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Abstract

Cancer immunotherapy aims to generate long-lived, tumor-specific adaptive immunity to limit
dysregulated tumor progression and metastasis. The tumor vasculature has emerged as a critical
checkpoint controlling the efficacy of immunotherapy since it is the main access point for
cytotoxic T cells to reach tumor cell targets. Therapeutic success has been particularly challenging
to achieve because of the local, cytokine-rich inflammatory milieu that drives a pro-tumorigenic
program supporting the growth and survival of malignant cells. Here, we focus on recent evidence
that systemic thermal therapy can switch the activities of the inflammatory cytokine, interleukin-6
(IL-6), to a predominantly anti-tumorigenic function that promotes anti-tumor immunity by
mobilizing T cell trafficking in the recalcitrant tumor microenvironment.
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CD8* T cell anti-tumor immunity: strength in numbers

Recent advances in the field of immunotherapy have galvanized interest in targeting the
immune system for the treatment of cancer. The primary appeal of immune-based treatments
stems from the ability of cytotoxic CD8* T lymphocytes, the major effectors of the adaptive
immune response, to specifically recognize and kill tumor targets while sparing normal
tissue. T cells can also seek out micrometastatic lesions throughout the body and generate
long-term protection against tumor recurrence. Compelling evidence for the relevance of T
cells in patient outcome was demonstrated in 2006 when landmark studies in colon cancer
revealed that the extent of intratumoral infiltration by CD3* T cells is more predictive of
survival than traditional tumor staging based on lesion size and metastatic spread [1]. The
prognostic value of T cells has been recapitulated in several types of cancer, emphasizing
that extensive patient populations may benefit from improved T cell responses [1-4].

Adding to the complexity of these studies is the diversity of CD3™ T cell subsets that can
have an impact on anti-tumor immunity. The CD4" T helper 1 subset cell (Th1) has mainly
been credited with anti-tumorigenic activity by virtue of their ability to stimulate CD8* T
cell activity [5, 6]. Conversely, CD4* regulatory T cells (Tregs) and T helper 2 (Th2)

Please address all correspondence to Sharon S. Evans, Department of Immunology, Roswell Park Cancer Institute, Buffalo, NY
14263. Phone: (716) 845-3421 Fax: (716) 845-1322, sharon.evans@roswellpark.org.

Conflict of interest statement: The authors have no conflicting financial interests.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mikucki et al.

Page 2

subsets primarily elicit pro-tumorigenic functions [3, 5, 7]. Immunosuppressive Tregs are
associated with poor patient prognosis and have been shown to inhibit activation,
proliferation, and cytotoxic function of CD8" effector cells [3, 5-8]. The CD4* T helper 17
subset cells (Th17s) remain a wild card as they have been linked with both pro- and anti-
tumorigenic activity in different models [3, 5, 7]. The balance of these opposing T cell
subsets within patients can strongly influence the efficacy of the anti-tumor immune
response, and numerous studies are underway to understand how to shift the equilibrium to a
predominantly CD8* T cell-driven immune response in patients [5, 7, 9, 10].

Equally evocative in the field of tumor immunology was the discovery that the status of the
immune system dictates the anti-tumor efficacy of traditional treatment modalities such as
chemotherapy and radiation, whose actions are classically attributed to direct tumor
cytotoxicity [11-13]. In this regard, depletion of CD8" T cells abrogated the ability of the
chemotherapeutic doxorubicin to control tumor growth in murine breast cancer models [12].
The radiation response in melanoma tumors was similarly impaired in mice lacking T cells
[13]. These studies suggest that improving the magnitude of the endogenous T cell response
has the potential to enhance the efficacy of widely-used standard treatments in a broad range
of patients.

Two challenges faced in generating anti-tumor immunity are the extremely low frequency of
T cells specific for a single tumor antigen [3, 4, 10, 14] and tumor-induced suppression of T
cell activity [5-7]. One approach to augment the number of tumor-specific T cells in patients
is to exploit the natural process of T cell activation by using dendritic cell (DC) vaccines
[14] (Figure 1). Systemic administration of patients” own DCs that are preloaded ex vivo
with tumor antigen stimulates endogenous, tumor-specific naive CD8" T cells to
differentiate into cytotoxic effectors and proliferate, thus enlarging the available tumor-
reactive effector T cell pool [14]. Additional methods to boost the frequency of circulating
cytotoxic T cells such as T cell-based adoptive cell transfer (ACT) involve bypassing
endogenous T cell activation (which may be suppressed in cancer patients [5-7]) by
expanding autologous tumor-specific T cells ex vivo and re-infusing them into the
bloodstream at high numbers [10] (Figure 1). These regimens increase the frequency of
tumor-specific T cells in peripheral blood up to ~50% [10, 14].

