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Immune cells are key regulators of neoplastic progression, which is often mediated through their release
of cytokines. Inflammatory cytokines such as IL-6 exert tumor-promoting activities by driving growth and
survival of neoplastic cells. However, whether these cytokines also have a role in recruiting mediators of
adaptive anticancer immunity has not been investigated. Here, we report that homeostatic trafficking of
tumor-reactive CD8* T cells across microvascular checkpoints is limited in tumors despite the presence of
inflammatory cytokines. Intravital imaging in tumor-bearing mice revealed that systemic thermal therapy
(core temperature elevated to 39.5°C £ 0.5°C for 6 hours) activated an IL-6 trans-signaling program in the
tumor blood vessels that modified the vasculature such that it could support enhanced trafficking of CD8*
effector/memory T cells (Tems) into tumors. A concomitant decrease in tumor infiltration by Tregs dur-
ing systemic thermal therapy resulted in substantial enhancement of Tem/Treg ratios. Mechanistically, IL-6
produced by nonhematopoietic stromal cells acted cooperatively with soluble IL-6 receptor-c. and thermally
induced gp130 to promote E/P-selectin- and ICAM-1-dependent extravasation of cytotoxic T cells in tumors.
Parallel increases in vascular adhesion were induced by IL-6/soluble IL-6 receptor—o fusion protein in mouse
tumors and patient tumor explants. Finally, a causal link was established between IL-6-dependent licensing
of tumor vessels for Tem trafficking and apoptosis of tumor targets. These findings suggest that the unique
IL-6-rich tumor microenvironment can be exploited to create a therapeutic window to boost T cell-mediated

antitumor immunity and immunotherapy.

Introduction

Immune cells have emerged as key regulators of neoplastic pro-
gression via disparate activities that are dependent on context and
cell type. Tumor-associated macrophages, neutrophils, and CD4*
Th2 lymphocytes promote the initiation of tumorigenesis as well
as tumor persistence and metastasis by releasing proinflammato-
ry cytokines such as TNF, IL-1f, IL-6, and IL-4 (1, 2). Conversely,
CD8" T lymphocytes are potent effectors of adaptive tumor immu-
nity through their production of IFN-y as well as initiation of per-
forin/granzyme or Fas ligand-dependent cytolysis following TCR-
mediated engagement by tumor antigens (3, 4). The presence of
CD8" T cells in ovarian, colorectal, and melanoma patient tumors
is correlated with improved survival and can be a better prognostic
indicator than conventional tumor staging (5-7).

Successful cancer immunity requires large numbers of tumor-
specific cytolytic CD8* T cells as well as their efficient entry into
neoplastic tissues. Tumor-specific CD8" effector T cells (Teffs)
are normally present at a low frequency in cancer patients (i.e.,
0.1%-4% of CD8" T cells), but can be expanded to up to 50% of

Authorship note: Daniel T. Fisher and Qing Chen contributed equally to this work.

Conflict of interest: Stefan Rose-John is the inventor on patents describing
Hyper-IL-6 and sgp130Fc and is a shareholder of the CONARIS Research Institute.

Citation for this article: ] Clin Invest. 2011;121(10):3846-3859. d0i:10.1172/JCI44952.

3846 The Journal of Clinical Investigation

http://www.jci.org

total circulating CD8" T cells by vaccination or adoptive T cell
transfer therapy (3, 4, 8). A conundrum has been that these CD8*
T cells are largely ineffective in controlling tumor growth in vivo.
While CD8"* T cell localization in tumors is widely recognized as an
essential determinant of tumor immunity, there is surprisingly lit-
tle known about the rate of T cell trafficking across tumor micro-
vascular checkpoints. Transcriptional profiling has identified sev-
eral molecules that correlate positively (e.g., ICAM-1) or negatively
(e.g., endothelin B receptor and receptor of G protein signaling 5
[RGSS5]) with CD8* T cell infiltration in murine or patient tumors
(7,9, 10). However, in the absence of direct imaging of T cell inter-
actions within tumor vessels, it has been difficult to resolve the
mechanisms controlling extravasation, since infiltration over days
to weeks (murine models) or years (patients) depends not only on
T cell trafficking across vascular barriers, but also on the num-
ber of Teffs in the circulating pool and T cell fate (e.g., apoptosis,
survival, proliferation, retention, and egress) within the interstitial
compartment. Estimates that approximately 40% of intratumoral
CD8" T cells undergo cell division over a 24-hour period (11) sug-
gest that this factor alone could have a major impact on the mea-
sured number of tumor-resident T cells.

Clues regarding the molecular mechanisms governing T cell
trafficking to tumors stem from observations at nonmalignant
sites where extravasation depends on stepwise adhesive interac-
October 2011

Volume 121~ Number 10



tions within blood vessels. High endothelial venules (HEVs) in LNs
and Peyer patches support high rates of homeostatic trafficking
of naive and central memory T cells during routine immune sur-
veillance (12, 13). Homeostatic trafficking of Teffs is limited at
extralymphoid sites, but increases sharply during inflammation
(14). Cytokine-inducible tethering/rolling molecules (e.g., E- and
P-selectin, VCAM-1, and mucosal addressin cell adhesion molecule-1
[MAdCAM-1]), together with the prototypical arrest molecule,
ICAM-1, mediate T cell extravasation at sites of inflammation.

In light of the importance of the tissue-entry step to the overall
efficacy of CD8" T cell antitumor immunity, our studies focused on
2 fundamental issues: (a) examining the rate of homeostatic traffick-
ing of CD8" Teffs across tumor vessels embedded in a local inflam-
matory environment; and (b) determining whether the cytokine-
rich tumor microenvironment could be exploited therapeutically
to improve delivery of cytotoxic T cells to tumor lesions. To inves-
tigate whether CD8" Teff trafficking could be modified in tumor
vessels, we examined the vascular response to cytokine-dependent
inflammatory cues provided by systemic thermal therapy (STT) or
LPS treatment. STT promotes IL-6-dependent trafficking of naive
and central memory CD4* and CD8" T cells in HEVs (12, 15-17).
LPS and its downstream mediators, TNF and IL-1f, stimulate leu-
kocyte adhesion in normal vessels, but do so to a much lesser extent
in tumor vessels (18-21). STT also transiently decreases the num-
ber of circulating T cells in mice and advanced cancer patients (16,
22). This raises the possibility that STT causes the redistribution
of blood-borne CD8" T cells to tumor destinations, as previously
described for infiltration of innate cells (granulocytic and NK cells)
in murine tumors and patient tumor xenografts (23, 24).

