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SUMMARY
CD8 T cell tolerance, once thought to be largely a result of clonal deletion, is now appreciated to
be much more complex, additionally involving multiple permutations of partial loss of effector
function in residual clonal populations. This is especially important in the context of tumor
immunity, in which persistent tolerized cytotoxic CD8 T cells (CTL), if reactivated, could
potentially mount a protective response. Previously we have shown that antigen-presenting cells
(APCs) with a targeted disruption of STAT3 break tolerance in CD4 T cells. Here we evaluate the
STAT3-defective APC in terms of its ability to induce a productive CTL response. Our data
demonstrate that macrophages derived from conditional STAT3 knockout mice are superior to
wild-type macrophages in terms of their ability to prime cognate CTL responses, and to cross-
present tumor-derived antigen to CTLs in vitro. CTLs cultured with STAT3-deficient APCs
demonstrated a stronger proliferative response and produced increased amounts of IFN-γ and
TNF-α, all of which have been shown to be diminished in tumor-tolerized CD8 T cells. Targeting
STAT3 signaling represents therefore an enticing strategy to augment CTL responses in the
tumor-bearing host.

2. INTRODUCTION
CD8 T cells represent an important effector arm in the immune response to cancer. Despite
clear demonstrations of their capacity to recognize tumor-associated antigens (TAA) and
mount measurable responses, cytotoxic lymphocytes (CTL) rarely achieve protective anti-
tumor immunity. Evidence from murine models suggested that CD8 T cell responses to self-
antigens which survive thymic deletion are efficiently suppressed via a mechanism of
peripheral clonal deletion which eliminates self-reactive clones that escape central
tolerance1,2. However, ample evidence derived from both animal and human studies would
indicate that this peripheral clonal deletion is incomplete and that residual CTL populations
persist that are fully capable of antigen-driven expansion, functional activation, and
extravasation into tumor sites3,4,5,6.

Defective function in any one or multiple facets of CTL activation can result in the
establishment of a state of tolerance. An effective CTL response requires adequate
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expansion of reactive clones, sustained activation of these clones with associated IFN-γ and
TNF-α production, engagement of lytic effector mechanisms including perforin production,
and sufficient recruitment to the target tissue. All of these aspects of CTL activation have
been shown to demonstrate impairment, independently or collectively, in various forms and
models of CD8 T cell tolerance in the context of tumor immunology and autoimmunity, and
with relatively consistent findings in patient populations and murine models3,4,6,7,8,9,10,11.
The underlying mechanism by which these CTLs are tolerized is similarly multifaceted and
is influenced by the efficacy and potency of the antigen presenting cell (APC) engaging the
CTL, the avidity of the T cell for the peptide epitopes being presented, as well as the
presence of inhibitory factors encountered in the tumor environment and lymphatics
produced by tumor cells, stroma, and/or regulatory cell populations.

The potency of an immune response is dictated in large part by the potency of the APC and
its ability to optimally prime the T cell response. This, in turn, is influenced by such factors
as the particular APC cell type as well as the context – inflammatory versus non-
inflammatory - in which the APC acquires the antigens for processing and presentation. Not
surprisingly, APCs isolated from tumors are relatively inefficient at priming protective
responses, alternatively inducing T cell anergy or tolerance12,13. Furthermore, the presence
of myeloid-derived suppressor cells (MDSC) in the tumor microenvironment and draining
lymph nodes further dampen potential cognate T cell responses via the production and
activity of immunosuppressive cytokines, arginase, reactive oxygen species, and nitric
oxide14. Targeted alteration in the function of these myeloid populations with the intent to
disrupt aberrant antigen presentation and/or active suppression represents a viable strategy
for breaking or reversing T cell tolerance to TAAs.

STAT3 has now been implicated as a crucial component in multiple immunosuppressive
signaling pathways associated with tumorigenesis, including IL-10 and VEGF-mediated
mechanisms. Initial studies demonstrated that conditional ablation of STAT3 function in
macrophages and neutrophils promoted hyperactive inflammatory responses15. Studies in
our lab have demonstrated the ability of macrophages defective in STAT3 signaling to act as
efficient APCs and to re-engage tumor-tolerized CD4 T cells16. The impact that STAT3
ablation may have on macrophage’s APC function in terms of their potential role in CD8 T
cell activation and reversal of tumor tolerance remains to be elucidated.

In this study, we assessed the cognate responses of naïve CD8 T cells to a TAA using in
vitro culture conditions. STAT3-deficient macrophages were compared to congenic normal
controls in terms of their ability to stimulate cytokine production and proliferation. Our
results indicate that the STAT3 defect enhances the ability of macrophages to stimulate a
CD8 response against its cognate peptide. Furthermore, these APCs are also superior in their
ability to stimulate CD8 T cells with antigen captured and processed from a tumor cell
source.

