILs by TLR3/9 ligands is likely dependent on production, within a tumor, of
type-1 IFN that can mature and activate tumor infiltrating dendritic cells (TIDCs). The effector
function of CD8 TILs could not be rescued in mice lacking intact type-I IFN signaling. These
findings have important implications for tumor immunotherapy, suggesting that type-I IFN
mediated activation of TIDCs within a tumor will likely restore/enhance the effector function of
CD8 TILs and thus improve the antitumor efficacy of current cancer vaccines.
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Introduction
To exploit the host immune system for cancer treatment, the rare tumor Ag specific immune
cells must be activated and expanded by cancer vaccines in lymphoid tissue (priming phase).
These vaccine-activated tumor specific immune cells must then migrate to the tumor where
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they can exert their effector functions of cytokine production and tumoricidal activity
(effector phase). Efforts directed at the priming phase have yielded many forms of peptide-
(1), DC- (2), and gene based (3–9) cancer vaccines that can break tolerance to self/tumor
Ags and activate tumor specific T cells. We have previously found that immunization with a
recombinant lentivector (lv) is a powerful approach to activate tumor specific CD8 T cells
and generate life-long prevention of autochthonous melanoma in tumor-prone mice (10).
However, despite the remarkable expansion and increase in Ag specific immune cells
observed in tumor infiltrates, the therapeutic effect of cancer vaccines remains limited in
treating established tumors (11–14). Recent studies revealed that one of the main reasons
why vaccine-induced immune responses fail to exhibit antitumor activity in the treatment of
established tumors is failure of the effector phase within the tumor (15). We (16) and others
(17, 18) found that vaccine-activated CD8 T cells lost their effector functions within the
tumor but retained function outside of the tumor environment, in the circulation and
lymphoid tissues. This functional impairment of tumor infiltrating lymphocytes (TILs) has
also been reported in human tumors (19). Thus, a critical barrier to the success of cancer
immunotherapy is at the effector phase within the tumor (20). Measures to rescue the
effector functions of TILs within a tumor will therefore be critical for enhancing the
antitumor effect of cancer vaccines.

A tumor lesion is characterized as chronic indolent inflammation (21–23). A major
characteristic shared by a chronically inflamed tumor lesion (16–18) and a chronic virus
infection (24) is that the effector T cells in both settings are functionally impaired so are
unable to either eradicate the tumor or resolve the infection. In contrast, acute virus
infections can be quickly resolved when adaptive immunity is induced. Immunologically,
the drastically different outcome between acute and chronic virus infections is likely due to
the different functional status of Ag specific T cells (24, 25). While virus Ag specific T cells
can effectively perform their function and eradicate pathogens in acute infection, the effector
functions of Ag specific T cells are lost in chronic viral infection (24). Similar to T cells in
chronic virus infection, TILs lose their effector function within the tumor. Inspired by the
demonstration of functional efficacy of immune effectors in acute virus infection, we
hypothesize that conversion of the chronic inflammation milieu within a tumor to one of
acute inflammation may rescue the effector function of TILs and that some key molecules
and signaling pathways in acute inflammation, but missing in tumors, are critical to rescue
of the effector function(s) of TILs.

To test this hypothesis, we studied whether induction of acute inflammation by intra-tumor
(i.t) injection of Toll-like receptor ligands (TLR-Ls) could rescue the effector function of
CD8 TILs and enhance the antitumor effect of lv-based cancer vaccines. TLR 3/9 ligands
(PolyI:C/CpG) were selected because they have been shown to induce both an acute
inflammatory response and high level of type I IFN (26, 27) thus mimicking acute viral
infection. Although it may not be clinically applicable, induction of acute inflammation
within a tumor provides a platform to investigate the key molecules involved in rescue of the
function of TILs. We found that i.t injection of TLR3/9 ligands effectively rescued the
effector function of TILs primed by cancer vaccine and decreased the percentage of Treg,
resulting in marked enhancement of the antitumor effect of lv immunization. Rescue of TILs
function was associated with effective Ag presentation by the tumor infiltrating DCs
(TIDCs), which were matured by local administration of TLR-Ls in a type-I IFN dependent
manner. Type-I IFN signaling within the tumor milieu is critical for efficient activation of
TIDCs, the rescue of the effector function of TILs and the outcome of tumor immunotherapy
of cancer vaccines.
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Materials and Methods
Mice, cell lines, and tumor

