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Abstract

Psychological stress arises when individuals perceive demands as exceeding their capacity
to cope. Social stress can be acute, such as giving a presentation, producing transient
increases in heart rate, blood pressure, and neuroendocrine activation, or chronic, in
which stressors persist over extended periods. Chronic psychosocial stress disrupts im-
mune homeostasis and contributes to anxiety, depression, and post-traumatic stress, while
also increasing risk for infections, inflammatory and autoimmune diseases, cardiovascu-
lar disease, metabolic dysfunction, and cancer. Persistent stress engages interconnected
neuroendocrine-immune networks, including the hypothalamic—pituitary—adrenal axis,
the sympathetic-adrenomedullary system, and the gut microbiota—brain-immune axis,
leading to sustained glucocorticoid and catecholamine signaling, gut dysbiosis, impaired
barrier integrity, and altered microbial metabolite profiles. In this review, we summarize
the molecular and cellular mechanisms by which these axes remodel innate and adaptive
immunity and shape disease susceptibility. Using social defeat and social isolation in mice
as model systems, we highlight how chronic social stress reprograms immune responses in
key tissues, including the lung, brain, and gut.

Keywords: social disruption stress; glucocorticoids; adrenergic receptors; epinephrine;
norepinephrine; macrophage; gut microbiota and lung infection

1. Introduction

Psychological stress is a state of mental and physiological tension triggered by chal-
lenging or threatening situations. It may be acute, such as during an exam or job interview,
or chronic, when stressors persist and exceed an individual’s ability to cope. Common
causes of chronic stress include demanding occupations, financial hardship, and adverse
social relationships. While acute stress is generally adaptive, chronic stress is harmful
because it causes prolonged activation of the stress response. Sustained stress increases the
risk of cardiovascular disease, metabolic disorders such as diabetes, and neuropsychiatric
conditions, including depression, while also worsening existing diseases.

The physiological response to stress is primarily regulated by the hypothalamic—pituitary—
adrenal (HPA) axis, the sympathetic-adrenal-medullary (SAM) axis, and the microbiota—gut—
brain-immune axis. The HPA and SAM axes are key regulators of immune function under
both homeostatic and stress conditions. Activation of the HPA axis stimulates the release
of glucocorticoids (cortisol in humans and corticosterone in rodents), whereas activation of
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the SAM axis triggers the release of catecholamines, including epinephrine from the adrenal
medulla and norepinephrine from sympathetic nerve terminals.

Under homeostatic conditions, glucocorticoids and catecholamines secretion follow a
circadian rhythm, peaking during the active phase and declining during the inactive phase.
Acute psychological stress rapidly activates both axes, producing the classic “fight or flight”
response. Sympathetic activation increases heart rate, dilates airways, and redirects blood
flow to skeletal muscles, while HPA activation elevates blood glucose and suppresses
non-essential processes such as digestion and certain aspects of immune function. These
responses normally return to baseline once the stressor resolves. In contrast, chronic
stress leads to persistent activation of the HPA and SAM axes, resulting in long-term
neuroendocrine and immune dysregulations.

This review examines how the HPA and SAM axes regulate innate and adaptive
immunity during homeostasis and chronic stress. We discuss the cellular and molecular
mechanisms underlying these effects and how their dysregulation contributes to disease.
We also examine the microbiota-gut-brain axis, a bi-directional communication network in
which stress-induced sympathetic activation alters gut microbial composition (dysbiosis),
while microbial metabolites influence central nervous system function. Emerging evidence
suggests that this axis also regulates immune responses during chronic stress by promot-
ing microbial translocation and priming myeloid cells in peripheral tissues such as the
spleen (Figure 1).
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Figure 1. Chronic social stress engages multiple interconnected pathways that reshape immunity
and increase disease risk. Chronic social stress activates the hypothalamic—pituitary-adrenal (HPA)
and sympathetic-adrenal-medullary (SAM) axes, resulting in glucocorticoid and catecholamine
release that alters myeloid and lymphocyte function in lymphoid organs and peripheral tissues.
Stress also disrupts the microbiota—gut-brain-immune axis by impairing intestinal barrier integrity,
inducing dysbiosis, and altering microbial metabolite production. Together, these pathways drive
immune dysregulation and increase susceptibility to infections, inflammatory and autoimmune
diseases, cardiovascular disease, metabolic disorders, and cancer. Schematic illustration generated
with Perplexity (Al assistant); content curated and verified by the authors.
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Finally, we review experimental models of chronic stress, focusing on the mouse
social disruption stress (SDR) model. We describe how SDR activates the HPA and SAM
axes, alters gut microbiome composition, and affects immune function. We also compare
SDR with chronic restraint stress to highlight differences in neuroendocrine, immune, and
behavioral outcomes. In addition, we discuss studies of social isolation in adult mice,
which induce depression and anxiety-like behaviors together with gut dysbiosis, providing
further insight into the interactions among social stress, neuroendocrine signaling, gut
microbiota, and immune regulation.