Alternative strategies seek to relieve the “brakes” on T cell function by dampening
inhibitory molecules which repress T cells in vivo. Ipilimumab, an antibody which targets
the suppressive molecule, cytotoxic T lymphocyte antigen-4 (CTLA-4), was the first FDA-
approved drug to improve the survival of patients with metastatic melanoma over standard
therapies [15-17] (Figure 1). Ipilimumab is thought to prolong the activity of tumor-specific
T cells in vivo by disrupting CTLA-4-mediated signaling in CD8" T cells that normally
occurs during resolution of immunity [16, 17]. Further clinical trials are underway for
combination therapies to extend the survival benefit of ipilimumab treatment and to target
other immunosuppressive pathways such as programmed cell death-1 protein (PD-1) and
lymphocyte-activation gene-3 (Lag-3) [15, 18, 19].

Despite excitement in the field regarding the promise of immunotherapeutic modalities,
there is still substantial room for improvement in terms of patient outcomes. For example, in
metastatic melanoma the durable response rates for DC vaccination and ACT are less than
25%, and ipilimumab achieves similarly poor complete responses and only extends patient
survival by ~4 months [10, 14, 15]. These poor outcomes are likely due to a combination of
multiple mechanisms including loss of tumor antigen, which has been suggested to occur as
result of immunoediting [20]. Additionally, the tumor microenvironment often contains
several immunosuppressive cells (e.g., Treg, myeloid-derived suppressor cells [MDSC], and
tumor-associated macrophage [TAM] of the M2 subset) and soluble factors (e.g.,
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indoleamine 2,3-dioxygenase, TGF-$ , and IL-10) that have been implicated in potentiating
tumor growth [20, 21]. Notably, a common feature of the immunotherapeutic strategies in
use clinically is that they all converge on the requirement for blood-borne cytotoxic T cells
to traffic across the tumor vasculature in order to initiate contact-dependent killing of tumor
cell targets (Figure 1). The ultimate demand for physical contact between T cells and tumor
cells for cancer control is beneficial because it minimizes nonspecific damage of healthy
tissues, but it also suggests that limiting T cell access to tumor cells may be an obvious
mechanism of tumor escape. One appealing option to improve T cell-based therapies
involves identifying methods to drive T cell extravasation across tumor vascular
checkpoints; however, surprisingly little is known about the regulation of T cell recruitment
into tumor tissue. This review will discuss the bottleneck in CD8* T cell infiltration at tumor
sites as well as recent findings that reveal the potential for thermal modalities to dial up T
cell trafficking at the tumor vascular interface through an unexpected mechanism involving
the I1L-6 proinflammatory cytokine.

Rules of engagement

Insight into effector T cell trafficking can be found in the setting of non-malignant
inflammation where T cells must undergo a series of Velcro-like multi-step adhesive
interactions with vascular endothelium in order to exit the circulating lymphocyte pool
(Figure 2A) [22-25]. This process is initiated by loose tethering and rolling interactions that
slow T cells down on the lumenal surface of vessel walls, thereby allowing T cells to sample
the local chemokine microenvironment. Chemokine signaling in T cells expressing
complimentary chemokine receptors causes the transition to firm adhesion and subsequent
extravasation. In the absence of inflammation, endothelial cells do not normally support
high rates of effector T cell extravasation. However, during inflammation, production of
proinflammatory cytokines such as tumor necrosis factor a (TNF-a), interleukin-1p (1L-1p),
IL-6, and interferon vy (IFN-v), induce local upregulation of vascular trafficking molecules
that function at discrete steps of the adhesion cascade [9, 24, 26]. Depending on the type of
insult and location of the inflammatory response, different patterns of trafficking molecules
on blood vessels and reciprocal molecules on T cells work in concert to precisely mobilize
effector T cells to inflammatory sites.

While the specifics of T cell trafficking in tumor tissues have been difficult to resolve,
histological studies in both mice and humans suggest that tumor vessels may be poor sites of
T cell recruitment. Despite the proinflammatory cytokine milieu typically present in
malignant lesions (i.e., TNF-a, IL-1f, and IL-6) [5-7, 27], tumor vessels in both mice and
humans exhibit limited expression of inflammatory chemokines and adhesion molecules
[28-30]. This may provide a partial explanation for why intratumoral infiltration of T cells is
often low in a majority of cancer patients [1, 2, 4, 9]. However, infiltration of T cells within
patient tumors reflects the culmination of multiple parameters including T cell trafficking
across tumor vasculature, T cell frequency in the blood, and T cell fate in situ (i.e., retention,
egress, apoptosis, survival, and proliferation). These events downstream of T cell entry can
greatly impact overall intratumoral T cell numbers. For example, approximately 40% of T
cells in tumors are predicted to proliferate in situ within one day [31], making it difficult to
isolate the contribution of T cell entry to anti-tumor immunity in vivo. Although some
studies have observed poor leukocyte interactions with tumor vessels [32-34], there has
been remarkably little direct investigation of the actual rate of trafficking of effector CD8* T
lymphocytes across tumor vasculature.