3. MATERIALS & METHODS
3.1 Mice

BALB/c mice 6–8 weeks old were purchased from NCI (Frederick, MD), while C57BL/6
mice were purchased from Jackson Laboratories (Bar Harbor, ME). CLN4 CD8 T cell
transgenic mice recognizing amino acids 518–527 from the influenza hemagluttinin (HA),
initially generated by Dr. Linda Sherman (Scripps Clinics) and kindly provided to us by Dr.
Hyam Levitsky (Johns Hopkins University), were bred in house in specific-pathogen-free
conditions. Breeder pairs of OT-I CD8 T cell transgenic mice recognizing amino acids 257–
264 of ovalbumin were purchased from Jackson Labs and bred in-house with periodic
monitoring of transgenic phenotype by flow cytometric staining for Vα2 and Vβ5
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expression. B6.LysMCre-Stat3flox/− (B6.Stat3KO) mice were a generous gift from Dr.
Shizuo Akira and were bred and maintained according to previously published protocols.
BALB/c.LysMCre-Stat3flox/− (BALB/c.Stat3KO) mice were generated by crossing the
LysMCre-Stat3flox/− phenotype onto the BALB/c background strain. C.129S2-Stat4tm1Gru/J
(BALB/c.Stat4KO) and C.129S2-Stat6tm1Gru/J (BALB/c.Stat6KO) mice were purchased from
Jackson Laboratories (Bar Harbor, ME). All experiments were performed in accordance
with protocols approved by the Animal Care and Use Committees of the University of South
Florida.

3.2 Peptides
Two peptides were used for cognate stimulation of CD8 T cells. The HA peptide
corresponds to amino acids 518–526 of the native protein (hemagglutinin influenza) and
more specifically the amino acid sequence IYSTVASSL. The OVA peptide used
corresponds to amino acids 257–264 of the native protein (Ovalbumin), with the amino acid
sequence SIINFEKL. Peptides were reconstituted in PBS and maintained at −80°C in stock
concentrations of 5mg/mL.

3.3 Tumor Cells
The B cell lymphoma cell lines A20 and A20HA were maintained in culture in RPMI 1640
supplemented with 10% FBS, 50U/mL penicillin/streptomycin, 50mM β-ME, and incubated
at 37°C in 5% CO2

17. EL4 and EL4mOVA thymoma cell lines, generously provided by
Stephen Schoenberger (La Jolla Institute of Allergy & Immunology), were maintained in
culture in IMDM supplemented with 10% FBS, 50U/mL penicillin/streptomycin, 50mM β-
ME, and incubated at 37°C in 5% CO2.

3.4 Flow Cytometry
All antibodies were purchased from BD Pharmingen (San Diego, CA). CLN4 T cells were
identified according to staining with CD8α PerCP (53–6.7), Vβ8 FITC (F23.1), and Thy1.1
PE (OX-7). IFN-γ production was measured by intracellular cytokine staining techniques
according to the protocol by BD Pharmingen. Briefly, Lympholyte™-enriched cells were
plated at 2×106 cells/well in 96 well U-bottom plates in complete media supplemented with
1µL/mL GolgiPlug and +/− 0.5 µg/mL peptide. Cells were cultured as such for 4 hours at
37°C, then stained for surface markers, permeabilized, and finally stained for IFN-γ
(XMG1.2) or TNF-α (MP6-XT22) with an APC-conjugated antibody. For proliferation
assays, cells were loaded with CFSE (Molecular Probes, Eugene, OR) at a concentration of
5µM for 10 minutes in HBSS, and then washed 4 times in ice-cold media. All samples were
read on a BD FACSCalibur Instrument (Beckton Dickinson, San Jose, CA) and data was
analyzed with FlowJo Software (Treestar, Inc).

3.5 Isolation of Peritoneal Macrophages and In Vitro Culture Assay
Peritoneal exudate macrophages (PEM) were elicited from BALB/c, BALB/c.LysMCre-
Stat3flox/−, C57BL/6, B6.LysMCre-Stat3flox/−, BALB/c.Stat4KO and BALB/c.Stat6KO mice
by intraperitoneal injection of thioglycollate. Cells were collected 4–5 days later by
peritoneal lavage with ice-cold complete media. Extensive studies in our lab have shown
that the harvested cell population is comprised of 95% macrophages as determined by
staining with CD11b and F4/8016. Purified cells were plated at a density of 1×106 cells/well
in 6-well culture plates overnight at which time non-adherent cells were washed away.
Further analysis of an aliquot of this adherent population revealed that they are 100%
macrophages (data not shown). A20 and A20HA cells, or EL4 and EL4mOVA cells, were
irradiated with a dose of 3000 rad just prior to being added to the macrophage cultures.
These were co-cultured for 4 hours before non-adherent cells were again washed away with
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3 washes with ice-cold HBSS with vigorous pipetting. The percent of tumor cells that
remained in the macrophage’s monolayer’s culture after extensive washing was less than
5%. These few remaining irradiated tumor cells undergo rapid apoptosis and are unlikely of
directly present antigen to antigen-specific T-cells. CLN4 (for experiments using A20/
A20HA) or OT-I (for experiments using EL4/EL4mOVA) cells were freshly harvested from
spleens and lymph nodes, enriched by Lympholyte™ gradient centrifugation, and labeled
with CFSE as discussed prior and then added to the macrophage cultures at 1×106 cells/well.
Cultures were incubated for 72 hours at 37°C in 5% CO2 incubator, then re-stimulated and
stained for cytokine production as described above.