2. Hypothalamic-Pituitary—Adrenal Axis

The hypothalamic—pituitary—adrenal (HPA) axis and the sympathetic-adrenal-medullary
(SAM) axis are activated in parallel during stress, coordinating the release of glucocorticoids
and catecholamines, respectively (Figure 1). HPA activation begins with the secretion of
corticotropin-releasing hormone (CRH) by parvocellular neurons in the paraventricular
nucleus (PVN) of the hypothalamus [1]. CRH enters the hypophyseal portal circulation and
stimulates corticotropes in the anterior pituitary through corticotropin-releasing hormone
receptor 1 (CRH1), inducing adrenocorticotropic hormone (ACTH) secretion. ACTH
then binds melanocortin type 2 receptor (MC-R2) in the adrenal cortex, stimulating the
production of glucocorticoids (cortisol in humans and corticosterone in rodents), which
mediate many of the physiological effects of stress (reviewed in [2]). Glucocorticoids
regulate metabolism, cardiovascular function, and immunity while providing negative
feedback to the hypothalamus and pituitary to terminate HPA axis activation.

2.1. Glucocorticoids

Glucocorticoids (GCs) are key regulators of metabolism, brain function, and immune
homeostasis (Figure 1). Their secretion follows a circadian rhythm controlled by the
suprachiasmatic nucleus through HAP axis activity, autonomic innervation of the adrenal
gland, and intrinsic adrenal clocks [3,4]. GCs signal through mineralocorticoids receptors
(MR) and glucocorticoid receptors (GR). Because MRs have higher affinity for GCs, they are
largely occupied under basal conditions, whereas GRs are preferentially activated during
circadian peaks and stress when GC concentrations increase [5,6]. GR is a ligand-activated
transcription factor that regulates gene expression by binding glucocorticoid response
elements (GREs) or through interactions with other transcription factors. In addition to
driving stress adaption, GCs suppress HPA activity through a classical negative-feedback
loop [7]. Atlow GC concentrations, macrophage migration inhibitory factor (MIF) partially
counteracts GC-mediated immunosuppression, whereas increasing GC levels suppress
MIF expression, allowing stronger anti-inflammatory effects [8,9].

Following stress, circulating GC concentrations rise rapidly, typically peaking within
30 min. GR activation in pituitary corticotrophs inhibits Pomc transcription and ACTH
release, limiting further HPA activation [6]. Under physiological conditions, GC secretion
occurs as ultradian pulses superimposed on the circadian rthythm, with peak levels at the
beginning of the active phase (morning in humans and dark in mice) [6].

2.2. Regulation of the Immune System by Glucocorticoids

Glucocorticoids are among the most potent endogenous regulators of inflammation
and immunity (Figure 1). They suppress inflammatory gene expression directly through
negative GREs and indirectly by interfering with major inflammatory signaling pathways.
Genome-wide analyses have identified negative GREs in more than 1000 conserved mouse
and human genes, highlighting the broad transcriptional effects of GCs [10]. A major
mechanism of GC action is inhibition of Toll-like receptor (TLR)-induced inflammatory
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signaling. Activated GR suppresses NF-k3 and AP-1. GCs dampen TLR signaling via
three main mechanisms. First, GC-activated GR directly interacts with NF-k3 and AP-1
activity through direct protein—protein interactions [11,12], induces IkB to retain NF-kB
in the cytoplasm [13], and upregulates dual-specificity phosphatase-1 (DUPS1), which
inhibits MAPK signaling and reduces expression of pro-inflammatory mediators, including
TNF-«, IL-1, and cyclooxygenase 2 [14]. GCs also induce glucocorticoid-induced leucine
zipper (GILZ), an important anti-inflammatory protein that inhibits NF-kB, AP-1, Ras,
and Raf signaling, thereby suppressing inflammatory responses in multiple immune cell
types [15,16]. In addition, GCs induce tristetraprolin (TTP), an RNA-binding protein
that promotes degradation of pro-inflammatory cytokine mRNAs [17]. Together, these
transcriptional and post-transcriptional mechanisms broadly limit inflammatory responses.