Pmel transgenic mice were purchased from the Jackson Laboratory (Bar Harbor, ME).
C57BL/6 mice were obtained from the National Cancer Institute (Frederick, MD) and the
Jackson Laboratory. IFN-α/β receptor knockout (IFNα/βR−/−) mice were obtained from Dr.
Moskophidis (28) of Georgia Regents University. All mice were housed under specific
pathogen-free conditions within the Laboratory Animal Services. Animal care protocols
were approved by the Institutional Animal Care and Use Committee of Georgia Regents
University.

B16F10 melanoma cells and 293T kidney cells were cultured in DMEM medium
supplemented with 10% FBS. Tumors were generated by subcutaneous injection of B16F10
cells (2×105/50μl) into the shaved flank of C57BL/6 mice.

Viral vector preparation and injection
Recombinant lv, Hgp100-lv, was prepared and the titer was determined as we previously
described (10). For immunization, Hgp100-lv (1.5×107 transduction units/50μl) was
injected subcutaneously, in the footpad. Immunizations were carried out 5 days after tumor
inoculation, when tumors were clearly visible.

I.t injection of TLR Ligands
To induce acute inflammation with TLR ligands, 100μl PBS containing 100μg TLR3
ligand, PolyI:C (Sigma, St Louis) and 50μg TLR9 ligand, CpG1668 (Fisher Scientific,
Pittsburgh), individually or in combination, were injected into a tumor. In some
experiments, 100 μl PBS containing 50μg TLR2 ligand, Pam3CSK4 (Invivogen, San
Diego) and 100μg of TLR4 ligand, LPS (Sigma), were injected into a tumor.

Adoptive cell transfer
TCR transgenic hgp10025–33 specific Pmel T cells (29) were isolated from Pmel transgenic
mice using magnetic beads (Miltenyi, Auburn, CA). Purified Pmel cells (5 × 105) were
injected i.v. into mice one day prior to lv immunization.

Intracellular staining, flow cytometry, and DC sorting
Antibodies used in this study, anti-CD90.2 (Thy1.2), anti-CD90.1 (Thy1.1), anti-CD45, anti-
CD8, anti-CD4, anti-CD11c, anti-CD40, anti-CD86, anti-FoxP3, anti IFNγ, and anti-TNFα,
were purchased from BD Biosciences(San Diego, CA), Biolegend (San Diego, CA), or
eBioscience (San Diego, CA). Tumors were collected, weighed and made into single cell
suspensions. Briefly, 10–100mg tumor was cut into small pieces and incubated at 37°C for
0.5h in complete RPMI 1640 containing 1mg/ml type V collagenase, 1mg/ml hyaluronidase,
and 100 U/ml DNase I. All enzymes were purchased from Sigma (St. Louis, MO).

To measure cytokines, cells were stimulated with peptides in vitro for 3.5h in the presence
of GolgiStop (BD Biosciences) and stained for IFNγ and TNFα as previously described
(10). Cells were collected using a FACScanto or LSR-II (BD Biosciences). Data were
analyzed using FCS Express V3 software (De Novo Software, Los Angeles, CA).

For DCs, tumors and spleens were digested with collagenase to liberate DC cells. Briefly,
tumor or spleen was cut into small pieces, incubated at 37°C for 0.5~1 h in RPMI 1640
containing 500U/ml type-IV collagenase and then made into a single-cell suspension for
subsequent staining.
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For TIDCs, single cell suspensions were generated from a tumor, enriched on a Percoll
column and then sorted, using a BD FACSAria, based on expression of the CD11c and
CD45 markers. 7AAD was used to exclude dead cells.

