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In this issue of Immunity, Prinz and colleagues (2016) describe an unexpectedmechanism underlying the role
of type I interferon in the initiation of cognitive impairment and sickness behavior during viral infection
through induction of chemokine CXCL10 in central nervous system epithelial and endothelial cells.
Social avoidance, fatigue, reduced appe-

tite, and inactivity are common side ef-

fects that are considered an uncomfort-

able part of the experience that affects

sick individuals. Behavioral changes dur-

ing disease, in all likelihood, happen in

light of the need to contain an individual

infection and the body’s decision to pri-

oritize rest and healing. Within the last

four decades, mechanisms that mediate

the profound effects of increased sys-

temic inflammation on brain and behavior

have been elucidated (Dantzer et al.,

2008). A vast literature in humans and

laboratory animals describing peripheral

pro-inflammatory mediators such as tu-

mor necrosis factor alpha (TNF-a), inter-

leukin-6 (IL-6), IL-1a, and IL-1b produced

by innate immune cells to act on the

brain and induce sickness. Several path-

ways are proposed to facilitate immune-

to-brain communication by incorporating

direct activation of afferent nerves in the

periphery and/or transmission of cyto-

kine message from outside the blood-

brain-barrier into the brain parenchyma

either through direct access or second-

ary cellular mediators.

Motivated by identifying the behav-

ioral disturbances caused by systemic

viral infection and the notion that in

humans, major depressive disorders

develop in metastatic cancer, hepatitis
C, and multiple sclerosis patients treated

with the cytokines IL-2 and interferon-a

(IFN-a) (Raison et al., 2006). Blank

et al. (2016) set out to focus on type I

IFN signaling and its potential role in

sickness behavior. To prove a role for

type I IFNs in the etiology of sickness

behavior or motor activity in an inevi-

table situation, the authors tested vesic-

ular stomatitis virus (VSV)-infected mice

via forced-swim tests. Interestingly, dra-

matic elevation on circulating levels of

IFN-b induced depression-like behavior

through alterations in IFN-stimulated

genes (such as ISG15) in brain endothe-

lial cells. This effect was independent of

any direct action of VSV on the brain but

rather the net result of plasmacytoid

dendritic cells (DCs)—potent type I IFN

producers in spleen and lymph nodes.

Indeed, lack of IPS-1, an inducer of

interferon I and adaptor molecule for

the viral sensors RIG-I and MDA5,

addressed selected symptoms of sick-

ness behavior (immobility and spatial

learning), while leaving motor function

and vision unaffected. Moreover, admin-

istration of recombinant IFN-b appears

to have depressant-effects, even in the

absence of IPS-1. These findings indi-

cate that IFN-b might modulate behavior

changes by signaling in brain endothelial

cells. The authors tested this hypothesis
by genetically eliminating IFN-a receptor

1 (IFNAR1) in specific cell types such

as neurons, myeloid cells (including mi-

croglia), and endothelial and epithelial

cells.

Although the obvious candidates such

as microglia led to no results, mice defi-

cient in IFNAR1 on epithelial and endo-

thelial cells in the central nervous system

(CNS) were protected from virus indu-

ced sickness behavior. Specifically, the

authors used Slco1c1-CreERT2 mice

(Ridder et al., 2011) to deplete IFNAR1

in endothelial and epithelial barriers

within the CNS. In future studies, it would

be interesting to understand what dic-

tates the specificity of this gene to CNS

endothelial and epithelial cells. The au-

thors demonstrate that type I interferon

stimulates endothelial cells of the

blood-brain-barrier, which then tran-

siently produce the chemokine CXCL10

and chemokine receptor, CXCR3. Re-

markably, deficiency in Cxcl10 and

Cxcr3 prevented IFN-b or VSV induced

sickness behavior (Figure 1). These re-

sults not only revealed a novel pathway

responsible for development of infec-

tion-associated sickness behavior but

also identified a new potential therapeu-

tic target, for intervention, which might

ameliorate behavior alterations associ-

ated with infection.
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Figure 1. Pathways that Facilitate Immune-to-Brain Communication and Vice Versa
(Right) Immune-to-brain interactions: Infection or injury lead to an inflammatory response and the release
of pro-inflammatory mediators such as TNF-a, IL-6, IL-1b, and IL-2 in the periphery. These cytokines
access the brain via active transporters or through areas lacking the blood-brain barrier. However, in
response to IFN-a/b, epithelial and endothelial cells of the meninges can convey inflammatory signals into
the brain parenchyma through IFNAR1. Subsequent induction of robust local CXCL10 secretion and
activation of neuronal CXCR3 signaling is critical in inducing decreased synaptic activity, thereby facili-
tating depression and sickness behavior.
(Left) Brain-to-immune communication: The brain connects with the immune system via the secretion of
hormones such as glucocorticoids or vagus nerve endings. Complex brain activity and message is
translated into direct secretion of the neurotransmitter acetylcholine (ACh) into the spleen, which inhibits
inflammation due to suppression of cytokine release from tissue-residing innate immune cells.
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The results presented in this study

vividly demonstrate that endothelial cells

initially recognize type I IFNs through
surveillance of systemic inflammation.