Although predominantly immunosuppressive, GCs can also enhance immune re-
sponsiveness by increasing expression of selected cytokine receptors. For example, GCs
upregulate IL-2Rx and IL-7Rx on T cells, promoting IL-2- and IL-7-dependent signaling, T-
cell survival, and homeostasis despite reduced cytokine production [18-20]. Thus, although
GCs inhibit TCR-induced signaling and cytokine expression, GC-mediated upregulation
of IL-7Ra on T cells promotes T-cell survival by inhibiting apoptosis and enhances T-cell
responsiveness to Il-2 through increased IL-2Ra expression driven by IL-7R signaling. Be-
cause IL-7 supports the survival of both naive and memory T cells and is essential for
maintaining T-cell homeostasis, GCs may also contribute to sustaining immune responses
to foreign antigens. GCs also regulate circadian trafficking of naive T cells by inducing
CXCR4 expression through mineralocorticoid receptor signaling, promoting migration into
secondary lymphoid organs [21]. The dominant effects of GCs on adaptive immunity are
suppression of T-cell activation and effector differentiation. GR signaling inhibits proximal
T-cell receptor signaling by suppressing Lck and Fyn activity [22] and induces the inhibitory
receptor PD-1 through a GRE within dcd1 locus [23]. GCs further inhibit Th1 differentia-
tion by suppressing IL-12 production and T-bet activity while promoting Th2-associated
cytokines such as IL-4, IL-10, and IL-13 [24]. GILZ contributes substantially to these effects
by inhibiting NF-kB and MAPK signaling, suppressing Th1 and Th17 differentiation, and
promoting regulatory T-cell development through enhanced TGF-f3 signaling [16].

Overall, glucocorticoids regulate both innate and adaptive immunity through coordi-
nated effects on inflammatory gene expression, cytokine signaling, immune cell trafficking,
and T-cell differentiation (Figure 1). Under homeostatic conditions, circadian GC secretion
generates daily rhythms in immune (reviewed in [25]). During chronic stress, sustained
HPA activation disrupts these rhythms, resulting in prolonged GC exposure. The impact of
chronic GC elevation on immune function depends on stress intensity and duration, circu-
lating hormone concentrations, and the glucocorticoid sensitivity of individual immune
cell populations.

3. Sympathetic-Adrenal-Medullary Axis

The sympathetic-adrenal-medullary (SAM) axis mediates the rapid physiological
response to stress. The sympathetic nervous system (SNS) consists of preganglionic and
postganglionic neurons. Preganglionic neurons originate in the thoracic spinal cord and
project through the splanchnic nerve to the adrenal medulla, where acetylcholine stimu-
lates chromaffin cells to release the catecholamines epinephrine and norepinephrine into
the circulation (Figure 1). These hormones trigger the classic “fight-or-flight” response
by increasing heart rate, cardiac output, blood pressure and blood glucose, while redi-
recting blood flow to skeletal muscles [26]. In parallel, preganglionic neurons synapse
with postganglionic neurons in sympathetic ganglia. Postganglionic fibers innervate most
peripheral tissues, including primary and secondary lymphoid organs, where they release
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norepinephrine from axonal varicosities. Norepinephrine acts on adrenergic receptors
expressed by immune and stromal cells providing a direct neural pathway through which
the brain regulates peripheral immune function [26,27]. Under homeostatic conditions,
sympathetic activity follows a circadian rhythm regulated by the suprachiasmatic nucleus,
with higher activity during the active phase. Acute stress produces a rapid but transient
activation of the SAM axis that promotes physiological adaptation. In contrast, chronic sym-
pathetic activation disrupts immune homeostasis and contributes to chronic inflammation,
anxiety, depression, and other stress-associated disorders [28,29].

4. SNS Innervation of Lymphoid Tissue

SNS innervation of lymphoid tissue provides a major pathway through which the
brain regulates immune function. Sympathetic nerve fibers densely innervate primary and
secondary lymphoid organs, whereby norepinephrine is released onto stromal and immune
cells. Through adrenergic receptors, norepinephrine regulates hematopoiesis, leukocyte
trafficking, cytokine production, and the balance between innate and adaptive immunity.

4.1. Bone Marrow

The bone marrow is the primary site of hematopoiesis, where hematopoietic stem cells
(HSCs) reside within specialized stromal and endothelial niches that support their self-renewal
and differentiation into all blood cell lineages [30-36] (Figure 2). Under homeostatic conditions,
sympathetic signaling regulates HSC proliferation and differentiation and trafficking in a
circadian manner [36]. Daily oscillations in norepinephrine release control the retention and
mobilization of HSCs and hematopoietic progenitor cells (HSPCs) by regulating stromal
expression of the chemokine CXCL12, the principal ligand for CXCR4 on HSCs. Activation
of 33-adrenergic receptors on stromal cells suppresses CXCL12 expression, promoting HSC
and HSPC egress into the circulation, whereas reduced sympathetic tone restores CXCL12
expression and favors their retention in the bone marrow [37,38] (Figure 2).