Ex vivo CTL assay
Lymphocytes were isolated from single cell suspensions of tumors using 40% Percoll (GE-
Healthcare Bioscience AB, Uppsala, Sweden) as previously described (30). CD8 T cells
were further purified using CD8 magnetic beads. Purified CD8 TILs (~80% of them were
Pmel cells) were tested for cytotoxic capacity using gp100 peptide pulsed EL4 tumor cells
as targets in a JAM assay (11).

In vitro proliferation of Pmel cells
Magnetic bead-isolated Pmel cells (5×104) were labeled with 0.5 μM CFSE and then co-
cultured with TIDCs (5×103) previously pulsed with 5pg/ml hgp100 peptide. Two days
later, Pmel cell proliferation was determined, using flow cytometry, according to the dilution
of CFSE.

Type 1 IFN assay
Type-I IFN within the tumor was measured using an interferon bioactivity assay as
described (31, 32). Briefly, NCTC929 cells were pre-treated overnight with serial dilutions
of tumor homogenate in the presence of 4μg/ml anti-IFNγ Ab (clone XMG1.2, BD
Biosciences) and then infected with VSV-Indiana. Infected cells were cultured for 3 days,
and viable cells were stained with crystal violet, dissolved in isopropanol and quantified by
light absorption at 595nm using a plate reader.

Quantitative RT-PCR
RNA was isolated from tumors. The level of IL-12 expression within the tumor after i.t
injection was determined by quantitative RT-PCR as we previously described (33).

Statistical analysis
The statistical significance of the experimental data was analyzed using unpaired two-tailed
t test and Log-rank test (GraphPad Software, La Jolla, CA).

Results
I.t injection of TLR3/9 ligands markedly improves the antitumor efficacy of lv immunization

TLR3/9 ligands (CpG/PolyI:C) have been shown to induce type-I IFN inflammatory
responses (34, 35). Thus, i.t injection of TLR3/9 ligands would seem to be a valid approach
to induce transient and localized acute inflammation within a tumor lesion. First, we studied
whether i.t administration of TLR3/9 ligands could enhance the antitumor efficacy of lv
immunization. C57BL/6 mice bearing 5-day B16 tumors were immunized with hgp100-lv
(Fig. 1A). One week later, when an lv-induced CD8 response was detectable, TLR3/9
ligands were injected into the tumor to induce inflammatory responses. Injection of PBS was
used as a control. We found that injection of either TLR3 or TLR9 ligand alone marginally
(not significantly) enhance the antitumor effect of lv immunization (supplemental Fig. S1A).
However, i.t injection of a combination of TLR3/9 ligands markedly increased the antitumor
efficacy of lv immunization (Fig. 1B). Approximately 50% of the tumors in the mice
receiving lv immunization plus a single i.t injection of TLR3/9 ligands underwent regression
and 30% were completely eradicated. In addition, mice treated with this combined approach
survived significantly longer (Fig. 1C). In contrast, although lv immunization alone
significantly inhibited tumor growth, it was unable to eradicate a tumor, consistent with our
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previous data (11). A single injection of only TLR3/9 ligands slightly inhibited tumor
growth (Fig. 1B). All of the mice in the groups receiving lv immunization alone or TLR3/9
ligand alone succumbed to tumor growth.

I.t injection of TLR3/9 ligands significantly increases the Teff/Treg ratio in the tumor
lesions