Here, we report that steady-state homing of CD8" Teffs was lim-
ited in tumor microvessels, despite the presence of local inflamma-
tory cytokines, and was not sufficient to support lysis of tumor cell
targets. Tumor vessels underwent a switch to an adhesive vascula-
ture supporting trafficking of CD8* Teffs in response to STT but
not LPS. Enhanced trafficking of CD8" Teffs exclusively in tumor
vessels after STT was mediated by a trans-signaling mechanism
downstream of ligation of the gp130 signal-transducing receptor
by IL-6 and a soluble form of the IL-6 receptor-a. (sIL-6R). Our
findings that early entry of CD8* Teffs in tumor tissues led to
apoptosis of tumor targets suggest that therapeutic targeting of
the IL-6-enriched tumor microenvironment for CD8* T cell traf-
ficking may be an effective strategy to overcome immune evasion.

Results

Limited CD8* Teff trafficking across tumor blood vessels is overcome by
STT. We initially used microscopic analysis to quantify infiltra-
tion of endogenous CD8" T cells in the intratumoral regions of
multiple murine solid tumor models. These included implantable
subcutaneous tumors (colon tumor-26 [CT26], B16 melanoma,
and ovalbumin-expressing B16 derivative [B16-OVA]) and late-
stage pancreatic islet tumors that develop at more than 26 weeks
in the RIP-Tag5 transgenic model of de novo tumorigenesis (25).
These tumors are characterized by a cytokine/chemokine-rich local
inflammatory environment (e.g., TNF, IL-1f3, IL-6, VEGF, CCL2,
CCLS, or CXCL10; Supplemental Figure 1A; supplemental mate-
rial available online with this article; doi:10.1172/JCI44952DS1)
(26). Baseline intratumoral infiltration by endogenous CD8*
T cells was uniformly low in each tumor type (Figure 1A), consis-
tent with reports that these tumors are not permissive to intensive
CD8* T cell accumulation (9, 27-29).
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To determine whether infiltration of endogenous CD8" T cells
could be improved by acute inflammation, we treated tumor-bear-
ing mice with STT (core temperature elevated to 39.5°C + 0.5°C
for 6 hours) using a regimen that is optimal for increasing naive/
central memory T cell trafficking across HEVs in non-tumor-bear-
ing mice (15-17). A marked increase in intratumoral CD8* T cell
infiltration was detected microscopically in each tumor type after
STT (Figure 1A). Flow cytometric analysis of B16-OVA tumors
confirmed that STT increased endogenous CD8* T cell localiza-
tion in tumors and that these cells were primarily effector/memory
T cells (Tems; 90%-95% CD44"; Figure 1B and data not shown).
STT concomitantly lowered the number of CD4*CD25*FoxP3*
tumor-infiltrating Tregs, substantially increasing the overall CD8*
Tem/Treg ratio (Figure 1B). STT did not alter the number of
tumot-infiltrating macrophages (CD11b*Ly6C-Ly6G-), polymor-
phonuclear cells (CD11b*Ly6G*Ly6C"), or cells with a granulocytic
(CD11b*Ly6G*Ly6CP) or monocytic (CD11b*Ly6CMLy6G-) myeloid-
derived suppressor cell (MDSC) phenotype (Figure 1B). No change
was detected in leukocyte subsets, including CD8* T cells and Tregs
at other sites, such as the spleen (Supplemental Figure 1B).

We performed short-term (1-hour) homing assays in CT26 or
B16-OVA tumor-bearing mice to dissect the mechanisms under-
lying STT effects on CD8" T cell infiltration. Quantification of
fluorescently tagged CD8" T cells in organs 1 hour after intrave-
nous transfer enabled us to restrict the analysis to the multistep
events that govern entry of blood-borne T cells into tissues, since
longer periods are required for additional processes that also
affect overall infiltration (e.g., apoptosis, retention, proliferation,
and egress). The rate of trafficking of adoptively transferred CD8*
T cells was compared at 3 distinct vascular sites: HEVs of lymphoid
organs, normal vessels of extralymphoid organs, and tumor ves-
sels. Murine TK1 lymphoma CD8* T cells or primary activated
CD8" T cells (from OVA-specific TCR transgenic OT-I mice or
CT26 tumor-draining LNs) were used as indicator cells to deter-
mine the ability of vessels to support trafficking. These CD8*
T cells expressed the requisite homing receptors for recruitment to
inflammatory sites (i.e., PSGL-1, E/P-selectin ligands, the ICAM-1
ligand lymphocyte function-associated antigen-1 [LFA-1 integ-
rin], and CXCR3; Supplemental Figure 2A). Additionally, TK1 cells
and a subpopulation of transferred primary CD8" T cells expressed
trafficking receptors necessary for entry across lymphoid organ
HEVs (i.e., a4f7 integrin, L-selectin, CCR7, and LFA-1).

Low rates of homeostatic trafficking of adoptively transferred
CD8* T cells were detected across tumor vessels in short-term
homing studies in normothermic (NT) control mice compared
with HEVs of mesenteric LNs or Peyer patches (Figure 1, C and
D, and Supplemental Figure 2B, P < 0.0001). Moreover, CD8" Teff
homing in tumor vessels was only marginally higher than in nor-
mal vessels of extralymphoid organs (e.g., pancreas and kidney;
P < 0.002). STT pretreatment increased homing of transferred
CD8* T cells at least 2-fold across HEVs in tumor-bearing mice
and increased trafficking across tumor vessels approximately
5-fold, as determined by microscopic and flow cytometric analy-
sis (Figure 1, C and D, and Supplemental Figure 2, B and C). In
contrast, STT failed to alter CD8" T cell entry across normal ves-
sels of extralymphoid organs. The majority of fluorescently tagged
T cells detected microscopically in tumor tissues (80%-90%) and
lymphoid organs (70%-85%) extravasated outside CD31* vessels,
whereas less than 35% of cells were located in the parenchyma
of other tissues (data not shown). STT did not appear to affect
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Homeostatic and thermally inducible trafficking of CD8+* T cells at organ sites in NT control and STT-treated mice. (A) Photomicrographs of
immunostained endogenous CD8+ T cells (arrowheads denote CD8* T cells in melanin* B16 tumors), and quantification of CD8+* T cell infiltra-
tion. (B) Infiltration of leukocyte subsets in B16-OVA tumors; CD8+ T cells (CD8+CD3+), CD4+ T cells (CD4+CD3+), Tregs (CD4+CD25+FoxP3+),
granulocytic MDSCs (CD11b*Ly6G*Ly6C'°), monocytic MDSCs (CD11b*Ly6ChLy6G-); polymorphonuclear cells (PMNs; CD11b+ Ly6G+ Ly6C-),
and macrophages (M®, CD11b+Ly6C-Ly6G-). Data are pooled tumors (3 per group) from 5 independent experiments. (C and D) Short-term
(1 hour) homing of TK1 cells (C) or activated OT-I T cells (D) to mesenteric LNs (MLNs), Peyer patches (PP), tumor, pancreas (Panc), and
kidney. (C) Representative photomicrographs and quantification of TRITC-labeled TK1 CD8* T cells (red) in tissues counterstained for CD31+
vessels (green). (D) Quantification of TRITC-labeled OT-I T cells in B16-OVA tumor—bearing mice by microscopy. Representative dot plots show
the phenotype of TRITC-labeled OT-I T cells that trafficked into LNs and tumors. CD62L is L-selectin. Data are based on analysis of equivalent