To directly examine whether trafficking is an impediment to anti-tumor immunity, we used
epifluorescence intravital microscopy to visualize in real-time the stepwise adhesive
interactions of fluorescently-tagged CD8* effector T cells at the tumor vascular checkpoint
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[35]. For these studies, we utilized the highly aggressive B16-OVA orthotopic melanoma
model which expresses the surrogate tumor antigen, ovalbumin (OVA). OT-1 CD8" T cell
clones expressing a transgenic T cell receptor specific for OVA were activated and
expanded ex vivo prior to use as a source of adoptively transferred effector CD8* cells. It is
noteworthy that despite the presence of chaotic, leaky vasculature within tumor tissue, we
did not observe any indiscriminate T cell entry indicating that trafficking is strictly an active
process [35]. In this regard, CD8 T cells lacking trafficking molecules necessary for
migration to peripheral tissues (e.g., naive T cells which do not express receptors for E- and
P-selectin) did not passively accumulate within tumors. The inability of T cells with a
diameter of ~10 pm to passively enter tumors via an intrinsically leaky vasculature is in line
with prior studies demonstrating that the permeability of tumor vessels is restricted to
molecules less than 400-500 nM in size [36, 37].

Analysis of CD8" effector T cells expressing a full complement of adhesion molecules and
chemokine receptors necessary for trafficking to extralymphoid sites revealed that these
cells rarely engage with tumor vessels in various types of murine tumor models including
melanoma and colon cancer. Specifically, only ~1% of the transferred effector CD8" T cells
observed within tumor vessels were capable of transitioning to firm arrest in subcutaneous
tumors, representing a modest increase above the low frequency interactions (~0.2%)
typically detected in normal vessels at the same tissue site. This is in sharp contrast to
observations during inflammation in non-malignant settings where blood vessels support a
substantially higher frequency of trafficking (e.g., >10% of effector T cells visualized within
vessels transition to firm adhesion) [33, 35]. Moreover, despite high numbers of effector T
cells in the circulation following adoptive transfer, the level of antigen-specific apoptosis of
tumor targets was indistinguishable from that of untreated mice, demonstrating that low
constitutive trafficking in tumors limits the therapeutic efficacy of transferred cells [35].
These findings implicate tumor vessels as critical gatekeepers of anti-tumor immunity in
vivo and suggest that triggering a more adhesive vasculature may be therapeutically
beneficial for immune-based treatment modalities.

Warming up to lymphocyte trafficking in the tumor microenvironment

Those who cannot be cured by medicine can be cured by surgery.
Those who cannot be cured by surgery can be cured by heat.
Those who cannot be cured by heat are to be considered incurable.
Hippocrates, ¢. 460 BC —c. 370 BC

There has been longstanding interest in the application of exogenous heat as a primary and
adjunct therapy since the times of Hippocrates [38]. Evidence that thermal therapy in the
febrile range (38—-40°C) does not exert direct cytotoxic effects in tumor cells has suggested
that anti-tumor activity due to mild temperature hyperthermia reflects microenvironmental
changes [35, 39]. Many of the adjuvant activities of fever-range thermal therapy have been
attributed to direct effects on vascular permeability which increase blood flow and
oxygenation in tumor tissues, thus improving delivery of systemic chemotherapy and the
efficacy of radiation therapy [40-44]. Intriguingly, administration of fever-range systemic
thermal therapy (STT; core temperature elevated to ~39-40°C for 6 h) also alters the
patterns of endogenous leukocyte infiltrates (i.e., natural killer [NK] cells, CD8* T cells, and
neutrophils) in tumor tissues [29, 35, 39, 45-48]. A concomitant decrease in the number of
circulating lymphocytes in cancer patients and mice has also been reported following STT
[45, 49], supporting the notion that heat mobilizes the redistribution of T lymphocytes out of
the circulating pool and into discrete tissue destinations.
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We were prompted to examine the effects of STT on the intratumoral trafficking of CD8" T
cells based on prior studies examining the impact of the thermal element of fever on
lymphocyte trafficking in an inflammatory setting [9, 22, 49-54]. In non-tumor-bearing
mice, inflammatory cues triggered by fever-range STT were shown by intravital imaging to
enhance the capacity of specialized cuboidal post-capillary high endothelial venules (HEVSs)
to direct naive T cell entry into lymph nodes and Peyer’s patches [9, 22, 49-54]. The
trafficking of T cells across HEVs represents a critical checkpoint in the generation of
effector T cell responses by regulating the probability that rare T cells specific for a given
antigen will encounter an activating DC within lymphoid tissues [25, 55]. T cell entry across
HEVs is normally extremely efficient (i.e., ~1 out of 4 blood-borne cells that enter HEVs
will go on to extravasate under homeostatic conditions) [55]. Thus, the ability of STT to
double lymphocyte trafficking across HEVs can be viewed as a profound boost in trafficking
potential.