The remarkable synergistic antitumor effect of lv immunization plus i.t injection of TLR3/9
ligands prompted us to study immunological changes within the tumor. We speculated that
the first reason for the enhanced antitumor effect of lv immunization by i.t injection of
TLR3/9 ligands was due to an increase in the TILs. Compared to non-immunized control
tumors, lv immunization increased the absolute numbers of CD4 and CD8 TILs, in
agreement with our previous study (11). However, surprisingly, we found that i.t injection of
TLR3/9 ligands decreased the absolute numbers of CD8 and CD4 TILs compared to lv
immunization alone (Fig. 2A), indicating that enhancement of the antitumor effect by
injection of TLR3/9 ligands was not due to an increase in the numbers of CD8 and CD4
TILs. However, one consistent observation was that, compared to lv immunization alone,
the addition of an i.t. injection of TLR3/9 ligands further reduced the percentage of Treg
within the tumors to <10% (Fig. 2B). Injection of either TLR3 or TLR9 ligand individually
did not further decrease the percentage of Treg (Fig. S1B). Importantly, the absolute number
of Treg within tumors was also reduced after injection of TLR3/9 ligands. Together, the
ratio of CD8 Teff/Treg within the tumor was significantly increased (Fig. 2C). The increased
Teff/Treg ratio within the tumors following i.t injection of TLR ligands may play an
important role in enhancing the antitumor effect of lv immunization as previous studies
found that the Teff/Treg ratio correlated to antitumor effect (36, 37).

I.t injection of TLR3/9 ligands rescues the function of TILs
We (16) and others (17, 18) previously showed that the function of CD8 TILs within tumors
was severely impaired. We thus hypothesized that another reason for enhancing the
antitumor effect of lv immunization by i.t injection of TLR3/9 ligands could be rescue of the
effector function of TILs infiltrating the tumor. To test this hypothesis, we first examined
the cytokine production of CD8 TILs by intracellular staining for IFNγ and TNFα. In order
to gate on tumor specific T cells and to better characterize the effector function of Ag-
specific CD8T cells within tumors, we adoptively transferred gp100 specific TCR transgenic
Pmel cells into the tumor-bearing mice before lv immunization. We found that, while the
percentage of Pmel cells in tumors did not change, the absolute numbers of Pmel cells
within the tumors were decreased by i.t. injection of TLR3/9 ligands (Fig. 3A) due to a
reduction in the total number of CD8 TILs (Fig. 2A). Importantly, IFNγ and TNFα cytokine
production by Pmel TILs in the tumors of mice receiving lv immunization plus i.t injection
of TLR-Ls was fully restored to the same, or even increased, levels compared with Pmel
cells in the spleen (Fig. 3B). Even though the total number of Pmel TILs was reduced (Fig.
3A), the number of IFNγ and TNFα double positive Pmel cells in the tumor was slightly
increased by TLR3/9 ligands (Fig. 3C). However, I.t injection of either TLR3 or TLR9
ligand individually did not significantly increase the cytokine production of Pmel TILs (Fig.
S2).

Enhancement of CD8 TIL function by i.t injection of TLR3/9 ligands was further studied by
examining their cytotoxicity. Our data demonstrated that CD8 TILs isolated from TLR3/9
ligands injected tumors exhibited significantly higher cytotoxicity (Fig. 3D).

TLR2/4 ligands do not rescue the cytokine production of lv-activated CD8 TILs
Next, we determined whether other TLR ligands would have similar effects i.e. reducing the
percentage of Treg within tumors and restoring the effector function of TILs. To this end,
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we utilized TLR2 (Pam3Cys) and TLR4 (LPS) ligands since previous studies had shown that
they did not stimulate type-I IFN production (26, 27, 38) and did not generate significant
antitumor activity (27). Our data show that i.t injection of TLR2/4 ligands did not restore
cytokine production of CD8 TILs (Fig. 4A) and did not further decrease the percentage of
Treg within the tumors (Fig. 4B) even though acute inflammation (a swollen and red
appearance) was observed in the tumors. Not surprisingly, i.t. injection of TLR2/4 ligands
did not enhance the antitumor effect of lv immunization (Fig. 4C). Our data suggest that
TLR3/9 activation may result in distinct pro-inflammatory responses within the tumors that
are able to rescue the effector function of TILs.