4. RESULTS AND DISCUSSION
4.1 STAT3KO Macrophages are Superior APCs

We first sought to establish that macrophage APCs with a functionally deficient STAT3
would demonstrate an enhanced capacity to activate CD8 T cells as compared to STAT3-
competent macrophages. To examine this, BALB/c.Stat3KO PEM or WT control PEM were
washed and pulsed with HA peptide (10 ng/mL) or left untreated (No antigen). Then, CLN4
CD8 T cells were added to the macrophage’s monolayers. Similar to results obtained in
studies of CD4 T cell responses, CD8 T cells exhibited more potent cognate responses when
peptide antigen was presented by STAT3-deficient APCs. Although, both BALB/c and
BALB/c.Stat3KO macrophages induced a proliferative CD8 T-cell response to cognate
peptide, the STAT3KO macrophages promoted a more vigorous proliferative burst and
triggered IFN-γ production by CD8 T-cells (Fig 1A: IFN-γ production in 3.81% of the
proliferating CTLs when antigen presented by STAT3KO macrophages versus 0.35% when
peptide was presented by BALB/c APCs). Of note, genetic disruption of other members of
the STAT family do not appear to produce this effect, as evaluation of macrophages isolated
from BALB/c.Stat4KO or BALB/c.Stat6KO mice in identical culture parameters only
triggered a minimal increase in proliferation or IFN-γ production by antigen-specific CD8
T-cells in response to cognate peptide (Figure 1B). Shown in Figure 1C is the dose-response
effect when cognate antigen is presented by BALB/c.Stat3KO macrophages. At both doses
of HA-peptide used, these macrophages are clearly superior to control macrophages in
triggering antigen-specific CD8+ T-cell proliferation (Fig 1C-Top). Furthermore, unlike
CD8+ T-cells encountering cognate antigen in wild type (WT) macrophages, only the
STAT3KO macrophages induced measurable IFN-γ and TNF-α production by CLN4 CD8 T
cells in response to HA peptide (Fig 1C, Middle and bottom). Cumulatively, these data
indicate that STAT3KO macrophages deliver a more potent stimulatory signal to CD8 T cells
in a cognate interaction.

4.2 Improved In Vitro Cross-Priming by STAT3KO APCs
Next, we asked whether PEM devoid of STAT3 will display an improved ability as
compared to wild type PEM to capture and cross-present antigen. Once again, CLN4 CD8 T
cells were used to assess cognate interactions with macrophage APCs, but this time, antigen
was acquired from irradiated A20HA tumor cells co-cultured with PEM for 4 hours. Figure
2A shows that CLN4 CD8 T cells proliferate vigorously when cultured with BALB/
c.Stat3KO macrophage but only minimally when cultured with BALB/c macrophage (WT).
Furthermore, WT macrophages are incapable of inducing IFN-γ production by CLN4
responder cells, whereas proliferating CLN4 cells show a 5-fold increase in IFN-γ
production in the presence of Stat-3 deficient PEM (Figure 2B). Minimal proliferation and
no IFN-γ production were seen in T cells cultured with WT macrophages, arguing against
any significant contribution by irradiated A20HA B-cells (which could have potentially
remained in the cultures after extensive washing) presenting HA antigen directly to CLN4
CD8 responder cells.
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To confirm the above observations, we used next a second experimental model with OT-I
CD8 T cells as responders and B6.Stat3KO macrophages (or C57BL/6 macrophages) as
presenters of OVA257–264 derived from irradiated EL4mOVA (Figure 2C). Whereas greater
than 60% of the OT-I cells exposed to C57BL/6 APCs remained unresponsive, greater than
90% of OT-I cells exposed to B6.Stat3KO macrophage engaged in proliferation and
approximately 50% of the activated population was IFN-γ+ by intracellular cytokine
staining. CTL cross-presentation by STAT3KO macrophages becomes more important in
light of prior published evidence by Albert et.al.18 indicating that STAT3 competent
macrophages are unable to cross-present apoptotic bodies to CTLs.

