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NEUROIMMUNOLOGY

Stress and immunity — the circuit makes the 
difference
Specific brain circuits recruited during stress contribute to differential immune responses and affect how the 
immune system handles viral and autoimmune challenges.

Jaideep S. Bains and Keith A. Sharkey

For the past two years, the global 
pandemic has made us extremely aware 
of how our bodies respond to viral 

infection. Within this pandemic is another 
pandemic — a level of heightened stress that 
is affecting our behaviors, mental health 
and potentially our immune systems. The 
intersection between immune and stress 
systems has been studied extensively, but 
our understanding of how stress-specific 
brain circuits affect discrete elements of the 
immune system, and how this could impact 
the body’s ability to respond to various 
immune challenges is very limited. A new 
study by Poller et al.1 published in Nature 
provides mechanistic insights into how  
acute stress uses distinct brain circuits  
to regulate leukocyte dynamics and 
contribute to differential disease 
susceptibility in response to either 
autoimmune challenge or viral infection.

The idea that stress orchestrates the 
movement of immune cells to peripheral 
targets has been explored previously2. 
Although key stress hormones such as 
norepinephrine and glucocorticoids have 
been implicated in these processes, a direct 
link between the brain cells that coordinate 
the neuroendocrine stress response has 
remained elusive. Poller et al.1 now provide 
insights into distinct signaling mechanisms 
that control the rapid mobilization of 
neutrophils into the circulation, followed 
by a slow movement of monocytes and 
lymphocytes from peripheral organs to the 
bone marrow after acute stress1 (Fig. 1). 
Consistent with previous work2, the slow 
transit of monocytes and lymphocytes 

 from peripheral organs into the 
bone marrow requires the activation 
of the canonical controllers of the 
neuroendocrine response to stress, the 
corticotropin-releasing hormone neurons 
in the paraventricular nucleus of the 
hypothalamus (CRHPVN). These cells  
release CRH to initiate a cascade of 
peripheral signals that culminate in an 
increase in circulating glucocorticoids. 
Poller et al.1 propose that glucocorticoids 
act in a leukocyte-autonomous fashion  
to enhance the function of CXC  
chemokine receptor 4 (CXCR4).  
CXCR4 has previously been described  
as a key player in the homing of cells  
to the bone marrow. This increase in 
leukocyte sequestration into the bone 
marrow has opposing effects on how  
the body responds to an autoimmune 
challenge versus a viral challenge.

By subjecting acutely stressed 
and unstressed mice to experimental 
autoimmune encephalomyelitis (EAE), 
Poller et al.1 show that stressed mice 
have lower clinical severity scores. These 
effects, which suggest mice are protected 
from disease initiation and progression, 
require the activation of CRH neurons and 
the actions of circulating corticosterone. 
Importantly, they showed that mice that lack 
CRH are more susceptible to EAE. Simply 
put, acute stress prevents the acquisition of 
autoimmunity.

The results are quite different when 
the system is challenged with a virus. 
Given the pandemic, this is particularly 
topical, so Poller et al.1 examined the 

effects of acute stress on viral infections. 
In comparison to age- and sex-matched 
controls exposed to SARS-CoV-2, stressed 
mice exposed to SARS-CoV-2 had 
higher viral titers. These effects were also 
dependent on corticosterone. Furthermore, 
this attenuation of the response to virus 
is not specific to SARS-CoV-2, as stress 
also increases viral titers after exposure to 
influenza A virus. The main lesson is that 
acute stress during the early phase of virus 
exposure impairs host adaptive immunity 
against infections.

In addition to the movement of 
monocytes and lymphocytes from organs 
to bone marrow, the authors provide 
information about the rapid neutrophilia 
that is triggered by acute stress. This 
neutrophilia has been primarily linked to 
noradrenergic signaling2, but Poller et al.1 
find that the sympathetic nervous system 
and specifically, adrenergic signaling 
does not have a role in stress-induced 
neutrophilia. Instead, they used optogenetics 
to reveal a circuit that requires projection 
neurons in the motor cortex, spinal 
projections and binding of CXC chemokine 
ligand 1 (CXCL1) to CXC chemokine 
receptor 2 (CXCR2) specifically in skeletal 
muscle. This involvement of descending 
motor pathways and muscle is very 
intriguing, and probably a consequence 
of the initiation of a defensive behavior. 
Whether other stressors would initiate 
a similar response is unclear, but two of 
the key defensive behaviors used by mice 
(freezing and escape) rely on intense 
contraction of the skeletal muscle. Whether 
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this has a role in different immune responses 
is not explored.