Rescue of the effector function of TILs by TLR3/9 ligands is dependent on intact type-1 IFN
signaling

We next investigated the mechanism involved in rescue of TIL function. Previous reports
showed that different TLR ligands could induce different levels of type-I IFN production
(26, 27, 38): the type-I IFN inducing TLR 3/9 ligands generated strong antitumor effects
whereas the type-I IFN non-inducing TLR2/4 ligands generated only weak antitumor effects
(27). Therefore, type-I IFN produced after administration of TLR3/9 ligands may be the key
molecule in the rescue of TIL function. To test this hypothesis, we first examined levels of
type-I IFN within tumors after i.t injection of TLR3/9 or TLR2/4 ligands. We found that
injection of TLR3/9 ligands, but not TLR2/4 ligands (LPS/Pam3Cys), could induce high
levels of type-I IFN in the tumors (Fig. 5), consistent with previous reports (26, 27).

To study if type-I IFN signaling was important for the rescue of TIL function, we utilized
IFNαβR−/− mice in which the type-I IFN signaling is impaired. The experimental design is
depicted in Fig. 6A. We first found that Pmel CD8 T cells could be activated, though to a
lesser extent, in IFNαβR−/− mice (Fig. 6B). Approximately 20% of Pmel CD8 T cells in the
spleens of IFNαβR−/− mice were able to produce both IFNγ and TNFα, compared to ~35%
of Pmel CD8T cells in the spleens of wt mice. However, i.t injection of TLR3/9 ligands
failed to enhance the antitumor effect of lv immunization in IFNαβR−/− mice (Fig. 6C).
Furthermore, while i.t injection of TLR3/9 ligands rescued the effector function of TILs in
wt mice, the same approach failed to improve the effector function of tumor-infiltrating
Pmel cells in the IFNαβR−/− mice (Fig. 6D). In addition, i.t injection of TLR3/9 ligands did
not decrease the percentage of Treg within the tumors of IFNαβR−/− mice (Fig. 6E). These
data suggest that type-1 IFN signaling plays a key role in the restoration of cytokine
production by CD8 TILs and in the decrease of Treg percentage within tumors.

TIDCs are activated and matured by i.t injection of TLR3/9 ligands via type-I IFN receptor
mediated signaling pathway

Two recent studies suggest that type-I IFN receptor mediated signaling in the DCs is critical
for generating antitumor effects (39, 40). In one study, Schreiber’s lab demonstrated that
mice lacking type-I IFN receptor (IFNαβR−/−) on their DCs could not reject highly
immunogenic tumor cells. Thus, DCs are functionally relevant targets of endogenous type-I
IFN. Dunn et al found that the relevant target of type-I IFN was the host cells derived from
hematopoietic cells (39, 41) and type-I IFN was required by DCs for immune rejection of
tumors (33). We, thus, reasoned that appropriate Ag presentation by DCs was required to
rescue the effector function of TILs. To further study the mechanisms involved in the rescue
of functional CD8 TILs, we investigated the phenotypes and Ag presenting function of
TIDCs following injection of TLR3/9 ligands into the tumors. We found that i.t injection of
TLR3/9 ligands markedly increased CD86 and CD40 expression on TIDCs (an indication of
DCs maturity) (Fig. 7A). In addition, IL-12 production within the tumors after treatment
with TLR3/9 ligands was significantly increased (Fig. 7B). However, TIDCs from
IFNαβR−/− mice showed no increase of CD86 and CD40 by i.t injection of TLR3/9 ligands
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even though they may have higher basal levels of CD40 and CD86. No IL-12 production
was detected within the tumors of IFNαβR−/− mice. Furthermore, the Ag presentation
function of TIDCs from the TLR3/9 ligands treated tumors was significantly more potent
(Fig. 7C). In contrast, TIDCs in IFNαβR−/− mice could not be matured by i.t injection of
TLR3/9 ligands and failed to increase CD8 T cell proliferation. These data suggest that type-
I IFN signaling may play a critical role in the activation of TIDCs to become more capable
of re-activating CD8TILs to exert their effector function within the tumor.