During infection, HSCs and HSPCs rapidly shift from homeostatic to emergency
hematopoiesis. These cells express Toll-like receptors (TLRs), allowing them to directly
sense pathogen-associated molecular patterns (PAMPS) [39,40] and increase myeloid cell
production (reviewed in [41]). TLR4 signaling promotes HCS proliferation, myeloid differ-
entiation, and mobilization to extramedullary sites such as the spleen, thereby enhancing
innate immune responses [42—45]. Similar adaptations occur during chronic infections.
For example, Leishmania donovani infection induces HSC expansion and biases myeloid
differentiation toward progenitors that are more permissive to parasite survival [46].

Chronic psychological stress similarly reprograms hematopoiesis through sustained
sympathetic activation. Increased norepinephrine release activates 33-adrenegic receptors
on bone marrow stromal cells, reducing CXCL12 expression and driving HSC proliferation
and mobilization [47]. The resulting increase in circulating monocytes and neutrophils
contributes to chronic inflammatory diseases, particularly atherosclerosis. In Apoe ~/~
mice, chronic stress accelerates the development of inflammatory atherosclerotic plaques
enriched in myeloid cells, increasing the risk of plaque instability, myocardial infarction,
and stroke [48]. Following myocardial infarction, sympathetic signaling further promotes
HSC migration to the spleen, where extramedullary hematopoiesis increases monocyte
production and recruitment to atherosclerotic lesions, exacerbating disease progression [49].
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Figure 2. SNS innervation of lymphoid tissues. Sympathetic nervous system (SNS) activation
triggers norepinephrine release in primary and secondary lymphoid organs to regulate immune
homeostasis. In the bone marrow, 33-adrenergic signaling reduces CXCL12 expression, promoting
HSC/HSPC egress and myelopoiesis. In the thymus, adrenergic signaling regulates thymocyte
differentiation and maturation. In the spleen, sympathetic fibers control monocyte mobilization,
splenic myelopoiesis, and germinal center responses. In lymph nodes, 32-adrenergic signaling en-
hances CCR7/CXCR4-dependent lymphocyte retention and limits egress. Blue/teal symbols indicate
activation or promotion, whereas red/orange symbols indicate inhibition or reduction. Schematic
illustration generated with Perplexity (Al assistant); content curated and verified by the authors.

4.2. Thymus

The thymus is the primary lymphoid organ responsible for T-cell development. Bone-
marrow-derived progenitors undergo T-cell lineage commitment, T-cell receptor (TCR)
rearrangement, and positive selection in the cortex before migrating to the medulla, where
self-reactive thymocytes are eliminated by negative selection. Mature naive T cells then
exit the thymus and enter the peripheral immune system.

The thymus is extensively innervated by sympathetic nerve fibers that are distributed
throughout the cortex and medulla (Figure 2) [50]. Developing thymocytes, thymic ep-
ithelial cells (TECs), dendritic cells, and macrophages are closely associated with these
nerve fibers, supporting a role for sympathetic signaling in thymic development and func-
tion [50]. Immature and mature thymocytes express (3-adrenergic receptors, with receptor
expression increasing during maturation [51]. TECs also express 31- and 32- adrenergic
receptors [52,53]. Pharmacological blockade of $-adrenergic signaling disrupts thymo-
cyte differentiation and maturation, indicating that sympathetic signaling regulates T-cell
development both through thymocytes and indirectly through stromal cells [54,55]. In
addition, «l-adrenegic receptors are expressed by thymocytes, TECs, and macrophages,
and inhibition of «1- adrenergic signaling also impairs thymocyte differentiation [56]. To-
gether, these studies demonstrate that physiological adrenergic signaling contributes to
normal thymopoiesis.

In contrast, chronic stress impairs thymic function. Chronic immobilization stress in
mice induces thymic atrophy, reduces thymocyte numbers, and increases thymocyte apop-
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tosis, with immature thymocytes being particularly affected [57]. These findings suggest
that prolonged sympathetic activation shifts thymic homeostasis from supporting T-cell
development toward reduced thymic output, thereby compromising adaptive immunity.