numbers of transferred CD8* T cells in pooled samples (n = 3 mice); numbers denote percent positive cells. (A, C, and D) Data are representa-

tive of at least 3 independent experiments. *P < 0.01, #P < 0.05, NT versus STT. Scale bars: 100 um.
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interstitial migration of extravasated CD8" T cells, as determined
by measuring the distance between fluorescently tagged cells and
the nearest vessel, although the high vessel density may preclude
conclusive assessment by immunohistochemical analysis (Supple-
mental Figure 2D). Tumor vessels were distinguished from HEVs
by the type of CD8" T cell population that trafficked in NT or
STT-treated mice (Figure 1D). Substantial enrichment for naive
(L-selectin®CD44!°) and central memory (L-selectinhiCD44hi)
CD8* T cells was observed after extravasation via HEVs, whereas
cells that trafficked across tumor vessels were almost exclusively
CD8"* Tems (L-selectin'®CD44hi),

We used epifluorescence intravital microscopy to directly
image the multistep interactions necessary for extravasation of
CD8* Teffs within normal and tumor vessels in real time. Dur-
ing homeostasis, comparably low proportions of activated CD8*
T cells (~10%) initiated rolling in tumor vessels and normal vessels
in dorsal skin flap window chambers (Figure 2A and Supplemental
Video 1). Moreover, the fraction of rolling cells that transitioned to
firm arrest was minimal (<5%) at both vascular sites. STT induced
an approximately 2-fold increase in T cell rolling and an approxi-
mately 5-fold increase in firm arrest in tumor vessels, whereas adhe-
sion was unaltered in normal vessels (Figure 2A and Supplemental
Video 2). In contradistinction to STT, systemic administration of
the potent TLR4 agonist LPS strongly increased the overall fre-
quency of CD8" T cells that arrested in normal vessels, but did not
significantly improve adhesion in the tumor vasculature (Figure
2B). Vascular parameters (vessel diameter, blood cell velocity, and
wall shear rate) were similar in control and treated mice during the
observation period (Supplemental Figure 3). Thus, we attribute
thermally induced lymphocyte-endothelial interactions in tumor
vessels to stable changes in adhesion in the intravascular space
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Figure 2

T cell-EC interactions in normal skin vessels and tumor vessels. (A)
Representative images showing interactions between calcein-labeled
TK1 CD8* T cells and vessels. Rolling and sticking fractions of TK1
T cells and effector OT-I T cells in vessels are also shown. Scale bar:
100 um. (B) Frequency of arrested T cells per 1,000 total cells. Data
are from more than 3 independent experiments. *P < 0.001, #P < 0.04
versus NT. There was no statistical difference between NT and LPS
treatment groups in the tumor (CT26, P < 0.08; B16-OVA, P < 0.4).

rather than to altered hemodynamics. Collectively, these findings
indicated that constitutive trafficking of CD8* Teffs across tumor
vessels was limited, providing a potential mechanism for immune
evasion. The results further demonstrated that tumor vessels were
uniquely predisposed to support enhanced CD8* Teff trafficking
in response to inflammatory cues provided by STT.

STT-induced CD8* Teff homing in the tumor microenvironment is depen-
dent on E/P-selectin and ICAM-1. The requirement for individual
trafficking molecules during CD8* T cell binding to tumor vessels
was probed using neutralizing antibodies or pertussis toxin (PTX),
which disrupts G protein-coupled chemokine receptor-mediated
signaling. Inhibition of E/P-selectin, ICAM-1, or chemokine recep-
tor signaling did not significantly affect vascular hemodynamics
(data not shown), homeostatic rolling, or firm arrest of CD8*
T cells in CT26 tumor vessels (Figure 3A and Supplemental
Videos 3-5). Combined functional blockade of E/P-selectin abro-
gated STT-induced CD8* T cell rolling interactions, while the
proportion of residual rolling cells that transitioned to firm arrest
was not affected. PTX exclusively blocked T cell transition to firm
arrest, consistent with the requirement for chemokine activation
of integrin-dependent firm adhesion by T cells (14). Neutralizing
antibody specific for ICAM-1 (i.e., ligand for LFA-1 integrin) simi-
larly reduced the proportion of CD8" T cells that transitioned to
firm sticking without altering the rolling frequency. ICAM-1 block-
ing antibody also inhibited CD8* Teff extravasation in short-term
homing assays (Figure 3B). Intravascular adhesion was not affected
by treatment of CD8" T cells with an a4f7 integrin function-
blocking antibody (DAKT32) that prevents binding to VCAM-1
and MAdCAM-1 (ref. 30 and Figure 3A), which indicates that these
vascular ligands do not contribute to trafficking in subcutaneous
tumor vessels during thermally induced inflammation.
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Contributions of trafficking molecules to CD8* T cell extravasation. Determination of rolling
fractions and sticking fractions by intravital microscopy (A) or short-term (1 hour) homing
(B) of fluorescently tagged TK1 CD8* T cells in CT26 tumors after treatment with function-
blocking reagents (i.e., antibodies or PTX). Data are pooled from 3 independent experi-
ments (A) or are representative of at least 3 independent experiments (B). *P < 0.001,

#P < 0.05 versus control antibody.

ICAM-1 upregulation on vessels is considered a signature of
inflammation based on the ability to direct leukocyte trafficking to
sites throughout the body (14). Therefore, we examined the relative
intravascular density of ICAM-1 on CD31* tumor vascular endo-
thelium. Homeostatic expression of ICAM-1 was low on intratu-
moral vessels of RIP-Tag5, CT26, and B16-OVA tumors (Figure 4).
STT substantially increased the intravascular expression of [CAM-1
in tumor vessels, whereas the density of CD31 or another LFA-1
ligand, ICAM-2, was unchanged (Figure 4 and Supplemental Fig-
ure 4A). ICAM-1 induction also occurred in subcutaneous EMT6
mammary tumors as well as in B16 tumors seeded in the lung in
a model of end-stage metastasis (Supplemental Figure 4B and
data not shown). Results in RIP-Tag$5 transgenic mice underscore
the highly localized nature of the vascular response to STT, since
ICAM-1 was not induced in vessels of histologically normal islets
in close proximity to islet tumors (Figure 4A). Overall, these find-
ings suggest that low constitutive emigration of CD8" Teffs into
the tumor microenvironment is attributed to limited availability
of trafficking molecules in tumor vessels.