Intravital microscopy further revealed that not all vascular endothelium within lymphoid
organs is responsive to a heat stimulus [50]. In this regard, endothelial cells lining non-
HEVs are insensitive to heat-induced stimulation of naive lymphocyte homing [35, 49-51].
Given evidence that DCs preferentially localize in close proximity to HEVs [25], increasing
trafficking of naive and central memory T cells exclusively across HEVs maximizes the
opportunity for productive interactions between these key players during the initiation of
adaptive immunity. The restricted action of STT on a select subset of vascular beds (i.e.,
HEV) within lymphoid tissue despite systemic administration of thermal therapy suggests
that heat functions preferentially in the context of immune-relevant sites. These observations
raised the question of whether blood vessels in the tumor microenvironment would behave
similarly to thermally-sensitive, specialized HEVs or would mirror heat-refractory, non-
HEVs during STT.

To investigate the impact of thermal therapy on effector T cell trafficking within an
established tumor vasculature in murine tumor models, we again turned to intravital imaging
analysis [35]. For these studies we tracked the fate of adoptively transferred, OV A-specific
effector OT-1 T cells in vessels of B16-OVA tumors as an experimental endpoint that is
relevant to clinical immunotherapy. Effector T cell populations were generated through ex
vivo activation and expansion and then adoptively transferred post-STT after normal core
temperatures were restored and hemodynamic parameters were normalized (e.g., blood flow
velocity, vessel diameter and wall shear rate), allowing us to interrogate the intrinsic binding
activity of tumor vascular endothelium. Although tumor vessels support few interactions
with circulating T cells under homeostatic conditions, they are highly responsive to STT,
yielding an ~5-fold induction in effector CD8* T cell extravasation into the tumor site. The
activity of STT on the entry of adoptively transferred cells extends to several implantable
and spontaneous tumor models in addition to B16-OVA melanoma including CT26
colorectal tumor, EMT6 mammary tumor, and RIP-Tag5 transgenic pancreatic islet tumor
[35].

One notable finding is that STT acts at multiple discrete steps in the adhesion cascade which
culminate in improved CD8" effector T cell trafficking across tumor vascular barriers
(Figure 2A) [35]. STT increases the frequency of initial tethering and rolling interactions
which are dependent on vascular display of E-selectin and P-selectin. Other molecules
known to mediate transient rolling interactions during acute or chronic inflammation (e.g.,
vascular cell adhesion protein-1 [VCAM-1] and mucosal addressin cell adhesion molecule-1
[MAdCAM-1]) do not appear to be regulated by STT. T cells further require chemokine
signaling to transition to firm arrest in the tumor vasculature as demonstrated by the ability
of pertussis toxin, an irreversible inhibitor of chemokine-dependent G-protein signaling, to
block this event. We also identified an absolute requirement for the prototypical firm arrest
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molecule intercellular adhesion molecule-1 (ICAM-1) in STT-mediated firm adhesion,
where antibody blockade or genetic deficiency in ICAM-1 prevented arrest and
extravasation. Quantitative immunofluorescent histology demonstrated that STT strongly
upregulates the intravascular density of ICAM-1 on CD31* tumor vessels in comparison to
ICAM-1 expression on normothermal controls (NT) (Figure 2B) [35]. Moreover, STT
boosts ICAM-1 induction at both primary and metastatic tissue sites, suggesting that STT
takes advantage of common features of tumor vessels regardless of anatomical location.
Based on studies in inflammatory scenarios, high ICAM-1 density following STT likely
improves the avidity of ICAM-1 for its counter-receptor, lymphocyte function-associated
antigen-1 (LFA-1) on T cells, thus supporting shear-resistant adhesion and helping shepherd
transmigrating lymphocytes through the endothelium [24, 56].