Discussion
In this study, we found that i.t. injection of TLR3/9 ligands effectively rescued the function
of CD8 TILs, significantly reduced the numbers and percentage of Treg within tumors, and
improved the antitumor effect of lv immunization. Mechanistically, local administration of
TLR3/9 ligands increased IL-12 level within tumors and induced TIDCs to mature thereby
enhancing Ag presenting function. These favorable immunological changes, including
rescue of the effector function of TILs and increases in Teff/Treg ratios within tumors, are
dependent on appropriate type-I IFN signaling.

For decades, vaccine researchers have paid little attention to the effector phase of immune
responses because it has been assumed that immune cells, once activated, will be on
autopilot to exercise their function in target tissues. Failure to generate significant antitumor
effects by most cancer vaccines, despite the apparent induction of potent immune responses,
illustrates the need to study the effector phase of antitumor immunity. Teleologically,
vaccine-activated and LN-derived effector cells should remain quiescent during transit to the
target organ to avoid collateral damage (42). Upon reaching the target tissue, they will then
require stimulation to exercise their effector function. Recent studies in infectious disease
models began to shed light on this important issue (43, 44). Wakim et al found that memory
T cell re-activation by DCs in the non-lymphoid tissues was critical to the control of HSV
infection (43). Another study discovered that, after initial LN priming, CD8 T cells needed
additional interaction with DCs resident in the lung in order to develop full strength immune
responses against influenza virus (44). Similarly, in an autoimmune diabetes model, onset
and progression of autoimmune diseases (i.e. autoimmune destruction) was determined by
the “inflammatory status” of the target organ (45, 46). Thus, the conventional paradigm that
immune effectors will exercise their effector function automatically in target organs may
need revision. Re-activation of tissue infiltrating immune effector cells appears to be
required in order for them to exert their effector function. The virus infected lesion can
provide all of the signals required by tissue resident DCs to function effectively as APCs
leading to reactivation of incoming T cells thus empowering them to exert their effector
function. But, the scenario is quite different within the tumor in which Treg and other
suppressor cells may inhibit function of TILs and as a consequence TIDCs in the late-stage
tumor cannot stimulate TIL (47). The results from our study indicate that induction of
inflammatory responses and type I IFN within tumors may create the appropriate
environment to allow for TILs to exert their function.

Repeated i.t injection of CpG was reported to eradicate mouse lymphomas possibly by direct
activation of TIDCs that engender Ag presentation in situ and initiate tumor specific
responses (48, 49). In addition, repeated delivery of PolyI:C into tumor led to reactivation of
tumor-resident T cells in situ (27). However, it is not clear how the TLR ligands will affect
the effector function of the vaccine-activated and LN-derived TILs. Here, we found that the
effector function of CD8 TILs primed by lv immunization could be rescued by a single
injection of TLR3/9 ligands into the tumors (Fig. 3). Type-I IFN mediated signaling was a
critical factor in TIL effector function (Fig. 6). TLR2/4 ligands without significant induction
of type-I IFN did not rescue the effector function of TILs (Fig. 4). We also found that type-I
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IFN signaling was required for TIDC maturation and Ag presenting function (Fig. 7), in
agreement with recent finding that DCs are the relevant targets of type-I IFN during
lymphocyte-mediated tumor rejection (39). While we focused on the role of type-I IFN on
host DCs, activation and expansion of Ag specific CD8 T cells requires appropriate type I
IFN signaling on the T cells (50), which may activates cytokine expression in T cells.
However, with an intact type-I IFN receptor, the adoptively transferred Pmel cells in this
study cannot be rescued to exert their function without appropriate signals from host APCs
in IFNαβR−/− mice, further suggesting that type-I IFN signaling of host cells plays an
important role in rescue of TIL’s effector function.