Prior studies have shown that infiltration of CD8* Teffs in a sub-
cutaneous EG7-thymoma model analyzed 3 days after adoptive
transfer of OT-I cells occurs preferentially in the tumor periph-
ery (11, 31). Thus, a possible limitation to adoptive cell therapy is
that cytotoxic destruction of tumor cells is initially confined to the
peripheral rim, allowing time for escape mechanisms to be enacted
in central regions. To determine if the access of blood-borne CD8*
T cells to tumor tissues after STT was restricted to a specific sub-
region, we quantified ICAM-1 expression and CD8* T cell homing
1 hour after transfer in defined regions of tumor sectors of CT26
and B16-OVA solid tumors. Basal homing was statistically lower
in the tumor center than in the peripheral region (P < 0.002),
although ICAM-1 and CD31 expression was equivalent in both
regions (Figure 4C and data not shown). STT dually increased
intravascular ICAM-1 expression and homing of adoptively trans-
ferred CD8"* Teffs in both the tumor center and the periphery.

IL-6 trans-signaling promotes CD8" T cell homing. We used a cytokine-
blocking strategy to pinpoint the contribution of candidate
inflammatory cytokines that could potentially promote traffick-
ing within the tumor microenvironment. IL-6 neutralizing anti-
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body prevented thermal induction of ICAM-1
on vessels of spontaneous and implantable
tumors, whereas neutralization of TNF, IL-1f,
or IFN-y, either individually (Figure SA and
Supplemental Figure 5, A and B) or in com-
bination (data not shown), was ineffective.
IL-6-dependent induction of ICAM-1 during
STT was accompanied by upregulation of the
signal transducing subunit of the IL-6 family
receptor, gp130, on tumor vessels (Figure 5B).
Thermal induction of ICAM-1 and intratu-
moral localization of endogenous CD8* T cells
were further shown to be blocked by recom-
binant soluble gp130 (sgp130; Figure SA and
Supplemental Figure 5, A and C), in parallel to
our prior findings for HEVs (12, 15). sgp130
selectively antagonizes trans-signaling initi-
ated by ligation of transmembrane gp130 by
sIL-6R, without interfering with classical signal-
ing by membrane-anchored IL-6R (32). Intravi-
tal imaging revealed that IL-6 trans-signaling
was required for both E/P-selectin-mediated rolling interactions
and ICAM-1-dependent firm arrest of CD8" T cells in tumor ves-
sels after STT (Figure 5C). Paradoxically, we were able to detect
constitutive IL-6 trans-signaling activity that supported B16-OVA
and CT26 tumor growth (Figure 5D and data not shown) in the
face of low baseline T cell trafficking in the same local microenvi-
ronment. These results are consistent with the tumor-promoting
activity reported for IL-6 in multiple tumor systems (1, 2).

The sensitivity of tumor vessels to IL-6 trans-signaling was con-
firmed by a gain-of-function approach. Intravenous administration
of recombinant hyper-IL-6 (H-IL-6) fusion protein composed of
IL-6 and sIL-6R (33) activated the canonical IL-6-responsive tran-
scription factor STAT3 in murine tumor vascular ECs, as indicated
by nuclear localization of phosphorylated STAT3 (pSTAT3) after
treatment (Figure 6A). H-IL-6 mirrored endogenous IL-6 trans-sig-
naling activity during STT with respect to induction of CD8* Teff
tethering/rolling and firm arrest as well as upregulation of ICAM-1
density in murine tumor vessels (Figure 6B). Analysis of the effects
of H-IL-6 on vascular expression of ICAM-1 was further extended
to stage IV colorectal patient tumor explants. Baseline ICAM-1 den-
sity was low on intratumoral vessels in 3 of 3 patient tumor biopsies
examined, despite the presence of IL-6 in tumor lesions (Figure 6C).
H-IL-6 treatment markedly increased ICAM-1 density on CD31*
vessels in 2 of 3 patient tumor explants. The absence of response
in tumor explants of a third patient could reflect a refractory state
of tumor ECs, negative regulatory factors, or the quality of tissue
with comparatively high fat content that could affect perfusion
by recombinant cytokine. Taken together, these data suggest that
IL-6 trans-signaling pathways are not constitutively operative in
promoting adhesion in mouse or human tumor vascular endothe-
lium and that IL-6 trans-signaling has the potential to upregulate
the biosynthesis of ICAM-1 in tumor vessels.

We exploited the fact that B16 tumor cells do not produce detect-
able amounts of IL-6 in vitro, as previously described (34) and
confirmed by Luminex (data not shown), in order to determine
whether cytokine production by stromal cells in the local micro-
environment contributes to T cell trafficking. IL-6 was detectable
in B16 tumor extracts after implantation in WT but not I/67~ mice
(Figure 7A), consistent with local stromal cells providing IL-6 in
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Thermal induction of ICAM-1 in tumor vessels. Intravascular staining of ICAM-1 in pancreata from RIP-Tag5 mice (A) and CT26 tumors (B) by
intravenous injection of anti-ICAM-1 antibody. Tissue sections were stained with TRITC-conjugated secondary antibody (red) and counterstained
with anti-CD31 antibody (green) to visualize vascular structures. Dotted lines indicate tumor boundary; arrowheads indicate normal pancreatic
islets of RIP-Tag5 mice. Scale bars: 100 um. (C) Expression of vascular ICAM-1 and CD8* T cells trafficking in the center (C) and periphery (P) of
CT26 and B16-OVA tumors. Histograms depict quantification of immunofluorescence intensity of ICAM-1 or CD31 in all CD31+ vessels; numbers
denote MFI. Bar graphs depict CD8+ T cell infiltration. All data are representative of at least 3 independent experiments. *P < 0.05 versus NT.