One concern for strategies that enhance leukocyte trafficking is that therapeutic intervention
might “open the floodgates” for recruitment not only of CD8* cytotoxic T cells but also
immunosuppressive subsets. This does not appear to be the case, however, since thermally-
induced CD8™ effector T cell trafficking is accompanied by a concomitant decrease in
infiltration of CD4* CD25* FoxP3* Tregs in B16 murine melanoma [35]. The inverse
relationship between the infiltration of these cell types during STT results in a profound
increase in the overall ratio of CD8" effector T cells to Tregs (i.e., from ~5:1 to ~35:1)
which is likely advantageous in view of reports that high CD8" T cell: Treg ratios correlate
with increased patient survival [8]. STT does not change the overall infiltration of other
inhibitory leukocytes such as monocytic MDSC (M-MDSC), polymorphonuclear MDSC
(PMN-MDSC), or TAM in tumor tissues. However, these studies did not formally exclude
the possibility that STT shifts the balance between different TAM subsets, namely pro-
tumorigenic M2 and anti-tumorigenic M1 cells.

In light of the beneficial increases in CD8" T cell trafficking after STT, we performed proof-
of-concept studies to determine whether adjuvant STT can enhance the intratumoral entry of
tumor-specific T cells during ACT and delay tumor progression (schema for therapeutic
treatment regimen shown in Figure 3A) [35]. Adoptive transfer of effector OT-1 CD8* T
cells vivo) into mice bearing established B16-OVA tumors is not sufficient to mediate tumor
regression as a single therapy [35], even though these T cells are highly cytotoxic for tumor
targets in vitro. Additionally, STT treatment alone has no effect on tumor growth control,
suggesting that the endogenous T cell pool is insufficient to control tumor growth [35].
However, combination of STT pretreatment with ACT induces entry of tumor-specific T
cells, leading to a delay in melanoma tumor growth [35]. Collectively, these findings
establish that fever-range STT is an effective preconditioning strategy to boost the efficacy
of adoptive T cell transfer immunotherapy.

IL-6: a double agent in the war against cancer

Investigation of the mechanisms underlying thermal regulation of T cell trafficking centered
on the contributions of candidate proinflammatory cytokines (i.e., TNF-a, IL-1f, and IL-6)
which are abundant in murine and patient tumors and are well-known inducers of vascular
trafficking molecules in non-cancerous settings [5-7, 24, 27]. These studies led to the
unexpected discovery of opposing roles for IL-6 in the tumor microenvironment. The pro-
tumorigenic role of IL-6 has already been intensively studied based on recognition over the
past decade of its ability to drive cancer progression and metastasis [5, 6, 27, 35, 57]. IL-6
stimulates tumor cell-intrinsic proliferation and/or survival by inhibiting caspase-3-mediated
apoptosis and inducing cyclin D, myc, Bcl-2/Bcl-xL, and survivin [58-61]. IL-6 also
promotes tumor growth through extrinsic activities that include fueling angiogenesis via
STAT3-dependent induction of vascular endothelial growth factor (VEGF) synthesis [60]
and self-seeding of tumors by chemoattraction of aggressive malignant cell subsets [62].
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These diverse mechanisms likely contribute to 1L-6—induced chemoresistance and
radioresistance in cancer [61, 63, 64].

In contrast to the prevailing view of IL-6 as a pro-tumorigenic factor, there is a paucity of
information linking IL-6 to anti-tumorigenic activities within the tumor microenvironment.
Thus, it came as a surprise that IL-6 was identified as the single cytokine mediating STT
stimulation of CD8* effector T cell trafficking across murine tumor vessels [35]. In this
regard, antibody blockade of IL-6, but not TNF-a, IL-1f, or IFN-y, prevented upregulation
of E/P-selectin— and ICAM-1-dependent trafficking of adoptively transferred CD8* T cells
at the vascular interface in multiple tumor models (i.e., B16-OVA melanoma, CT26
colorectal, and RIP-Tag5 pancreatic islet tumors). The IL-6 requirement was further
substantiated in IL-6—deficient mice in which STT failed to upregulate ICAM-1 on tumor
vessels or induce CD8* T cell intratumoral accumulation. In sharp contradistinction to
evidence that tumor-promoting IL-6 is provided by hematopoietic cells (i.e., macrophages
and CD4* T cells) [5, 27], heat-induced trafficking of CD8" T cells depends on IL-6
produced by nonhematopoietic stromal cells [35]. Differential sources of 1L-6 could feasibly
dictate its function within select micro-anatomical niches within the tumor
microenvironment. While we were unable to detect an increase in total IL-6 levels within
tumor tissue in response to STT, this cytokine was shown to be required for the therapeutic
benefit achieved by combining ACT with STT in murine models. In this regard, absence of
IL-6 function abrogated the ability of thermal therapy to induce effector T cell trafficking
and apoptosis of tumor targets within the initial 12 h window post-ACT (detected by
TUNEL assays; Figure 3B) as well as tumor growth delay and prolonged survival [35].