The remarkable findings of Poller et al.1 
add a crucial piece to the burgeoning 
knowledge base that implicates distinct 
brain circuits as essential components 
of the immune system. The idea that the 
brain is a functional effector of the immune 
system is not new3,4, but understanding 
how specific connections and signaling 
elements contribute to different elements 
of the immune response provides new and 
targeted opportunities for intervention. 
These findings also provide much needed 
granularity on the contributions of CRHPVN 
neurons to specific aspects of the immune 
response. In addition to leveraging 
neuroendocrine signals to control the 
trafficking of immune cells1,2, CRHPVN 
neurons also project to the splenic nerve 
to promote the formation of plasma cells 

as part of a T cell-dependent immune 
response5. These cells, however, are but one 
part of a larger constellation of cells and 
circuits that are pivotal for regulating the 
immune system in response to different 
challenges. For example, anti-inflammatory 
pathways controlled by the parasympathetic 
system modulate the response to endotoxin6 
and vagal activity, by controlling the release 
of acetylcholine from T cells, control innate 
immune responses7.

This study sets the scene for many 
interesting future studies. Foremost among 
them are extending these data on acute 
stress to conditions of early-life stress and 
chronic stress. Considerable data suggest 
that early-life and chronic stress dysregulate 
both innate and adaptive immune responses 
by altering the balance of cytokines toward 
an inflammatory milieu8,9. The exact role 
of brain circuits in these altered immune 

mechanisms has not been determined. 
Studies that examine synapses in the 
paraventricular nucleus of the hypothalamus 
demonstrate that stressful experiences alters 
these synapses to undergo plasticity after 
stress10. It would be fascinating if altered 
neuroplasticity were linked to dysregulated 
immune responses.

It has also become clear that the  
gut microbiota has a pivotal role in 
modulating immune responses and  
stress alters the composition and  
metabolic profile of the gut microbiota11. 
The central circuitry that regulates the 
microbiota–immune–gut–brain axis is 
complex and whether this is involved  
in regulating leukocyte dynamics remains  
to be determined.

Another important future direction  
is to understand the role of the brain  
circuits in promoting resilience. Resilient 
individuals have different innate and 
adaptive immunophenotypes from  
that of stress-sensitive individuals, but  
there remains a paucity of studies that 
directly assess the role of brain circuitry 
involved in these differences. The elegant 
techniques used in by Poller et al.1 to  
directly determine how the brain regulates 
leukocyte dynamics can be applied to  
studies that examine the brain circuits  
that promote resilience.

As noted above, studies examining 
synapses in the paraventricular nucleus  
of the hypothalamus demonstrate that 
stressful experiences leave long-lasting 
changes in the ability of these synapses 
to undergo plasticity at distinct temporal 
windows after stress10. This scenario 
raises the provocative idea that brain 
signaling mechanisms responsible for 
changes in sensitivity to future stressors 
could contribute to dysregulated immune 
responses. Given exciting recent work 
that the brain can also form neuronal 
representations of inflammatory 
information and retrieve it to reactivate 
a state of peripheral immunity12, it is 
tantalizing to speculate on the potential 
contributions and health implications 
of central nervous system memory 
mechanisms to immunological memory. ❐
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Fig. 1 | linking stress circuits and immunity. An acute psychological stress activates distinct pathways 
and results in the mobilization of neutrophils into the general circulation and the movement of 
leukocytes from peripheral organs to the bone marrow. ACTH, adrenocorticotropic hormone; CORT, 
corticosterone; CRH, corticotropin releasing hormone.
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MECHANOIMMUNOLOGY

Mechanics drive lymph node expansion
Multistep mechanosensing of lymphocyte infiltration and proliferation by the remodeling stroma and matrix 
underlies the immensely rapid and massive tissue expansion by lymph nodes in response to immune challenge.