this system. After STT treatment, strong induction of intravas-
cular ICAM-1 was detected in B16 tumor vessels in WT but not
1167/~ mice, correlating with increased recruitment of endogenous
CD8" T cells (Figure 7, B and C). A trend toward increased IL-6 was
detected after STT in tumor extracts from WT mice, although the
results did not reach statistical significance (Figure 7A). Recipro-
cal bone marrow chimera experiments further demonstrated that
radiation-resistant nonhematopoietic stromal cells were the pri-
mary source of IL-6 that promotes ICAM-1-dependent traffick-
ing of CD8* Teffs across tumor microvascular checkpoints during
STT. ICAM-1 induction in B16 tumor vessels did not occur when
IL-6 was deficient in nonhematopoietic stromal cells (i.e., WT bone
marrow introduced into lethally irradiated IL-6-deficient hosts;
WT—1l67-), whereas ICAM-1 induction occurred normally if IL-6
was deficient in bone marrow-derived hematopoietic cells (Il6/-—
WT; Figure 7D). These results were unexpected, given reports that
hematopoietic cells are major suppliers of IL-6 within the local
environment during tumor progression (1, 2). Collectively, these
findings demonstrate a nonredundant role for transient IL-6
trans-signaling in promoting inflammation-induced CD8* T cell
trafficking in tumors.
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Causal link between CD8* T cell homing and tumor apoptosis. Our find-
ings supported a scenario in which limited trafficking of CD8*
Teffs to the tumor microenvironment can be overcome through an
IL-6 trans-signaling mechanism. These observations would predict
that antitumor immunity could be boosted if adoptive transfer of
tumor-reactive CD8" Teffs was performed immediately after STT to
take advantage of the induction of trafficking molecules on intra-
tumoral vessels. We tested this hypothesis in the highly aggressive,
orthotopic B16-OVA melanoma system in which an octapeptide
of chicken OVA (SIINFEKL) serves as a surrogate tumor antigen.
Tumors were implanted 3, 7, or 14 days prior to treatments, and
subcurative doses of OVA-specific cytotoxic OT-I CD8* T cells were
used for adoptive transfer in order to discriminate the contribu-
tion of trafficking to antitumor immunity. Pilot studies confirmed
that early (3 day) tumors contained vascular networks that could
serve as conduits for trafficking and that ICAM-1 was inducible on
these vessels by STT (Supplemental Figure 6A). B16-OVA tumor
growth was unaltered in NT mice (Figure 8A), despite substantial
expansion of the circulating pool of tumor-specific CD8" T cells
as a result of bolus infusion of effector OT-I cells (Supplemental
Figure 6B). Significant growth delays and prolonged survival were
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IL-6 trans-signaling mediates thermal stimulation of ICAM-1 and CD8+ T cell trafficking. (A) Cytokine neutralizing antibody, isotype-matched con-
trol antibody, or recombinant sgp130 was administered intravenously in RIP-Tag5 mice 30 minutes before STT. Immunofluorescence staining of
ICAM-1 (red) was performed in pancreatic cryosections. Photomicrographs depict representative regions. Dotted lines indicate tumor boundary;
numbers denote MFI of ICAM-1 staining on all CD31+ vessels. Scale bar: 100 um. (B) Representative photomicrographs showing thermal induc-
tion of gp130 (red) on CD31+ (green) B16-OVA tumor vessels. Numbers denote MFI of gp130 or CD31 staining on CD31+ vessels. Scale bar:
50 um. (C) Rolling and sticking fractions of calcein-labeled TK1 CD8* T cells in CT26 tumor vessels. n = 3 independent experiments. *P < 0.001,
#P < 0.03 versus control. (D) Growth of B16-OVA tumors in NT mice measured after administration of IL-6 neutralizing antibody or sgp130
(arrows). Data are for at least 6 mice/group. *P < 0.04 versus isotype control.

observed in WT recipient mice when OT-I cells were transferred
immediately after STT, whereas STT alone had no effect on tumor
progression (Figure 8A and Supplemental Figure 6C). Restrictions
on B16-OVA tumor growth were not observed when STT and adop-
tive transfer of OT-I cells were performed in I/67~ mice (Figure 8A
and Supplemental Figure 6C). For studies in /67~ mice, treatments
were initiated on day 14, when tumor size approximated that of
7-day tumors of WT mice, since overall tumor growth lagged in an
IL-6-deficient microenvironment. Substitution of STT by recom-
binant H-IL-6 in WT mice also enhanced the efficacy of adoptive
cell transfer therapy (Supplemental Figure 6D). Improved tumor
control was additionally detected in CT26 tumors expressing hem-
agglutinin as a surrogate tumor antigen after combined STT and
adoptive transfer of HA-specific TCR transgenic clone 4 CD8* Teffs
(Supplemental Figure 6E). Despite initial delays in growth of B16-
OVA and CT26-HA tumors, progression was eventually detected
in all treatment groups, and long-term cures were not observed
(Supplemental Figure 6, C-E).

We next addressed whether early trafficking of OT-I T cells in
response to STT was associated with antigen-restricted killing
3852
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in established (7 day) B16-OVA tumors. Equivalent increases in
fluorescently tagged OT-I cells were detected in B16-OVA and
parental B16 tumors at 1 hour after adoptive transfer (Figure 8B),
which indicates that extravasation of CD8* T cells was not anti-
gen restricted. The majority of OT-I Tems (L-selectin!°E/P-selectin
ligand"CD44MLFA-1MCXCR3") that homed to tumors expressed
effector molecules, including granzyme B and IFN-y (Supple-
mental Figure 7). Elevated numbers of effector OT-I cells were
maintained for 12 hours in B16-OVA tumors, whereas a partial
decrease was detected in parental B16 tumors (Figure 8B). These
differences are likely caused by egress of CD8* T cells not engaged
in antigen-specific interactions rather than by apoptosis in situ,
since less than 5% of OT-I cells were TUNEL* within tumors (data
not shown). The number of TUNEL* apoptotic cells within tumors
was not altered 1 hour after T cell transfer (Figure 8B), in line with
prior observations that it takes approximately 6 hours for indi-
vidual tumor cells to be killed by cytotoxic T cells in vivo (31). STT
treatment and subsequent adoptive transfer of OT-I cells increased
the number of apoptotic cells detected at 12 hours in B16-OVA
tumors, but not parental B16 tumors, which confirmed that
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Vascular response to H-IL-6 in murine and patient tumors. (A) Immunofluorescence staining of pSTAT3 (red) in CD31+ (green) B16-OVA tumor
vessels 15 minutes after intravenous administration of H-IL-6 fusion protein. Nuclei were stained with DAPI (blue). Microscopic quantification
of pSTATS staining in CD31+ ECs is also shown; data are representative of 3 independent experiments. Scale bar: 50 um. *P < 0.001 versus
control. (B) OT-l interactions with B16-OVA tumor vessels 6 hours after H-IL-6 treatment; data are from 3 independent experiments. Intravascular
staining of ICAM-1 (red) on CD31+ (green) B16-OVA tumor vessels 6 hours after H-IL-6 treatment is also shown. Scale bar: 100 um. *P < 0.001,
#P < 0.03 versus control. (C) Representative photomicrographs of immunofluorescence staining of ICAM-1 on CD31+ vessels in tumor explants
of patient 1 (P1) after treatment with H-IL-6 for 6 hours. ICAM-1 and CD31 expression in 3 patient tumor explants is shown by histograms repre-
senting quantitative image analysis of the immunofluorescence intensity of adhesion molecules in CD31+ vessels. Numbers in photomicrographs
and histograms are MFI. IL-6 concentration in patient tumor explants is also shown. Scale bar: 100 um.

cytolysis was antigen restricted. Notably, the number of apoptotic
cells detected in B16-OVA tumors at 12 hours in NT mice was not
above baseline despite bolus infusion of OT-I cells. These results
suggest that homeostatic trafficking of CD8" Teffs is not suffi-
cient to achieve the requisite effector/target cell ratios necessary
for cytolysis in situ.