The proinflammatory activities of IL-6 are known to be under tight control by two distinct
signaling pathways, i.e., classical versus trans-signaling [22, 27, 65], raising the question as
to which mechanism is operative during STT. Classical IL-6 signaling involves the
interaction of IL-6 with the membrane-anchored IL-6 receptor a binding subunit (IL-6Ra)
and the gp130 signal-transducing component of the IL-6 receptor complex. Under
homeostatic conditions only select cell types (i.e., hepatocytes and immune cells) express
membrane-bound IL-6Rq, restricting the populations of IL-6-responsive cells [65].
However, ubiquitous gp130 expression confers all cells with the potential to convert to IL-6
responders through trans-signaling in an inflammatory setting. During trans-signaling, dual
availability of IL-6 and an agonistic, soluble (s) form of IL-6Ra is required to trigger
downstream signaling via activation of JAK-1/2 and STAT3 in cells that are normally
refractory to IL-6 (Figure 3C) [22, 27, 65].

Complementary loss-of-function and gain-of-function approaches were taken to distinguish
which of these two signaling mechanisms mediate STT responses within an inflammatory
tumor microenvironment. Loss-of-function was achieved by systemic administration of
soluble gp130 which acts as a decoy to selectively antagonize trans-signaling initiated by the
IL-6/sIL-6Ra complex [65]. Our findings demonstrate that blockade of trans-signaling by
soluble gp130 abrogates the ability of STT to boost E/P-selectin—dependent rolling and
ICAM-1-dependent firm arrest during effector CD8" T cell trafficking across tumor vessels
[35]. Alternatively, systemic administration of a recombinant IL-6/sIL-6Ra fusion protein,
hyper-1L-6 (H-IL-6) [66], in a gain-of-function approach, rapidly induces activation of
STAT3 directly in endothelial cells lining tumor vessels in mouse tumors [35]. Moreover,
H-IL-6 acts as a surrogate for STT by strongly inducing E/P-selectin— and ICAM-1-directed
trafficking of CD8* T cells across murine tumor vessels in addition to achieving tumor
growth delay. Interestingly, administration of H-IL-6 did not support increased tumor
growth, suggesting that the endogenous IL-6 responsible for growth-promoting activity was
already at a saturating level such that the addition of exogenous H-IL-6 is superfluous [35].
The impact of I1L-6 trans-signaling on tumor vascular adhesion was also examined in
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primary patient tumor explants ex vivo and was found to closely mirror observations in
mouse models [35]. In this regard, the low baseline levels of ICAM-1 on tumor vessels
tumors was profoundly elevated after treatment with H-1L-6 ex vivo in a subset of stage IV
colorectal patient samples [35].

Collectively, these data highlight the dichotomy in IL-6 signaling within the tumor
microenvironment where pro-tumorigenic activities are counterbalanced by T cell-mediated
anti-tumor immunity during STT. Since cohabitating tumor cells and endothelial cells are
simultaneously exposed to STT, it is difficult to reconcile how IL-6 trans-signaling during
thermal therapy results in an overall anti-tumorigenic effect. Clues into possible mechanisms
are provided by the analysis of IL-6 and sIL-6Ra, which are both present in substantial
amounts in human and mouse tumors and constitutively drive pro-tumorigenic activities [5,
27, 35]. Endothelial cells embedded in the same microenvironment, on the other hand, are
refractory to IL-6 under baseline conditions as evidenced by low STATS3 activation and
expression of trafficking molecules [35]. A possible explanation for these observations is
that tumor vascular endothelial cells have a higher threshold for IL-6 trans-signaling than
tumor cells. Although different cellular sources (hematopoietic versus non-hematopoietic
stromal cells) have been linked to pro- versus anti-tumorigenic activity [5, 27, 35], the
answer as to how thermal therapy activates trans-signaling in tumor vessels does not appear
to lie in the targeting of soluble trans-signaling components. In this regard, STT does not
significantly change the intratumoral concentration of IL-6 [35] or sIL-6Ra (i.e., SIL-6Ra
concentration in B16 tumor extracts in control mice or after STT, respectively, is 1.2 £ 0.26
and 1.6 = 0.22 pg/mg total protein; data from ELISA are mean = SEM for 6 mice). Instead,
STT preferentially upregulates the expression of membrane-anchored gp130 on tumor
vessels [35], paralleling observations in non-malignant inflammation where gp130 induction
lowers the activation threshold for IL-6 trans-signaling [67]. Together, these studies suggest
that STT could be a viable strategy to “flip the switch’ toward IL-6—driven anti-tumor
immunity in a clinical setting in cancer patients.