4.3. Spleen and Lymph Nodes

The spleen filters blood removes blood-borne pathogens, and senescent erythrocytes
and serves as an important site for innate and adaptive immune responses (reviewed in [58]).
It is organized into red pulp and the marginal zone (Figure 2). Macrophages in the red pulp,
white pulp, and the marginal zone clear circulating pathogens, while dendritic cells (C*DCs)
and marginal zone B cells capture antigens and transport them to the white pulp, where
T- and B-cell responses are initiated and phagocytose and clear blood-borne pathogens
(reviewed in [58-60]). The red pulp also functions as a reservoir for Ly6C" monocytes and
supports extramedullary hematopoiesis through hematopoietic stem and progenitor cells
(HSPCs) that migrate from the bone marrow under sympathetic control [61]. Sympathetic
nerve fibers enter the spleen through the splenic nerve and innervate both the red and
white pulp, where they are closely associated with macrophages, DCs, and lymphocyte [62].
In the red pulp, norepinephrine promotes the rapid mobilization of reservoir monocytes
during tissue injury and stimulates local myelopoiesis through 3-2-adrenergic receptor
signaling [63,64]. Thus, sympathetic signaling regulates both the deployment of mature
myeloid cells and the generation of new myeloid cells during inflammation.

Within the white pulp, sympathetic signaling also influences adaptive immunity. Ger-
minal centers, where B cells undergo affinity maturation and differentiation into plasma and
memory cells, require intact sympathetic innervation. Chemical sympathectomy impairs
germinal center formation following Staphylococcus aureus infection and reduces protective
immunity, although the underlying mechanisms remain incompletely understood [60].
Lymph nodes are similarly innervated by sympathetic fibers that closely associate with DCs,
macrophages, and lymphocytes [65]. These organs filter lymph and provide the primary
site for antigen presentation and T- and B-cell activation (reviewed in [66,67]). Sympathetic
signaling also regulates lymphocyte trafficking. Activation of (3-2-adrenergic receptors
enhances CCR7- and CXCR4-dependent retention of T and B cells within lymph nodes
by functionally interacting with these chemokine receptors [68] (Figure 2). In humans,
[-adrenergic blockade reduces T follicular helper (Tfh) cell responses and antigen-specific
IgG production following seasonal influenza vaccination, supporting a role for sympa-
thetic signaling in germinal center responses [69]. Together, these findings suggest that
chronic sympathetic activation may impair immune surveillance by promoting lymphocyte
retention within lymph nodes while simultaneously altering humoral immune responses.

5. Adrenergic Receptors

Epinephrine and norepinephrine signal through five G-protein-coupled adrenergic
receptor (AR) subtypes: «1, a2, 31, 32, and (33 (Figure 3). 3-ARs primarily couple to G,
proteins, stimulating adenylate cyclase and increasing cAMP. In contrast, a2-ARs couple to
G; to inhibit cAMP production, whereas «1-ARs couple to G, activating phospholipase
C-B, and protein kinase C signaling. Consequently, the effects of catecholamines depend on
the repertoire of adrenergic receptors expressed by individual cell types. Among immune
cells, the P-adrenergic receptor is the prominent subtype and mediated many of the
immunomodulatory effects of sympathetic activation [70].
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Figure 3. Adrenergic receptor signaling in immune cells. Epinephrine and norepinephrine regulate
immune cell function through distinct adrenergic receptor subtypes. f;-adrenergic receptors activate
cAMP /PKA signaling to suppress NF-kB/AP-1-dependent inflammatory responses, increase IL-
10 production, inhibit Th1 and CD8 T-cell effector functions, promote Th17 differentiation, and
enhance IgG1 and IgE production by B cells. In contrast, x;-adrenergic receptors reduce cAMP
signaling and can promote antimicrobial and pro-inflammatory responses or suppress inflammation,
depending on the cellular context. {31-adrenergic receptors contribute to CD8 T-cell exhaustion
during chronic infection and cancer, whereas 3-blockade restores CD8 T-cell function and improves
immunotherapy responses. Blue/teal symbols indicate activation or promotion, and red/orange
symbols indicate inhibition or suppression. Gs and Gi denote stimulatory and inhibitory G-protein
coupling, respectively. Schematic illustration generated with Perplexity (Al assistant); content curated
and verified by the authors.

5.1. Adrenergic Receptors and Macrophages

Macrophages express both ;- and a;-adrenergic receptors, enabling catecholamines
to exert context-dependent effects on innate immunity. In general, 3;-adrenergic receptor
signaling suppresses inflammatory responses, whereas x,-adrenergic receptor signaling
often enhances antimicrobial and pro-inflammatory functions (Figure 3).