We used 3 independent approaches to establish a cause-and-
effect relationship between early trafficking mechanisms and
apoptosis of tumor targets (Figure 8C). First, after determining
that transient blockade of IL-6 activity did not directly influence
tumor cell viability during the 12-hour observation period, we used
IL-6 neutralizing antibody to inhibit discrete steps in the recruit-
ment process (i.e., E/P-selectin-dependent rolling and ICAM-1-
mediated firm arrest). Second, we used E/P-selectin-specific anti-
body to selectively block rolling interactions. Finally, we used a
genetic approach involving IcamI~~ mice in order to block firm
arrest in vessels and transendothelial migration without interfer-
ing with ICAM-1 requirements during contact-dependent cytolysis
of tumor targets. Blockade of OT-I cell trafficking by each strategy
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diminished the number of apoptotic cells detected in tumors of
mice treated with STT. Taken together, these findings suggest a
model in which the antitumor activity of CD8" Teffs is predicated
on the rate of trafficking across tumor vascular gateways, which
can be promoted by local IL-6 trans-signaling (Figure 9).

Discussion
Tumor immunity requires systemic activation of tumor-specific
CD8" Teffs as well as their site-specific delivery into tumors to effi-
ciently kill tumor targets. Numerous immunosuppressive mecha-
nisms have been documented that inhibit T cell priming in tumor-
draining LNs during the initiation phase, thereby limiting the
number of tumor-reactive CD8* Teffs deployed into circulation
(35). The present study was undertaken to determine whether con-
straints on homeostatic trafficking of CD8" T cells across tumor
vessels during the effector phase are an additional impediment to
tumor immunity. Our experimental design bypassed the initiation
phase by using adoptively transferred CD8* Teffs to interrogate
the binding activity of tumor vessels in situ.
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Figure 7

Nonhematopoietic stromal cell-derived IL-6 induces vascular ICAM-1 expression in the tumor microenvironment. (A) IL-6 concentration in B16
tumor lysates from NT control or STT-treated WT and //6-- mice, determined by Luminex. Data are from at least 3 mice. n.d., not detected.
P =0.53, NT versus STT in WT mice. (B) Immunofluorescence staining of ICAM-1 (red) and CD31 (green) in WT and //6-- mice implanted with
B16 tumors. Numbers denote MFI for CD31+ vessels. Scale bar: 100 um. (C) Quantification of endogenous CD8+ T cells in B16 tumors. Data are
from individual mice and are representative of at least 3 independent experiments. *P < 0.0001 versus NT. (D) Quantitative image analysis for
ICAM-1 and CD31 staining of B16 tumor vessels in bone marrow chimeric mice. Numbers denote MFI for CD31+ vessels.

Results in multiple solid tumor models provide definitive evi-
dence that tumor vessels are sites of low constitutive CD8* Teff
recruitment despite the presence of functionally active inflammarto-
ry cytokines in the microenvironment. Direct imaging in tumor ves-
sels revealed that CD8* Teffs engaged in minimal E/P-selectin-medi-
ated rolling interactions under homeostatic conditions and rarely
underwent chemokine-dependent transition to ICAM-1-mediated
firm arrest. These results are in agreement with previous reports
showing limited leukocyte-tumor vessel interactions when whole
blood leukocyte populations were labeled with rhodamine-6-G
in situ (19-21, 36, 37). We further determined that the moderate
intravascular density of [CAM-1 detected on tumor vessels was not
sufficient to support efficient extravasation of CD8* Teffs. These
findings provide a functional explanation for the modest steady-
state level of infiltration observed for endogenous or adoptively
transferred CD8" T cells in murine tumors (B16, RIP-Tag5) (27,
28, 36, 38) or patient tumors (metastatic melanoma, squamous
cell skin carcinoma) (39, 40) in regions where vessels were weakly
immunostained for E-selectin, I[CAM-1, or VCAM-1. When the
function of tumor-reactive T cells was monitored after bolus infu-
sion under conditions commonly used in preclinical and clinical
protocols to boost circulating Teff populations (3), we found that
basal trafficking of CD8" Teffs across tumor vessels was insufficient
to mediate apoptosis of tumor targets. Collectively, these results
indicate that low homeostatic CD8* T cell trafficking is a rate-limit-
ing step during the effector phase of antitumor immunity.

3854
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The current study demonstrated that acute inflammatory cues
triggered by STT substantially increase the multistep recruit-
ment of CD8* Teffs across tumor vessels. These observations
led to the identification of a role for endogenous IL-6 acting in
concert with sIL-6R and the membrane-anchored gp130 signal-
transducing receptor in promoting extravasation of CD8" Teffs
within the tumor microenvironment. IL-6 trans-signaling con-
trolled discrete steps in the adhesion cascade, improving both
E/P-selectin-mediated rolling interactions and ICAM-1-depen-
dent firm arrest of CD8* Teffs at the tumor vascular interface.
Our present data further established a direct link between IL-6
induction of CD8" Teff trafficking and antigen-specific apop-
tosis in tumor targets. While increases in vascular endothelial
adhesion were obligatory for trafficking of cytotoxic T cells, this
does not exclude the possibility that additional changes in vessel
function or T cell fate occur as a consequence of thermal precon-
ditioning of the tumor microenvironment. In this regard, STT
reportedly increases tumor vessel permeability and reduces intra-
tumoral interstitial fluid pressure, both of which could facilitate
CD8" T cell extravasation (41-43). Moreover, STT acting via IL-6
could theoretically influence T cell survival (known to be sensi-
tive to IL-6/STATS3 signaling; ref. 44), interstitial migration by
T cells, and frequency or duration of contacts between CD8*
Teffs and tumor targets. Multiphoton intravital imaging in sub-
cutaneous EG7-OVA thymomas have documented the impor-
tance of reduced T cell velocity (~4 um/min) and the formation
October 2011
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Antigen-restricted killing of tumor targets depends on CD8+ T cell trafficking across tumor vessels. (A) Growth curves of B16-OVA tumors in
mice treated with STT and adoptive cell transfer (ACT) of OT-| effector cells. Treatment times are denoted by arrows; numbers above arrows
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of long-lived contacts (230 minutes) for tumor cell destruction
by adoptively transferred CD8" T cells (11, 31, 45).