Perspectives and future directions — the heat is on in the tumor
microenvironment

Studies employing mild-temperature STT have revealed the tumor vasculature to be a
critical determinant of anti-tumor immunity by controlling the access of cytotoxic T cells to
tumor targets. Thermal therapy has emerged as a powerful tool to induce a window of
vascular adhesiveness that drives adoptively transferred cytotoxic CD8* T cells into tumor
tissue, thereby controlling tumor growth. An added therapeutic benefit is that STT also acts
during the initiation phase of the adaptive immune response to increase naive T cell entry
across HEVs in lymph nodes that are important sites of activation and expansion of tumor-
reactive CD8* T cells [28, 49, 50, 53, 54]. STT unexpectedly unveiled a novel anti-
tumorigenic role for IL-6 signaling in the tumor microenvironment, thereby tilting the
balance of IL-6 function in tumor tissues away from its pro-tumorigenic role in a clinical
setting (Figure 4A). The ability of mild thermal stress to co-opt IL-6 may also extend to
higher temperature modalities currently in clinical use such as hyperthermic intraperitoneal
chemotherapy (HIPEC), isolated limb perfusion (ILP), radiofrequency ablation (RFA), and
high intensity focused ultrasound (HIFU) [68-70]. The contribution of hyperthermia to
HIPEC and ILP efficacy has mainly been attributed to increasing vascular permeability
which improves the delivery of chemotherapeutics in tumor tissues [39, 43, 71, 72]. Based
on recent findings for STT [35], it is tempting to speculate that various localized/regional
heat modalities could also act to improve the delivery of endogenous cytotoxic T cells to
tumors. It is also possible that heat induces long-term effects in vascular parameters or
interstitial fluid pressure which may contribute to patient outcomes [43]. Further
investigation into the ability of temperature to shift the outcome of IL-6 signaling in the
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tumor microenvironment will be needed in order to harness the full potential of thermal
treatment as a therapeutic modality.

A key outstanding question relates to the chemokine/chemokine receptor pairs governing
effector T cell trafficking at the tumor vascular interface and whether thermal therapy
modifies the chemokine milieu within tumors (Figure 4B). While G-protein coupled
chemokine receptor signaling is clearly required during CD8" effector T cell trafficking in
tumors under baseline and STT conditions [35, 73], a major challenge will be to pinpoint the
precise molecules involved in view of the diversity of the chemokine network which
includes over 50 chemokines and 20 receptors [74—76]. Studies examining homeostatic T
cell accumulation in tumor tissues have implicated multiple inflammatory chemokine/
chemokine receptor pairs including CXCL9/CXCR3, CCL5/CCR5, CX3CL1/CX3CR1, and
CCL28/CCR3 [3, 4, 77, 78]. These studies fall short of extrapolating a direct role for
individual chemokines in cytotoxic T cell trafficking, however, since chemokine signaling
also contributes to the fate of T cells within tissues (i.e., T cell retention, egress, survival,
and proliferation in situ) [74-76]. A related consideration will be whether the IL-6-rich
tumor microenvironment modifies chemokine production during STT. Of note, IL-6 has
been linked to the expression of lymphocyte-attracting chemokines (i.e., CCL2, CCL5, and
CXCL10) during inflammation in a non-tumor setting [79-81], and a recent study in ovarian
cancer patients reported a decline in CC L2 and CXCL12 levels after treatment with the
anti-1L-6 antibody siltuximab [82]. Additional studies will be needed to evaluate the unique
or redundant functions of individual chemokines in the tumor microenvironment in order to
gain a more complete picture of how thermal therapy overcomes barriers to anti-tumor
immunity.

Another issue warranting investigation is whether the immunosuppressive milieu
characteristic of tumor tissues dictates patient responses to preconditioning regimens like
thermal therapy (Figure 4B). There is already precedent that suppressive cellular
constituents within patient tumors (e.g., Tregs, M2-skewed TAMs, and MDSC) foster
resistance to conventional treatments such as radiation and chemotherapy by pro-
tumorigenic mechanisms which are not fully understood [5, 7, 61, 63, 64, 83, 84]. In
addition, multiple soluble factors commonly produced by these immunosuppressive cell
subsets have been implicated in an independent series of studies as negative regulators of
vascular adhesion in the tumor microenvironment [33, 34, 85, 86]. For example, VEGF and
basic fibroblast growth factor (bFGF) can prevent induction of ICAM-1 on tumor vessels in
response to TNF or through signaling by an inflammatory activator known as toll-like
receptor 4 (TLR) 4 [34, 85]. Other suppressive cytokines such as IL-10 are reported to
interfere with leukocyte adhesion in vitro [86], and blockade of TGF-p has been shown to
increase the frequency of leukocyte interactions with tumor vasculature in vivo in a murine
model of colorectal cancer [33]. Provocatively, IL-10 and TGF-$ have both been shown to
suppress IL-6—dependent STAT3 activation in vitro [87, 88] which could potentially
antagonize beneficial activities of the STT—-IL-6-tumor vessel axis in vivo. Exciting new
avenues of research should determine whether the decreased frequency of intratumoral
Tregs detected during STT [35] is mechanistically linked to trafficking at the vascular
interface or if tumors become refractory to thermal therapy in the settings of high burdens of
immunosuppressive cells described in cancer patients [5-8, 89].

