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Abstract

Lymphocytes use extensive vascular networks to traffic to various destinations in the body, including
lymphoid organs and extra-lymphoid tissues. This discussion will focus on the emerging evidence
that thermal stress regulates the traffic signals that direct the exit of lymphocytes from the vascular
freeway. This issue is particularly relevant to T cell-based cancer immunotherapy where delivery of
immune effector lymphocytes to neoplastic lesions depends on their extravasation across tumour
micro-vessels. Although tumours are frequently highly vascularized by vessels that are competent
to support blood flow, the tumour micro-environment has been characterized as non-permissive
to lymphocyte extravasation. This may lead to a scenario where limited leukocyte infiltration at
tumour sites correlates with a poor prognosis. These observations support the thesis that adjuvant
strategies that promote trafficking of tumour-reactive cytolytic leukocytes to tumour sites have the
potential to improve the efficacy of immune-based cancer therapy.
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Relationship between endothelial adhesion and lymphocyte trafficking

In considering the mechanisms that potentially limit lymphocyte trafficking to tumour sites,
it is instructive to compare and contrast adhesion events at neoplastic sites with the
molecularly well-defined mechanisms that control the egress of blood-borne lymphocytes
into peripheral lymphoid organs. In lymph nodes and Peyer’s patches, lymphocyte
extravasation occurs preferentially across specialized vessels termed high endothelial venules
(HEV) [1-4]. The efficiency of this physiological process is revealed by estimates that
~5 x 10° lymphocytes continuously extravasate through HEV per second in humans [1].
HEV are lined by cuboidal endothelial cells that are demarked by high level expression of the
CD31 pan-endothelial adhesion molecule (Figure 1(a)). HEV are morphologically and
biochemically distinguished from squamous endothelium found in the majority of vessels
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in extra-lymphoid organs where limited lymphocyte extravasation occurs under basal
conditions [1-3]. Notably, local injury or inflammation induces squamous endothelium to
undergo transformation into HEV-like vessels that are a locus for leukocyte recruitment
at extra-lymphoid sites [1].

Lymphocyte extravasation across HEV in lymphoid organs involves highly ordered,
step-wise adhesive interactions [1-4]. In this context, endothelial adhesion molecules
and chemokines function as traffic signals that control cellular transit through vascular
roadways. Overall, it is estimated that 25% of lymphocytes that enter HEV successfully
complete the full sequence of adhesion events culminating in extravasation [4]. In peripheral
lymph nodes, free-flowing lymphocytes (travelling with a ‘green light’) enter lymph node
HEYV and convert to slow-rolling cells (‘yellow light’) through L-selectin-dependent tether-
ing and rolling interactions with sialomucin-like adhesion molecules on vessel walls.
In Peyer’s patches, a second lymphocyte homing receptor, w487 integrin, also contributes
to tethering and rolling events in HEV. In both lymph nodes and Peyer’s patches, HEV
presentation of the CC chemokine ligand (CCL)21 (TCA-4/SLC/6C-kine/exodus-2) to
the CCR7 chemokine receptor on apposing naive and central memory lymphocytes
stimulates the transition from rolling cells to firmly adherent cells (‘red light’). Firm
arrest and subsequent extravasation across the endothelial barrier are mediated by binding
of leukocyte function adhesion molecule-1 (ILFA-1) to its endothelial receptors inter-cellular
adhesion molecule (ICAM)-1 (Figure 1(a)) and ICAM-2.

Tumour vessels of murine tumours or human patients are generally flat-walled, in
contrast to the typical cuboidal morphology of HEV in lymphoid organs (Figure 1(a, b))
[5-7]. Consistent with these findings, i vivo imaging techniques using intra-vital micro-
scopy indicate that lymphocytes interact poorly with tumour vessels under haemodynamic
shear [6, 8, 9]. One explanation for limited lymphocyte interactions in tumour vessels is
the comparatively low level of expression of endothelial adhesion molecules (e.g. ICAM-
1) and chemokines that are hallmarks of extravasation or inflammation (Figure 1(a, b))
[5, 6]. Notably, the failure of lymphocytes to infiltrate tumour tissues has been correlated
with an unfavourable prognosis in melanoma, lung and ovarian cancer patients and in
numerous mouse models (Figure 1(b)) [5, 6, 10, 11]. These observations support the
notion that novel strategies are needed to improve lymphocyte trafficking to neoplastic
tissues. This issue is particularly important in the development of effective vaccine therapies
where immunization aims to increase the frequency of tumour-reactive cytotoxic T cells
(CTL). A frequently overlooked consideration is that optimal vaccine therapy is equally
dependent on tumour-specific CTL gaining access to tumour tissues in order to be effective
in killing targets by contact-mediated lysis.