Increased CD8* Teff trafficking during STT was accompa-
nied by a decrease in Treg infiltration, thereby augmenting the
endogenous Tem/Treg ratio (from about 5:1 to more than 35:1),
which is considered a strong prognostic indicator of overall sur-
vival in cancer patients (46). Tregs reportedly diminish CD8" T cell
cytotoxicity by preventing the release of granzyme B effector mol-
ecules without affecting stable contacts with tumor targets (47).
Thus, a net increase in the proportion of intratumoral Tems rela-
tive to Tregs would be predicted to enhance the efficacy of adop-
tive T cell therapy. An unresolved question is whether the observed
decrease in Treg infiltration is caused by reduced Treg trafficking
across vascular barriers, egress from tumor lesions, or reprogram-
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ming in situ. Of note in this respect are studies showing that IL-6
converts immunosuppressive Tregs into IL-17-producing CD4*
T cell subsets with helper and/or proinflammatory activity and
that the IL-6/sIL-6R complex is more effective than IL-6 alone
(48-50). Evidence of longitudinal tumor growth despite STT/adop-
tive transfer therapy could reflect reestablishment of an immuno-
suppressive environment in situ that subverts the antitumor activ-
ity of transferred CD8* Teffs. Thus, further therapeutic benefit
might be achieved by repeated STT/adoptive transfer treatment in
a setting of micrometastases or minimal residual disease coupled
with additional strategies that interfere with immunosuppressive
activities of Tregs or MDSCs in the tumor microenvironment.
The stringent requirement for 2 independent soluble compo-
nents, IL-6 and sIL-6R, during STT likely explains the site-spe-
October 2011 3855
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Proposed model for switch from predominantly protumorigenic to anti-
tumorigenic activity of IL-6 trans-signaling via mobilization of CD8*
T cell trafficking across vascular EC gateways.

cific nature of the vascular response that focuses delivery of CD8*
Teffs to tumor sites. Thermal induction of gp130 expression on
tumor vessels may be a mechanism to increase sensitivity to stro-
mally derived IL-6. These results are consistent with reports that
gp130 synthesis is inducible by inflammatory cytokines and that
cells with elevated gp130 have a lower threshold for activation
by IL-6 family cytokines (51, 52). The failure of normal vessels of
extralymphoid organs as well as HEVs to support efficient CD8*
Teff trafficking in response to STT does not appear to reflect an
intrinsic inability to respond to IL-6 trans-signaling, since ICAM-1
induction has been reported in normal vascular ECs in vivo and in
vitro after stimulation by IL-6 and sIL-6R, but not IL-6 alone (12,
15, 53). Indeed, IL-6 trans-signaling is responsible for the increase
in naive and central memory T cell trafficking that occurs in HEVs
during STT (12, 15-17). These observations imply that coordinate
upregulation of trafficking molecules (E/P-selectin, ICAM-1) nec-
essary for CD8" Teff recruitment depends on temporal/spatial
availability of both IL-6 and sIL-6R in the local vicinity along with
yet to be identified tumor microenvironmental factors.
Demonstration of the promigratory role of IL-6 in the current
study adds to the expanding repertoire of activities attributed to
IL-6 in the tumor microenvironment. Studies reported here and
by others indicate that IL-6 functions as a double-edged sword,
on the one hand promoting T cell-mediated antitumor immu-
nity, while on the other contributing to inflammation-associated
tumorigenesis (1, 2). These latter observations are consistent with
the correlation between high circulating levels of IL-6 and poor
prognosis in cancer patients (54, 55). In murine models and in
human colorectal, breast, and hepatocellular carcinoma, STAT3
activation in tumor cells by IL-6 produced by infiltrating myeloid
cells, CD4* T cells, or cancer cells leads to induction of target genes
that promote oncogenic transformation, proliferation (cyclin D1,
c-Myc), and survival (bcl-XL, survivin) (56-62). IL-6 is also impli-
cated in promoting tumor growth by stimulation of VEGF syn-
thesis, attraction of aggressive circulating tumor cells during self-
seeding, or immunosuppression caused by arrested maturation
of dendritic cells (63-65). Thus, long-term therapy aimed at sus-

3856 The Journal of Clinical Investigation

http://www.jci.org

taining IL-6 activation would not be indicated in cancer patients.
However, the current study suggests that a therapeutic oppor-
tunity is afforded by approaches such as STT or recombinant
H-IL-6 administration that transiently activate an IL-6 trans-sig-
naling platform, thereby improving adaptive antitcumor immunity
without stimulating tumor growth.

Findings here and in other studies (56, 59, 62, 66) that IL-6
trans-signaling occurred constitutively in tumor tissues raise
the question of why trafficking molecules are not continuously
upregulated on murine or human tumor vessels, as would be pre-
dicted at chronic inflammatory sites. A likely explanation is that
suppressive factors within the tumor microenvironment counter-
act IL-6 activity. Angiogenic factors (VEGF, bFGF) and regulators
of vascular tone (endothelin, NO) are known to repress ICAM-1 or
E-selectin induction by inflammatory stimuli (TNF, IL-1f3, LPS)
in ECs in vitro (7, 21, 67). Moreover, systemic administration of
angiogenic inhibitors (anginex, endostatin, angiostatin) or a NO
synthase inhibitor (L-NAME) augments TNF or LPS-induced leu-
kocyte interactions in B16 or HT29 tumor vessels. Infiltration of
adoptively transferred CD8 T cells in murine ID8 ovarian tumors
and RIP-Tag$5 tumors is also improved by targeting of 2 tumor
vessel-associated GPCRs that control vascular tone: endothelin
B receptor, by BQ-788 antagonist, and RGSS5, by genetic deletion
(7,9). Cross-talk with local immunosuppressive cytokines such as
TGF- could further antagonize IL-6 trans-signaling (1). TGF-3
represses IL-6-dependent activation of STAT3 and subsequent
ICAM-1 induction in colon cancer cells in vitro (68), which sug-
gests that similar antagonistic mechanisms might operate in
tumor microvascular ECs. Of note in this regard are observations
that TGF-f neutralization enhances leukocyte adhesion in HT29
tumor microvessels (19). Future investigation will be required to
determine (a) whether the STT/IL-6 pathway interferes with the
expression and/or function of one or more of these antimigratory
molecules, and (b) whether IL-6 contributes to increased expres-
sion of trafficking molecules (E-selectin, ICAM-1, VCAM-1) and
CD8* T cell infiltration in the tumor microenvironment during
irradiation or CTLA-4 blockade in tumor-bearing mice or local
administration of TLR agonists (e.g., imiquimod) in melanoma
patients (28, 36, 38, 40, 69).