The increase of IL-12 production within tumors after TLR3/9 administration may also play
an important role in shaping the tumor milieu and generating antitumor effect as previous
studies demonstrated that IL-12 delivery into tumors could initiate regression (51, 52).
Based on the current data, we propose a model for how TILs can be rescued and exert their
effector function to achieve antitumor outcomes (Fig. 8). To generate an antitumor effect,
tumor specific immune effector cells, activated by vaccines in the lymphoid tissue, need to
be appropriately re-activated to exert their function after migration to the tumor. However,
the tumor milieu is immunologically suppressive and the TIDCs are therefore unable to
present Ag to re-activate TILs. The importance of TIDCs was further emphasized in a recent
study showing that TIDCs could change their function from immune stimulating to immune
tolerogenic, resulting in conversion from tumor equilibrium into immune escape (47).
Proper function of TIDCs within the tumor was reported to be important in reversing T cell
tolerance in situ (53). Local injection of TLR ligands into the tumor stimulates production of
type-I IFN, which then activates TIDCs. These activated TIDCs or other innate cells within
the tumor produce IL-12 and become effective APCs to re-activate TILs, which together
lead to a potent antitumor effect.

Type-I IFN dependent activation of TIDCs is probably the most critical step because of its
role in rescuing the effector function of CD8 TILs. Recently, several other approaches were
found to be capable of activating tumor associated APCs, leading to an improved antitumor
effect. For example, radiation (54) and chemotherapy (55) were recently found to increase
the antitumor efficacy of immune cells after adoptive transfer, by increasing the cross-
priming capacity of TIDCs. In another study, CD40 agonist Ab was found to activate tumor
associated macrophages (56), which, as professional APCs, may re-activate TILs in addition
to killing tumor cells directly. Whether these approaches may result in rescue of the effector
function of vaccine-primed TILs is an interesting topic for further study.

Recent studies by Sierro et al have shown that PD1 blockade can increase the antitumor
effect of lv immunization (57). We also found that administration of PD1/PD-L1 Abs was
partially capable of rescuing the cytokine production of CD8 TILs (16). Thus, PD1/PD-L1
blockade may further increase the antitumor efficacy of lv immunization and TLR3/9 ligand
administration.

Tregs play an important role in immune suppression within the tumor. Our data show that i.t
injection of TLR3/9 ligands reduced the percentage and number of Treg and thus increased
the ratio of Teff/Treg within the tumor. The mechanism of how TLR3/9 ligands reduce the
numbers of Treg remains to be studied. However, two studies have shown that Th1/Th2 T
cells can inhibit peripheral Treg induction in vitro and in vivo (58) in an IFNγ dependent
manner (59). Addition of exogenous IFNγ was also shown to markedly decrease Treg
generation in vitro. Thus, it is possible that successful execution of the effector function of
CD8TILs within the tumor increases the level of IFNγ, which leads to reciprocal inhibition
of expansion of Treg. It is conceivable that the rescue of CD8 TIL function of secreting
IFNγ leads to the decrease in Treg within the tumor.
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In summary, we have demonstrated that loss of effector function by TILs within a tumor can
be rescued by local administration of TLR3/9 ligands possibly through type-I IFN mediated
activation of TIDCs. Although the application of this approach is limited by the difficulties
of accessing each individual tumor, the identification of type-I IFN as a critical cytokine in
the rescue of TIL effector function points to the potential that co-delivery of type-I IFN to
tumors may contribute significantly to rescue of TIL effector function and increase the
efficacy of current tumor immunotherapies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. I.t injection of TLR3/9 ligands markedly enhances the antitumor effect of lv
immunization
(A) Experimental plan - B16 mice bearing 5 day B16 tumors were immunized with hgp100-
lv and then injected i.t. one week later with TLR3/9 ligands. (B) Tumor growth curves are
shown as means. A summary of tumor weights at the end of experiment are based on three
experiments. Non-paired two-tail t-test was used for statistical analysis. (C) Survival curve
of mice treated with different regimes are shown. Two experiments were conducted with
similar data. Log-rank test was used for statistical analysis.
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Fig. 2. I.t injection TLR3/9 ligands significantly reduces the ratio and absolute numbers of Treg
within the tumor
(A) One week after lv immunization, TLR3/9 ligands were injected into the tumors.
Absolute numbers of CD8 and CD4 TILs were enumerated. (B) The percentage and absolute
number of Treg within the tumor was summarized. (C) The CD8 Teff/Treg ratio was
calculated from the absolute numbers of CD8 TILs and Treg within the tumor. Data are
from three separate experiments. Non-paired t-test was used for statistical analysis.
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Fig. 3. I.t injection of TLR3/9 ligands rescues the effector function of CD8 TILs
The experiment was conducted similar to Figure 1 except Pmel cells were adoptively
transferred into mice 1 day prior to lv immunization. (A) The percentage and absolute
number of Pmel cells within the tumor are summarized from 2 experiments. (B) Single cell
suspensions from spleens and tumors were stained for Thy1.1, CD8, IFNγ, and TNFα. Only
the Pmel (Thy1.1+) CD8 T cells were gated and were shown in the dot plot. Data are a
summation of 2 experiments. (C) The absolute numbers of IFNγ and TNFα double positive
Pmel cells from 2 experiments are summarized. (D) The data of in vitro CTL assay is
shown. T-test was used for statistical analysis at each E/T ratio.
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Fig. 4. I.t injection of TLR2/4 ligands does not affect the percentage of Treg and the function of
TIL
Mice bearing B16 tumors were adoptively transferred with Pmel cells and then immunized
with hgp100-lv. One week later, TLR2/4 ligands were injected into the tumor. The
percentage of Treg (A) and cytokine production (B) of TILs are analyzed and presented. (C)
Tumor weights at the time of sacrifice are presented. Two experiments were conducted with
similar results.