Yunus Alapan and Susan N. Thomas

Lymph nodes (LNs) mediate the 
rendezvous of immune cells throughout 
the body to enable spatiotemporally 

resolved interactions essential to immune 
response. How the appropriate spatial 
compartmentalization of cellular niches 
and tactical guidance cues provided by 
LN stromal compartments is maintained 
during the massive expansions that LNs 
undergo in response to an immune 
challenge has remained elusive, however. 
In this issue of Nature Immunology, Assen 
et al.1 and Horsnell et al.2 use ex vivo and 
in situ mechanical measurements and 
manipulations in acute immune challenge 
and genetic models to show that rapid 
spatiotemporal remodeling of the LN 
structure is regulated by the sensing of 
local mechanical cues that result from 
cellular influx and proliferation (Fig. 1). 
Complementary analyses provided by these 
studies also elucidate how cellular-scale 
mechanics manifest in emergent tissue-scale 
mechanics that are implicated in regulating 
the immune-modulatory functions of both 
quiescent and reactive LNs.

LN swelling, referred to clinically as 
lymphadenopathy, is a hallmark of an 
ongoing adaptive immune response and 
is widely used in physical examination 
for the clinical diagnosis of infectious 
diseases. Remarkably, the hierarchical 
structure of the LNs is meticulously 
preserved during these extraordinarily 
rapid (several hours to days) and large 
(~2–10-fold increase in organ volume) 
changes—unique among mature adult 
organs—which necessitate active remodeling 
of the stromal network. Failure of this 
remodeling response has been implicated 
in the pathophysiology of several diseases, 

including repetitive ischemia–reperfusion 
kidney injury and HIV infection, as well 
as other infectious diseases3,4. This not 
only implicates the stromal architecture’s 
crucial role in an effective adaptive immune 
response, but also suggests that a sensitive 
feedback mechanism exists between 
LN immunological reactivity and the 
biomechanical response of the LNs.

The LN stroma consists of a 
three-dimensional matrix network of 
collagen fibrils secreted and ensheathed by 
fibroblastic reticular cells (FRCs) that form 
a conduit connected to the LN capsule at its 
outer edge. This stromal network not only 
contributes to the mechanical structure 
of the LN, but also enables transport of 
lymph, along with soluble antigens, through 
the acellular conduit lumen. The stroma 
also regulates the migration, retention, 
survival and interaction of different 
immune cells, including dendritic cells 
and T lymphocytes, by secreting specific 
chemokines (such as CCL19 and CCL21) 
and cytokines (such as interleukin-7)3. 
Therefore, understanding of the regulation 
of stromal network remodeling, along with 
its immunoregulatory properties, during this 
immense volumetric expansion of LNs holds 
crucial insights for the inherent control 
mechanisms of adaptive immunological 
responses to infectious diseases and cancer.

Although the stromal network was 
conventionally regarded as a passive 
structural scaffold, it is now understood 
to play an active and integral role in 
immune regulation during LN expansion 
through physical and biochemical means. 
FRC relaxation induced by mature, 
antigen-presenting dendritic cells enables 
stretching of the stromal network and 

increases the space available to rapidly 
homing and proliferating T lymphocytes, 
resulting in LN swelling5,6. Signals that drive 
FRC relaxation inhibit matrix deposition by 
FRCs and, along with stretching of already 
existing underlying ECM fibers due to 
tissue expansion, result in local disruption 
of lymph conduits, albeit with preserved 
overall network connectivity and conduit 
size-exclusion barrier function7. FRCs 
also drive the volumetric expansion of 
LNs through proliferation, which expands 
the overall size of the stromal network8,9. 
Although various biochemical signals have 
been implicated in FRC proliferation3, 
observations of preserved ratios of FRCs and 
lymphocytes during LN swelling and of the 
capacity of FRC network to expand in the 
absence of inflammatory signals or activated 
dendritic cells have hinted at an alternative 
mechanism that is triggered and regulated 
by microenvironmental mechanical 
forces9. Now, experimental evidence 
of FRC sensitivity to the mechanical 
microenvironment, homogeneous 
proliferation of FRCs throughout the LN 
and failed stromal network adaptation to 
LN swelling by mechanically quiescent 
FRCs, provided by Assen et al.1 and 
Horsnell et al.2, demonstrates the existence 
of mechanosensory feedback mechanisms 
regulating the stromal network remodeling 
that occurs in reactive LNs.

At the initial stages of LN swelling, 
both studies report increased internetwork 
spacing despite decreased or similar network 
tension compared to that of quiescent 
LNs. Alignment and local disruption 
of conduit collagen fibers, along with 
decreased percentages of phosphorylated 
myosin regulatory light chains in FRCs, 
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