Stimulation of lymphocyte-endothelial cell interactions by thermal stress

Multiple lines of evidence indicate that thermal stress in the form of therapeutic
hyperthermia can control lymphocyte-endothelial adhesion. The role of high temperature,
short duration heat shock in regulating adhesion has principally been investigated by i vitro
models for resting, non-activated squamous endothelial cells, i.e. human primary
endothelial cell cultures including macro-vascular HUVEC (human umbilical vein
endothelial cells) and micro-vascular HMVEC (human micro-vascular endothelial cells).
Direct exposure of HUVEC or HMVEC to heat shock (e.g. 43°C for 2h) increases
endothelial cell expression of ICAM-1 molecules [12, 13]. Interestingly, several studies have
reported that the major cellular products of heat shock, i.e. heat shock proteins (HSP),
can act extra-cellularly to stimulate endothelial adhesion. In this regard, recombinant



Thermal regulation of lymphocyte trafficking 725

(a) PLN HEV TUMOR VESSELS

CD31

ICAM-1

(b)
IVM analysis indicates
limited adhesive
interactions in
tumor vessels
HEV-like vessels Tumor Low expression of
infrequently found in microenvironment adhesion molecules
intratumoral regions of is non-permissive (e.g., ICAM-1) in
primary human & murine to leukocyte tumor— poor

tumors extravasation infiltration

Limited lymphocyte
infiltration in
intratumoral area
correlates with poor
prognosis

Figure 1. Comparative analysis of lymphoid organ HEV and tumour vessels. (a) Cryosections of
peripheral lymph nodes (PLN) and transplanted colon 26 tumours from the same experimental
mouse were stained with CD31-specific monoclonal antibody (mAb; 5 ugml™") and FITC-labelled
secondary antibody. ICAM-1 expression on the luminal surface of vessels was detected by intravenous
injection of ICAM-1-specific mAb (500 pug per mouse) into colon 26 tumour-bearing mice. Tissues
were harvested after 20 min and cryosetions were stained with TRITC-labelled secondary antibody.
Immunofluorescent images were captured using the same exposure time in order to compare the
relative expression levels of adhesion molecules by vessels. Arrows indicate cuboidal HEV in
PLN or flat-walled squamous vessels in tumour tissues. ICAM-1 staining is low on tumour vessels
compared to PLN HEV. Note that staining of ICAM-1 on tumour cells is also evident, which may
result from access of ICAM-1 mAD to tissues outside the vascular compartment due to the inherent
leakiness of tumour vessels [7]. (b) Schematic shows proposed inter-relationship between the
parameters that limit lymphocyte-endothelial adhesion in the tumour micro-environment and clinical
outcome.

HSP (HSP60, HSP65 or HSP70) of mammalian or bacterial origin act on HUVEC through
an NF-«B signalling pathway to induce ICAM-1 expression and augment the ability to
support lymphocyte adhesion [14-16]. One of the interesting findings to emerge is that
increased shear forces also stimulate ICAM-1 expression by HUVEC i witro [17].
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This may be relevant during hyperthermia responses in tissues when haemodynamic shear is
influenced by changes in blood flow [18]. While the effects of heat shock or haemodynamic
shear on endothelial adhesion have not been explored in vivo, it is tempting to speculate,
based on i witro endothelial systems, that high temperature thermal therapy could
elicit changes in vascular adhesion and lymphocyte homing if delivered locally to tumour
sites.