Activation of 3p-adrenergic receptors inhibit the production of TNF«, IL-6, and CCL2
while inducing the anti-inflammatory cytokine IL-10 [71-75]. Increased IL-10 further sup-
presses macrophage activation by reducing pro-inflammatory cytokine production, MHC
class II and CD86 expression, and IL-12 secretion, thereby limiting Th1l polarization [76-81].
2-Adrenergic signaling also suppresses macrophage antimicrobial activity by reducing
nitric oxide production. Mechanistically, these effects are mediated through the cAMP—
protein kinase A (PKA) pathway, which inhibits NF-xB and MAPK signaling by stabilizing
IkB and inducing MAPK phosphatases such as MKP1 [82-84].
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In contrast, ap-adrenergic receptor activation frequently promotes inflammatory re-
sponses. Stimulation of ay-ARs enhances LPS-induced TNF« and IL-12 production and
increases macrophage antimicrobial activity through enhanced generation of nitric oxide,
superoxide, and peroxynitrite [85-88]. These effects are associated with G;-dependent
signaling, inhibition of cAMP production, and activation of p38 MAPK [84]. However,
ap-adrenergic signaling is not exclusively pro-inflammatory. In some models, x,-agonists
reduce inflammatory cell recruitment and cytokine production, possibly through inhibition
of NF-kB signaling, and can also enhance antigen presentation and anti-tumor immu-
nity [89,90]. These findings indicate that the outcome of oy-adrenergic signaling is highly
dependent on the inflammatory context.

Because macrophages frequently co-express (3;- and «j-adrenergic receptors, their
response to physiological catecholamines reflects the balance between these opposing
signaling pathways. We previously showed that low concentrations of epinephrine en-
hanced macrophage antimicrobial activity, whereas higher concentrations suppressed
bacterial killing, suggesting preferential activation of oy-ARs at low catecholamine con-
centrations and (3,-ARs at higher concentrations [91]. Adrenergic receptor expression is
also dynamically regulated during inflammation. Monocytes and macrophages upregulate
ap-adrenergic receptors following LPS stimulation. 3;-adrenegic agonists also suppress
cytokine gene expression by cAMP-dependent inhibition of the ERK MAP Kinase and
cAMP-dependent up-regulation of mitogen-activated protein kinase phosphatase 1 (MKP1),
which constrains p38 MAP kinase activity [86], and activated microglia similarly shift from
predominantly f3,- to x;-A adrenergic receptor expression [92]. Thus, both catecholamine
concentration and inflammatory activation state determine how sympathetic signaling
regulates macrophage function.

5.2. Adrenergic Receptors and Dendritic Cells

Dendritic cells (DCs) link innate and adaptive immunity by capturing processing and
presenting antigens to T cells. DCs express both - and 3-adrenergic receptors [93]. Imma-
ture DCs (iDC) express the «g-adrenergic receptors, which promote their migration from
inflamed tissues to draining lymph nodes [94], whereas «;-adrenergic receptor signaling
enhances antigen uptake through PI3K activation [95].

The 3;-adrenergic receptor is the predominant functional adrenergic receptor on
immature DCs [93]. Although [3;-adrenergic signaling has little effect on DC differentiation
or their ability to stimulate naive T-cell proliferation, it profoundly alters DC cytokine
production [93]. 3;-adrenergic receptor activation suppresses the production of TNFe, IL-6,
IL-12, and IL-23 while increasing the anti-inflammatory cytokine IL-10 and the alarmin IL-
33[96,97]. These changes reduce the capacity of DCs to promote Thl differentiation and IFN-
v production while favoring Th17 responses through altered IL-12/IL-23 signaling [93,98]
(Figure 3). Mechanistically, these effects are mediated largely through inhibition of NF-kB
and AP-1 signaling downstream of 3;-adrenergic receptor activation [95].

In addition to modulating effector T-cell responses, (3,-adrenergic signaling promotes
immune regulation by enhancing the ability of DCs to induce Foxp3* regulatory T cells
(Tregs) [96]. Moreover, 3;-adrenergic receptor activation also increases the suppressive activity
of Tregs themselves [99]. Collectively, these findings indicate that sympathetic signaling
reprograms DC function by altering cytokine production and T-cell polarization, shifting
adaptive immunity away from Th1 responses toward Th17 and regulatory pathways.

5.3. Adrenergic Receptors and CD4 T Cells

Mouse naive CD4 T cells and effector Thl cells express f3,-adrenergic receptors,
whereas effector Th2 cells express little or no (3;-adrenergic receptor [100,101]. This pattern
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is established during T-cell differentiation through epigenetic regulation of 3;-adrenergic
receptor locus, including changes in histone acetylation, histone methylation, and DNA
methylation [102]. Th1 differentiation is associated with increased (3;-adrenergic receptor
expression, while Th2 differentiation leads to transcriptional repression of the receptor [102].