Intriguingly, within the meninges immune

recognition of circulating inflammatory
mediators by endothelial cells highlight

the need to understand the immune

apparatus that resides within the

meninges (Kipnis et al., 2012) and sup-

ports the notion of infection and induce

control.

The exciting findings presented here

by Blank et al. document new routes to

the development of sickness behavior.

The authors show that meningeal inflam-

mation can signal inward to the brain pa-

renchyma via activating endothelial and

epithelial cells. We and others have

been addressing the role of meningeal

cytokines on brain function (Kipnis

et al., 2012). It has been proposed that

meningeal T cells, through their secreted

cytokines, such as IL-4 (Derecki et al.,

2010), could regulate cognitive behavior.

This effect is supposedly mediated via

meningeal myeloid cells and in part via

astrocytes lining the surface of the brain

(through their glia limitants). Interest-

ingly, however, in CNS injury IL-4 is

mediating its neuroprotective effect via

neuronal IL-4 receptors, where its sig-

naling potentiates the neuroprotective

signaling of neurotrophins (Walsh et al.,

2015). Cytokines have also been shown

to affect neurogenesis and rejuvenate

aged mouse brains (Villeda et al.,

2011). Although the possibility of periph-

eral cytokines affecting the brain via

epithelial and endothelial cells has

been previously entertained, a direct

demonstration and a mechanism as are

shown in this study have not been

demonstrated.

This sort of neuroimmune communica-

tion is not unilateral. It has been shown

in the past that the nervous system com-

municates and to some extent controls

the immune response through an alterna-

tive mechanism of inflammatory control

(Valentin and Tracey, 2015). Beside the

secretion of hormones such as glucocor-

ticoids, the CNS connects with the im-

mune system via efferent vagus nerve

endings to the intestines, liver, and

spleen. Complex brain activity and mes-

sage is translated into direct secretion of

the neurotransmitter acetylcholine (ACh)

into the specific organ with the objective

to inhibit inflammation due to suppression

of TNF release and other cytokines in

innate immune cells (Figure 1). Macro-

phages express receptors for ACh that

via vagus nerve stimulation significantly

inhibit cytokine synthesis (e.g., TNF,
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IL-1, IL-6). Exciting developments in the

field suggest that it might be possible to

directly stimulate the vagus nerve to sup-

press cytokine production and reduce

damage during chronic inflammatory dis-

eases such as rheumatic arthritis.

In summary, sickness behavior is part

of a healthy immune reaction, through

complex interactions with innate im-

mune responses involving the type I

interferon system. This ancient pathway

is present in fruit fly, birds, and verte-

brates. Even, viral inhibitors of higher

plants show major structural and func-

tional similarities to interferons in mam-

mals. Communication between the two

entities, allow to alert the central nervous

system and immune system to the fact

that pathogen invasion has begun. This

mechanism is extremely important from

an evolutionary perspective since social

and exploratory behaviors increase

exposure to infectious agents. As hu-

mans, we might have experienced an in-

crease in coping mechanisms (such as

social avoidance) in response to dis-

ease, which might have marked our

recent evolutionary history.

Further investigation into dual functions

of ancient signaling pathways, such as the

Toll-like receptor pathway, MHCI mole-
720 Immunity 44, April 19, 2016
cules (Lee et al., 2014), or interferons,

and their involvement in neuronal function

and behavioral constrains remain to be

tested to broaden our understanding of

the co-evolution of cognition and

immunity.

As therapeutic application is con-

cerned, these findings would pose the op-

portunity to treat short courses of depres-

sive-like symptoms or sickness behavior,

however, would also alter immune func-

tion and increase vulnerability of infection.

The overall effects of type I IFNs are very

crucial for an effective T cell and B cell

response, especially in viral infections.

Based on this study, other possible ap-

proaches at the onset of disease include

potent and selective small-molecule an-

tagonists of CXCR3 that have been shown

efficacy in preclinical models of inflamma-

tory diseases. But how the risk would

compare in targeting the management of

behavioral changes during viral infection

or type I IFN therapy to failure of limiting

viral infection needs to be carefully

evaluated.
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IL-6-STAT3 axis is known as a key factor of tumor progression. In this issue of Immunity, Yu and colleagues
(2016) show that IL-6-binding CD5, rather than IL-6 receptor-a in B cells, amplifies STAT3 activation via JAK-
STAT signaling to promote cancer.
Enormous evidence supports the pro-

posal that hyper-activation of STAT3 is

associated with tumor growth and pro-

gression. Indeed, constitutive activation

of STAT3 has been demonstrated in a

large number of human tumors including

lung, brain, glioma, breast, ovarian, co-

lon, gastric, pancreatic, prostate, mela-
noma, lymphoma, multiple myeloma,

and leukemias. Interleukin-6 (IL-6) is a

potent inducer of STAT3 activation in

multi-types of tumor cells. STAT3 is

also activated in immune cells in tumor

microenvironment, where IL-6 is abun-

dant (Yu et al., 2014). Recently, the effi-

cacy of a humanized anti-IL-6 receptor
monoclonal antibody, tocilizumab, has

been implicated on tumor cells such as

chronic lymphocytic leukemia (CLL), in

which blocking of IL-6 signaling has a

significant effect on STAT3-mediated

survival and growth signals (Liu et al.,

2015). Thus, although IL-6-STAT3 axis

in tumor microenvironment appears to
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