A recent series of in wivo studies have established that fever-range thermal therapy
enhances lymphocyte-endothelial adhesion and site-specific trafficking [6, 19, 20]. An
intriguing aspect is that fever-range thermal stress promotes homing by inducing indepen-
dent changes in adhesion in both lymphocytes and target endothelium. In this regard,
exposure of lymphocyte sub-sets (including naive and central memory lymphocytes and
CD4" and CD8"' T cells) to febrile-range temperatures (38—40°C for 6h) in vitro or
n vivo stimulates the binding activity of lymphocyte homing receptors including I-selectin
and «4p7 integrin [19, 21-25]. This results in enhanced trafficking of lymphocytes
across HEV in lymphoid organs [21, 26]. Thermal stimulation of lymphocyte adhesion
was found to be dependent on the pro-inflammatory cytokine, interleukin-6 (IL-6),
through its ability to initiate MEK-1/ERK-1-2 signalling downstream of the gp130 signal
transduction molecule [25].

The adhesive properties of endothelial cells in HEV of lymphoid organs have further
been shown to be amplified by fever-range whole body thermal therapy [26, 27]. Thus,
elevation of mouse core temperatures to the febrile range (39.5-40°C for 6h), using
procedures originally developed by Dr. Repasky’s laboratory [27], augments the capacity
of HEV to support lymphocyte adhesion under shear and promotes lymphocyte trafficking
to lymph nodes and Peyer’s patches [19, 20, 26]. Enhanced lymphocyte trafficking to
secondary lymphoid organs increases the probability that lymphocytes encounter cognate
antigens within a micro-environment conducive to generating optimal adaptive immune
responses. Related studies indicate that lymphocyte-endothelial adhesion is similarly
enhanced in tumour vessels by fever-range thermal therapy (Q. Chen and S. S. Evans,
unpublished observations). Notably, thermal stress does not promote changes in adhesion
or trafficking across squamous, resting endothelium of non-malignant tissues n vivo
[6, 26]. These observations suggest that control of vascular adhesion is influenced by exqui-
sitely regulated molecular events within unique tissue micro-environments of lymphoid
organs, tumour tissues and extra-lymphoid organs. Site-specific control of endothelial
adhesion serves to focus the delivery of immune effectors cells to physiologically relevant
tissues while preventing inappropriate encounters between cytolytic lymphocytes and
normal tissues.

Conclusions and future directions

The emerging data support the concept that immune surveillance is promoted by
physiological febrile responses that accompany infection and inflammation by virtue
of the ability to improve lymphocyte trafficking across lymphoid organ HEV (Figure 2).
Optimal immune protection is maintained under non-pathologic conditions since fever-
range thermal stress does not indiscriminately amplify lymphocyte migration across
squamous endothelium of all tertiary organs. Further study is required to determine
if local or whole body thermal therapy can invoke similar adhesive mechanisms within
heterogeneous tumour micro-environments, thereby augmenting delivery of tumour-
specific CD8" cytotoxic T cells (Figure 2). Enhanced infiltration by CD8" T cells in
primary and secondary lesions would be predicted to lead to improved tumour growth
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Figure 2. Model for thermal regulation of traffic signals that direct site-specific extravasation
of lymphocytes across vascular beds. Thermal stress induced by inflammation or clinical therapy
promotes lymphocyte trafficking across cuboidal HEV in lymphoid organs (PLN, mesenteric LN
[MLN] and Peyer’s Patches [PP]) and potentially in tumour vessels. In contrast, lymphocyte-
endothelial adhesion and trafficking across non-activated squamous endothelium of extra-lymphoid
organs is not augmented by fever-range thermal stress under non-pathological conditions. Thus,
site-specific control of vascular adhesion by thermal stress has the potential to enhance immune
surveillance and limit tumour progression.

control in immunologically responsive malignancies. The underlying mechanisms by
which thermal stress stimulates endothelial adhesion within a select sub-set of blood
vessels remain to be addressed. Likely candidate effector mechanisms are pro-inflammatory
cytokines, since these molecules are known to be potent stimulators of endothelial
adhesion. Additional investigation is required to determine the mode of thermal
regulation of vascular endothelial adhesion. Resolution of this question depends on the
identification of the specific traffic signals (i.e. adhesion molecules and chemokines) that
are targeted by thermal stress in addition to mapping of the signal transduction
pathways responsible for improving the delivery of lymphocytes across vascular roadways.
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