In conclusion, studies using thermal stress have been instrumental in identifying the tumor
microvasculature as a locus for therapeutic targeting. The development of thermally-
sensitive liposomes, in which heat treatment can improve the permeability of tumor
vasculature to passive liposomal entry as well as triggered release of encapsulated
molecules, also demonstrates the value of thermal effects on tumor vasculature [90, 91].
Adjuvant thermal therapy has already been shown to enhance the efficacy of radiation and
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chemotherapy, so it is reasonable to predict that it will also be useful in combination with T
cell-based immunotherapy [40, 42, 71, 72]. Moreover, it is possible that in addition to
thermal therapy, other therapeutic strategies which generate acute inflammation such as the
TLRY agonist imiquimod [92, 93] or radiation [94-96] may also tap into mechanisms which
can enhance cytotoxic T cell entry across tumor vessels. While further studies are needed to
determine the optimal method to prime tumor vascular adhesiveness prior to T cell-based
clinical immunotherapy, preconditioning regimens which hijack IL-6 signaling for anti-
tumor immunity in the tumor microenvironment hold great promise to improve patient
outcomes in a variety of malignant diseases.
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Figure 1. T cell-based immunother apies share a common requirement for trafficking across
vascular checkpointsin tumor tissues

The direct tumoricidal activity of therapeutic interventions including dendritic cell (DC)
vaccination, adoptive T cell transfer, and administration of cytotoxic T-lymphocyte
antigen-4 (CTLA-4) inhibitors hinge on the ability of cytotoxic CD8* T cells to traffic
across vasculature barriers (blue cells in inset) within the tumor microenvironment.
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Figure 2. Thermal therapy primestumor microvesselsto support E/P-selectin—and ICAM-1—
dependent trafficking of CD8* effector T cells

(A) Multistep adhesive interactions direct circulating T cells into tumor sites where they can
kill tumor cell targets; thermally responsive adhesion events are demarked by red asterisks
(*). (B) STT treatment of B16-OVA tumors increased intravascular expression of ICAM-1
(red) over baseline normothermal control (NT). The landmark position of vessels in
photomicrographs is demarked by immunostaining for the CD31 pan-endothelial adhesion
molecule (green). Histograms represent quantitative image analysis of relative
immunofluorescence staining intensity of CD31 or ICAM-1 on all CD31* vessels; studies
were performed as described [35]. Bar, 50 pm.
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Figure 3. Thermal therapy induces CD8" T cell trafficking and target cell apoptosisin the tumor
microenvironment

(A) Schematic for combination systemic thermal therapy (STT) and adoptive cell transfer
(ACT) of tumor-specific effector CD8" T cells. Experimental endpoints for analysis of
CD8* T cell homing and TUNEL staining of apoptotic cells in tumor cryosections as well as
tumor growth control are described in a recent report [35]. (B) Administration of 1L-6—
neutralizing monoclonal antibody (mAb) 30 min prior to STT blocked induction of CD8" T
cell trafficking (red) and apoptosis of intratumoral cellular targets (green). Relative values
for normothermal (NT) mice are shown; nucleated cells are labeled with DAPI (blue). Left,
representative photomicrographs of tumor cryosections. Bar, 50 um. Right, quantification of

Int J Hyperthermia. Author manuscript; available in PMC 2014 August 01.

ENT
WSTT



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mikucki et al.

Page 19

intratumoral CD8* T cells and TUNEL™ apoptotic cells per unit area of tumor tissue. *, p <
0.001. (C) Thermal induction of ICAM-1-—dependent CD8* T cell trafficking in tumor
vessels involves an IL-6 trans-signaling mechanism whereby intracellular JAK-1/2 and
STAT3 activation occurs downstream of ligation of an agonistic, soluble form of the IL-6
receptor a binding subunit (sIL-6Ra) and the gp130 signal transducing subunit.
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Figure 4. Collaborative inter section between thermal therapy and IL-6 in the tumor
microenvironment

(A) Thermal therapy tips the balance of IL-6 activity in the tumor microenvironment from a
tumor-promoting inflammatory role to an anti-tumorigenic role supporting T cell-mediated
tumor immunity. (B) Outstanding questions remain regarding which chemokine/chemokine
receptor interactions (inset) mediate CD8* T cell trafficking at the vascular interface during
heat therapy and whether clinical responses to preconditioning regimens are predicated on
the presence of immunosuppressive cell subsets (inset) within the tumor microenvironment.
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