In summary, our results establish that limitations in CD8*
Teff trafficking across tumor vessels are a substantial obstacle to
CD8* T cell-mediated tumor immunity. There is growing inter-
est in optimizing the homing potential of Teffs during ex vivo
expansion prior to adoptive transfer or by genetically engineering
T cells to express homing receptors (e.g., avf3 ligands, CCR2, or
CCR4) that favor localization in tumor sites (3, 70-72). Our stud-
ies argue that it will be equally important to license tumor micro-
vascular checkpoints for CD8" Teff trafficking. Thermal therapy
has already shown clinical benefit as an adjuvant to radiation or
chemotherapy (73-75), which suggests that this modality could
be used to co-opt IL-6 in the tumor microenvironment in order
to create a therapeutic window to boost T cell-mediated cancer
immunity and immunotherapy in patients.

Methods
Animals and tumor models. See Supplemental Methods.

Cell culture. Mouse cells were cultured in RPMI 1640 supplemented with
10% FCS, 2 mM L-glutamine, 100 U/ml penicillin, 50 pg/ml streptomy-
cin, and 50 uM B-mercaptoethanol (Invitrogen). Primary CD8* T cells
(2 x 106 cells/ml) were activated for 2 days in 24-well plates (Corning) coated
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with anti-mouse CD3 antibody (2.5 ug/ml; 145-2C11; BD Biosciences),
then diluted to 2 x 10° cells/ml and expanded for 3 days with recombinant
human IL-2 (12.5 ng/ml; R&D Systems). All antibodies and cytokines were
azide and endotoxin free.

Treatment with STT, LPS, H-IL-6, and cytokine- or adhesion-neutralizing
reagents. Mice were treated with STT (core temperature 39.5°C + 0.5°C
for 6 hours) and allowed to return to baseline temperature prior to
further experimentation (15-17). LPS (1 mg/kg; Sigma-Aldrich) was
injected intraperitoneally. Neutralizing polyclonal antibodies specific
for IL-6, TNF, IL-1f, or IFN-y (100 ug/mouse; R&D Systems); recombi-
nant sgp130 (2.5 pg/mouse; ref. 32); or recombinant H-IL-6 (50 ug/kg;
ref. 33)
colorectal cancer patients (~0.25-1 cm?) were cultured in RPMI 1640
supplemented by 10% FCS with H-IL-6 (1 ug/ml) for 6 hours at 37°C.
Mice were treated intravenously with function-blocking antibodies (BD
Biosciences) specific for E- and P-selectin (10E9.6 and RB40.3; 60 and
40 ug/mouse, respectively), ICAM-1 (3E2; 50 ug/mouse), or isotype con-

were administered intravenously. Tumor explants from stage IV

trols. CD8" T cells were treated with a4f37 integrin-specific antibody
(DAKT32; 10 ug/ml, 30 minutes; BD Biosciences) or PTX (100 ng/ml,
2 hours; CalBiochem) before transfer. All cytokines and neutralizing
agents were azide and endotoxin free.

Cytokine assays. Cytokines were measured by ELISA or Luminex kits (R&D
Systems), and results were normalized to total protein from tissue extracts.

Short-term in vivo homing assay. CD8" T cells labeled with 4 uM TRITC
(Invitrogen) were adoptively transferred intravenously, and organs were
collected 1 hour later (15-17). Tissue cryosections (9 wm) were counter-
stained with anti-CD31 antibody (MEC 13.3; BD Biosciences). For consis-
tency, fields containing a minimum of 1 TRITC-labeled cell were imaged
by observers blinded to sample identity using a BH2/RFL fluorescence
microscope (Olympus Optical) and SPOT RT camera (Diagnostic Instru-
ments). TRITC-labeled cells were quantified in at least 10 fields (unit area
per field, 0.34 mm?). Alternatively, organs were disaggregated (Medima-
chine; BD Biosciences), and total cell numbers were determined by flow
cytometry using Stem-Count beads (Beckman Coulter) (15). T cell distri-
bution within tumors was examined using a procedure modified from
that of Boissonnas et al. (11). OCT-embedded tumors were transversally
and sagitally divided through the middle; the center and periphery (in
9-um sections) were defined as regions within 600 um of the core or the
tumor boundary, respectively.

Flow cytometry. See Supplemental Methods.

Intravital microscopy. See Supplemental Methods for additional details.
Briefly, 105 tumor cells were injected into surgically implanted dorsal skin
flap single-sided window chambers (Research Instruments Inc.) (20, 37).
14-21 days later, calcein-labeled T cells (2-10 x 107 cells/mouse) were grad-
ually injected via the tail vein of anesthetized mice (1 mg/ml xylazine and
10 mg/ml ketamine; 10 ml/kg, i.p.) over the 30-minute observation period.
T cell interactions in unbranched vascular segments 100 wm in length with
5-40 um diameter were visualized using a customized Olympus BX51WI
epi-illumination intravital microscopy system (Spectra Services). Ves-
sels greater than 40 um in diameter (<4% of observable vasculature) were
excluded because of difficulties for imaging intravascular T cells. The per-
centage of total cells that interacted per microvessel was considered the
rolling fraction; the percentage of rolling cells that subsequently adhered
for at least 30 seconds was considered the sticking fraction (15).
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Immunohistochemistry and immunofluorescence bistology. See Supplemen-
tal Methods for details on immunostaining of tissue sections and tissue
whole mounts. Images of at least 10 randomly selected fields (unit area of
each field, 0.34 mm?) in 9-um-thick cryosections were captured by observ-
ers blinded to sample identity. Identical exposure times and image settings
were used within each experiment. Images were analyzed with Image] soft-
ware (http://rsb.info.nih.gov/ij) (15, 76) for determination of the relative
fluorescence staining intensity; regions of interest were defined based on
CD31 fluorescence, and each pixel in identified regions was assigned a fluo-
rescence intensity value (based on a scale from 0 to 255).

Growth delay studies and TUNEL assay. A subcurative dose of OT-I or Clone
4 Teffs (ranging 2-10 x 10° cells/mouse) was determined for each adoptive
transfer experiment. Experimental end points were reached when tumors
in any group exceeded 20 mm in diameter or when mice became moribund.
The length of short (/) and long (L) diameters was determined, and tumor
volume was calculated as /2 x L/2. For apoptosis studies, 2 x 107 OT-I Teffs
were adoptively transferred, and TUNEL* cells (Apoptag Kit; Millipore)
were quantified in at least 10 fields (unit area of each field, 0.34 mm?) of
nonsequential 9-um-thick cryosections.

Statistics. Unless otherwise indicated, data are mean + SEM. Statistical sig-
nificance of tumor growth was determined by 2-way ANOVA for repeated
measures. All other group differences were evaluated by 2-tailed unpaired
Student’s ¢ test. Survival data were analyzed using Kaplan-Meier log rank
tests. A Pvalue less than 0.05 was considered significant.

Study approval. Animal protocols were approved by the IACUC of Roswell
Park Cancer Institute. Patient tumors were obtained following writ-
ten informed consent in accordance with tissue procurement protocols
approved by the IRB of Roswell Park Cancer Institute.
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