Functionally, 3,-adrenergic signaling regulated CD4 T-cell polarization in a cytokine-
dependent manner. When naive CD4 T cells are stimulated in the presence of IL-12, nore-
pinephrine enhances Th1 differentiation and increases IFN-y production [103]. However,
2-adrenergic signaling in DCs and macrophages suppresses IL-12 while promoting IL-23
and IL-6 production [93,104], thereby indirectly limiting Th1 development and favoring
Th17 differentiation. Consistent with this indirect effect, 32-adrenergic stimulation reduces
Th1 responses and enhances Th17 differentiation in both mice and humans [93,104]. Thus,
sustained [;-adrenergic signaling shifts the Th1/Th17 balance toward Th17 dominance.

In human peripheral blood mononuclear cells, 3;-adrenergic agonist decreases IFN-y
production while increasing IL-17A expression through a cAMP /PKA-dependent mecha-
nism [105,106]. In summary, 32-adrenergic stimulation tends to reduce Th1 differentiation
and favor Th17 differentiation. Because Thl cells are critical for immunity against intracellular
pathogens such as Mycobacterium tuberculosis, whereas Th17 cells promote neutrophil-mediated
defense against extracellular bacteria such as Staphylococcus aureus [107], chronic sympathetic
activation may impair resistance to intracellular infections while enhancing IL-17-driven
inflammatory responses. This shift has been implicated in autoimmune and inflammatory
diseases, including autoimmune arthritis, psoriatic disease, and asthma [108-110].

5.4. Adrenergic Receptors and CD8 T Cells

The (3;-adrenergic receptors regulate multiple aspects of CD8 T-cell function. In humans,
[32-adrenergic receptor expression is highest on effector memory CD8 T cells and lower on
central memory and naive subsets [111-113]. In both mice and humans, norepinephrine sup-
presses CD8 T-cell effector function by reducing IFN-y and TNF-o production and impairing
cytotoxic activity following T-cell receptor (TCR) stimulation [112,114]. During activation,
[2-adrenergic signaling also inhibits the metabolic reprograming required for effector dif-
ferentiation by reducing glucose transporter 1 (GLUT1) expression, glucose uptake, and
glycolysis [115]. In memory CD8 T cells, norepinephrine further suppresses IL-2 and IFN-y
production while increasing expression of IL-6 and inflammatory chemokines, resulting in
reduced proliferative expansion [113].

Adrenergic signaling also contributes to CD8 T-cell exhaustion during chronic anti-
gen stimulation. Terminally exhausted CDS8 T cells selectively upregulate (31-adrenergic
receptors and are frequently localized near sympathetic nerve fibers in mouse models
of chronic viral infection and pancreatic cancer [116] (Figure 3). 1-adrenergic receptor
overexpression impairs CD8 T-cell proliferation and cytokine production, whereas genetic
deletion of 31-adrenergic receptors limits the development of terminal exhaustion during
chronic infection [116]. These findings identify sympathetic signaling as a direct regulator
of T-cell exhaustion.

Consistent with these observations, 3-adrenergic signaling suppresses anti-tumor im-
munity and reduces the efficacy of immunotherapy. In mouse tumor models, 3-adrenergic
stimulation inhibits CD8 T-cell proliferation, cytokine production, and cytotoxic activity,
leading to accelerated tumor growth and reduced responses to immune checkpoint block-
ade [117]. Conversely, 3-blockade enhances vaccine-induced anti-tumor immunity by
improving CD8 T-cell priming and increasing tumor infiltration, thereby augmenting the
efficacy of checkpoint inhibitors [118-120]. Activated tumor-infiltrating CD8 T cells become
relatively insensitive to 3-adrenergic signaling because they downregulate 3,-adrenergic
receptors, whereas naive T cells remain highly responsive [120]. Collectively, these studies
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demonstrate that adrenergic signaling suppresses CD8 T-cell effector function, promotes
metabolic dysfunction and terminal exhaustion, and limits anti-tumor and antiviral im-
munity. Conversely, 3-blockade can partially restore CD8 T-cell function and improve
responses to immunotherapy.

