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ABSTRACT
Chronic stress drives cancer progression, but the routes of metastasis are unclear. We recently demonstrated that
chronic stress activates a neural-inflammatory signaling axis to remodel lymphatic vasculature and increase
lymph flow. This unanticipated crosstalk between stress and the lymphatic system provides pathways of tumor
cell dissemination and acceleratesmetastasis. KEYWORDS
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To enhance alertness and rapidly mobilize a protective
response to threat, our bodies trigger a stress response that
includes activation of the sympathetic nervous system (SNS).1

When acutely activated, this “fight-or-flight” response is benefi-
cial for survival. However, prolonged or chronic stress can be
detrimental to health.2-5 In particular, a growing body of evi-
dence suggests that stressful events promote metastasis and
lead to poor cancer survival,2,3,5,6 although the routes of tumor
cell dissemination are not clear.2,5 Tumor cell invasion into the
lymphatic system is linked to poor prognosis in solid tumors.7

The lymphatic system is innervated by sympathetic nervous
system (SNS) fibers; however, the effects of stress on lymphatic
function and the consequences of this effect on cancer progres-
sion have yet to be explored. Our recent publication in Nature
Communications demonstrated that chronic stress restructures
lymphatic vessels to accelerate the dissemination of tumor cells.
This work identifies lymphatic vessels as an additional pathway
of tumor cell escape that might be targeted to effectively block
the adverse effects of stress.8

Using an orthotopic mouse model of breast cancer, physio-
logical SNS signaling was activated using a restraint stress para-
digm whereby inescapable confinement induces escape-
avoidance behavior and elevates levels of stress hormones,
including norepinephrine.2,5 Chronic stress increased the den-
sity of lymphatic vessels within tumors, as assessed by immuno-
histochemical staining. Chronic stress also increased the
diameter of collecting lymphatic vessels that drain primary
tumors toward distant lymph nodes. This effect was maintained
even 2 weeks after stress ceased, suggesting a stable, increased
capacity for tumor cell dissemination via lymphatic routes in
stressed animals. Intravital microscopy to detect disseminated
tumor cells confirmed the functionality of these tumor-draining

lymphatic vessels.8 Additionally, longitudinal in vivo biolumi-
nescence imaging confirmed that stress-induced lymphatic
remodeling was associated with increased metastasis to lymph
nodes and distant organs, consistent with tumor lymphatic ves-
sel density and lymphatic vessel dilation having key roles in lym-
phogenous tumor cell dissemination.9

Intravital microscopy confirmed that the lymphatic system is
innervated by the SNS, with catecholaminergic THC (tyrosine
hydroxylase) fibers present throughout the lymph node capsule
and parenchyma. This direct link between fibers of the SNS and
the lymphatic system raised the possibility that, in addition to
restructuring lymphatic vasculature, SNS signaling could also
affect lymph flow. Therefore, we used nuclear lymphoscintigra-
phy to track the effect of sympathectomy by neuraxial anesthesia
on lymph flow in the lower limbs of a consenting patient. Track-
ing lymph drainage of a radiolabeled tracer revealed that sympa-
thetic blockade reduced lymph flow by 80%. To investigate
whether, conversely, activating SNS signaling would promote
lymph flow, we developed a method that directly visualizes
lymph flow in vivo by tracking the transit of fluorescently tagged
nanospheres through lymphatic vessels of anaesthetized mice.
Intravenous administration of the stress neurotransmitter norepi-
nephrine significantly increased lymph flow through collecting
vessels, demonstrating that SNS signaling is a potent regulator of
lymph flow.8 Inhibition of norepinephrine signaling through
b-adrenoceptors using the b-blocker propranolol stopped stress-
induced lymphatic remodeling and blocked metastasis to lymph
nodes, identifying a pharmacological strategy for intervention in
stress-induced lymphogenous dissemination.

Gene expression analysis of tumors revealed that chronic
stress increased expression of the lymphatic vascular endothelial
growth factor C (VEGFC) in primary tumors.8 VEGFC
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promotes tumor lymphangiogenesis and metastasis to lymph
nodes. Knockdown of VEGFC in tumor cells reduced stress-
enhanced lymph vessel density and prevented lymphogenous
dissemination, demonstrating a key role for tumor cell-derived
VEGFC in the effects of stress on lymphatic remodeling and
metastasis. Further analyses found that crosstalk between tumor
cells and macrophages is required for these changes to the tumor
lymphatic vasculature. We found that macrophages respond to
stress by releasing prostaglandins, which elevate tumor cell pro-
duction of VEGFC leading to vascular remodeling and metasta-
sis to lymph nodes. Notably, inhibition of either inflammatory
signaling with a cyclooxygenase-2 (COX2) inhibitor or macro-
phage activity with a small molecule inhibitor of colony stimu-
lating factor 1 blocked stress-induced lymphatic metastasis.8

Together, these data demonstrate that the coordinated regu-
lation of the SNS response to stress and lymphatic function—
which may have provided an evolutionary advantage to mobi-
lize immune surveillance and direct an immune response dur-
ing times of threat—can be hijacked by tumors to promote
cancer spread.

Implications

As the impact of neural signaling on cancer becomes clearer, it
is imperative that stress-sensitive steps in cancer progression
are identified for the development of targeted interventions.
The findings presented here suggest that targeting either neu-
ral or inflammatory signaling activated by stress may limit
metastatic dissemination and cancer-related mortality (Fig. 1).
This is in line with recent retrospective epidemiologic studies
linking b-blocker use to improved cancer outcomes.10 We
now demonstrate that b-blocker use in cancer patients is
linked to reduced tumor cell dissemination to lymph nodes.8

These findings provide a mechanistic rationale for ongoing

clinical trials using b-blockers as a possible treatment option
for patients with cancer.
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