Clearly, in the absence of a functional STAT3 protein, macrophage APCs exhibit increased
CD8 T cell activating capacity, but even more important, our data demonstrate for the first
time that STAT3KO macrophages are inherently superior than their WT counterparts at
acquiring and processing antigen for effective cross-presentation to CTLs. This finding is
particularly relevant in tumor-tolerized CTL responses due to the fact that tumor-induced
CD8 T-cell tolerance, although multifactorial, it is becoming increasingly recognized as
being established and maintained by the APC engaging the CTL19. Although we extensively
tried to address the impact of the STAT3-defect on the ability of the APC to overcome CD8
T cell tolerance, in a fashion similar to our prior work with CD4 T-cells16, our in vitro
culture conditions proved to be inadequate for this task. In part, this was due to the fact that
the vast majority of clonal responder CTLs, in the face of tolerogenic signals such as tumor-
induced tolerance or high-dose peptide challenge, undergo clonal deletion2,20,21. Residual
clones may be increasingly dependent on persistent antigen presentation for continued
survival and avoiding activation-induced cell death. This would likely explain prior findings
that tolerant CD8 T cells in tumor models are eventually localized predominantly in the
tumor beds10. Ongoing studies using an in vivo tolerance model system will address whether
the STAT3-deficient APC can maintain this enhanced ability to capture antigen in the
suppressive tumor microenvironment and continue to efficiently cross-prime anti-tumor
CTL responses.

During the past several years, sufficient evidence has been generated supporting the
conclusion that cancers are not immunologically inert entities. Yet, despite the presence of
specific T cell responses against tumor-associated antigens (TAAs), the immune system
rarely confers adequate and effective protection. There are many factors contributing to this
observation, including (but not limited to) potent and durable central and peripheral
tolerance mechanisms, suboptimal activation of professional antigen presenting cells (APCs)
at the tumor site leading to ineffective T cell priming, as well as an strong immune
suppressive and tolerogenic milieu within the tumor microenvironment itself. The targeted
disruption of STAT3 function can potentially influence all of these factors. The hyper-
inflammatory nature of STAT3-deficient APCs has been shown to disrupt peripheral
tolerance mechanisms. This is evidenced by the fact that LysMCre.Statflox/− mice develop
an autoimmune colitis15. Likewise, inhibition of STAT3 would, in theory, counter any
suboptimal APC activation at the tumor site thus preventing suboptimal T cell priming due
to APC inefficiency. Furthermore, STAT3-defective APCs might be less susceptible to the
immunosuppressive environment of the tumor due to the fact that many of the primary
mechanisms of immune suppression within the tumor are dependent on STAT3 signaling.
For instance, IL-10 and VEGF, both considered to contribute significantly to the dampening
of immune responses rely on signaling pathways incorporating STAT3 22,23,24. Taken
together, targeting STAT3 signaling in the relevant tumor-associated APC populations
represents a potential strategy to conceivably enhance CTL activity and overcome CD8 T
cell tolerance, a major obstacle in the current development of effective cancer
immunotherapies.
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Figure 1. Macrophages devoid of STAT3 display increased capacity to stimulate cognate
responses in naïve CD8 T cells
A & B. CLN4 CD8 T cells were cultured in vitro for 72 hours with PEM from wild type
(WT), Stat3-KO, Stat4 KO or Stat6 KO mice, previously loaded with the class-I dominant
epitope of HA, IYSTVASSL at 10ng/mL (or left untreated). . Plots represent CD8+/Vβ8+/
Thy1.1+ gated populations depicting proliferation, measured by CFSE dilution, versus IFN-γ
production. C. Dose-response effects (white bars –no peptide; gray bars - 1ng/mL peptide
pulse; black bars - 10ng/mL peptide pulse) in terms of antigen-specific proliferation as
measured by CFSE dilution (top figure) and cytokine production as determined by
intracellular cytokine staining (middle and bottom figures).
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Figure 2. Macrophages devoid of STAT3 cross-present antigen acquired from a tumor cell more
efficiently than WT macrophages
(A) STAT3-deficient but not WT macrophages can capture and cross-present antigen from
irradiated A20HA tumor cells and stimulate proliferation in CLN4 CD8 T cells responding
specifically to HA antigen. (B) In the context of HA antigen presented by STAT3-deficient
macrophages, intracellular cytokine staining shows that proliferating CLN4 T cells produce
measurably more IFN-γ. (C) Similar results are seen when EL4mOVA tumor cells are used
as an antigen source for B6.Stat3KO macrophages, with OVA-specific OT-I CD8 T cells
used a measure of cognate stimulation.
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