Xiao et al. Page 16

J Immunol. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5. Local acute inflammation increases the type I IFN within the tumor
Tumors were collected one day after injection of different TLR ligands. Three tumors from
each group were pooled and lyzed. The bioactivity of type-I IFN was analyzed in triplicate
using a biological assay. The bioactivity of type-I IFN is shown.
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Fig. 6. Local injection of TLR3/9 ligands cannot rescue the effector function of TILs or decrease
the percentage of Treg in the absence of appropriate type-I IFN mediated signaling
(A) The experimental scheme was shown. Both of wt and IFNαβR−/− mice were used in the
study. (B) The ability to activate Pmel CD8 T cells by lv immunization in the IFNαβR−/−

mice is demonstrated by the production of IFNγ and TNFα by the Pmel cells in the spleen.
(C) Tumor weights at the time of sacrifice were recorded and presented. (D) Rescue of the
effector function of CD8 TILs was determined by the production of IFNγ and TNFα. Only
the Pmel cells were gated and are shown. (E) The percentage of Treg within the tumor is
shown based on gating only the CD4 T cells. The experiment was repeated three times with
similar results.
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Fig. 7. The maturation, cytokine production, and Ag presentation of TIDCs is impaired in the
absence of proper type-I IFN signaling
(A) One day after i.t injection of TLR3/9 ligands or PBS (control), the maturation
phenotypes of the TIDCs in wt and IFNαβR−/− mice were analyzed. TIDCs of control
(open) and TLR3/9 ligand injected (shade) mice were gated and analyzed for CD86 or CD40
expression. (B) IL-12 levels within the tumor after local induction of acute inflammation in
wt mice (top panel) and IFNαβR−/− mice (lower panel) was determined by quantitative RT-
PCR. Data are presented as fold increases in IL-12 levels over non-treated tumors. (C)
TIDCs were isolated from wt and IFNαβR−/− mice one day after i.t injection of TLR3/9
ligands. Ag presentation function of TIDCs isolated from different tumors treated with
various agents, as indicated, was determined by induction of Pmel proliferation in vitro.
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Fig. 8. A model of how TILs are rescued to exert their effector functions within a tumor
The vaccine-activated and LN-derived T cells require in situ activation by tumor infiltrating
DCs (TIDCs) upon migration into a tumor. Unlike microbe-infected sites, the TIDCs are
functionally suppressed. TLR3/9 ligands in the tumor activate TIDCs through type-I IFN
dependent signaling to become effective APCs. The activated TIDCs are capable of
acquiring, processing and presenting tumor Ag to re-activate TILs to exert their functions.
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