5.5. Adrenergic Receptors and B Cells

B cells predominantly express (3;-adrenergic receptors, making them direct targets
of sympathetic signaling. B-cell activation requires antigen recognition through the B-cell
receptor (BCR) together with costimulatory signals provided by CD4+ T cells, includ-
ing CD40-CD40L interactions and cytokines such as IL-4, IL-5, and IL-6. Activation
of ,-adrenergic receptors enhances humoral immunity by promoting B-cell prolifera-
tion and antibody production [121,122]. (3;-adrenergic signaling synergizes with BCR
activation to increase expression of the costimulatory molecule CD86 through enhanced
transcription and mRNA stability [123,124]. Because Th2 cells lack 3;-adrenergic receptors,
catecholamines act directly on B cells to amplify CD86-dependent T-cell help, resulting
in increased production of IgG1 and IgE [124]. Mechanistically, 3;-adrenergic receptor
signaling activates the cAMP-PKA pathway, which cooperates with CD86 signaling to
enhance transcription of immunoglobulin genes [125,126] (Figure 3).

The functional consequences of (3;-adrenergic signaling depend on the antibody iso-
type produced. Increased IgG1 production can enhance protective immunity against
bacterial and viral pathogens by promoting opsonization, complement activation, and
pathogen neutralization. In contrast, 3,-adrenergic signaling also augments IgE production
through a cAMP/PKA- and p38 MAPK-dependent pathway [127-129]. Because IgE is a
central mediator of allergic inflammation, sustained sympathetic activation may contribute
to allergic diseases such as asthma, allergic rhinitis, and atopic dermatitis by promoting
IgE class switching and antibody production [130,131]. Collectively, these findings indi-
cate that sympathetic signaling directly regulates B-cell function by enhancing antibody
responses. While this may strengthen protective humoral immunity through increased
IgG1 production, chronic 3,-adrenergic receptor activation may also exacerbate allergic
disease by promoting IgE-mediated immune responses.

Collectively, the studies discussed above demonstrate that sympathetic regulation of
immunity is highly tissue-specific. Although norepinephrine is the primary neurotransmit-
ter released by sympathetic nerve fibers, its effects vary among organs owing to differences
in adrenergic receptor expression, resident immune and stromal cell populations, and the
local tissue microenvironment. Consequently, chronic sympathetic activation does not
elicit a uniform immunosuppressive or pro-inflammatory response but instead produces
distinct patterns of immune regulation across tissues. The major organ-specific effects of
sympathetic signaling are summarized in Table 1.

Table 1. Comparison of sympathetic regulation of immune function across lymphoid and peripheral
organs during chronic stress.

Organ

Effect of Chronic Stress/SNS

Major SNS Target Cells Functional Outcome

Activation

Bone marrow

Increased circulating

P3-AR signaling reduces monocytes and neutrophils;

Stromal cells, CXCL12, mobilizes romotes inflammator
HSCs/HSPCs HSCs/HSPCs, increases p ) h y
myelopoiesis diseases such as

atherosclerosis
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Table 1. Cont.

Effect of Chronic Stress/SNS

Organ Major SNS Target Cells Activation Functional Outcome
. . Sust.am(?d adrenergic . Reduced naive T-cell output
Thymocytes, thymic signaling induces thymic : . .
Thymus o and impaired adaptive
epithelial cells atrophy and thymocyte . .
/ immunity
apoptosis
Mobilizes monocyte reservoir;  Rapid innate responses but
Monocytes, macrophages, enhances extramedullary increased inflammatory
Spleen C o . .
lymphocytes myelopoiesis; supports monocyte recruitment during
germinal center formation chronic stress
[32-AR signaling enhances Reduced lymphocyte
Lymph nodes B cells, T cells, DCs lymphocyte retention recirculation and impaired
through CCR7/CXCR4 immune surveillance
Increased local
Lun Alveolar macrophages, noiizlcr;(e)p}ﬁzmeecsutz ilirizses Impaired control of chronic
& CD4 T cells prage ¢y M. tuberculosis infection
responses and promotes
IL-10-producing Tr1 cells
. Systemic inflammation,
. 1 Increased permeability, S
Enteric neurons, epithelial L . myeloid priming, altered
Gut ) dysbiosis, bacterial . . .
cells, immune cells . microbiota-derived
translocation o .
metabolite signaling
Microbial metabolites
(SCFAs) and cytokines . .
Brain Microglia, neurons regulate microglial activation; Anxiety, depression, altered

. behavior
chronic stress promotes

neuroinflammation

Chronic psychological stress activates the sympathetic nervous system, leading to distinct neuroimmune responses
in different organs. Rather than producing generalized immunosuppression, sympathetic signaling exerts
organ-dependent effects on hematopoiesis, lymphocyte development and trafficking, innate immune activation,
epithelial barrier integrity, and microbial homeostasis. These tissue-specific responses contribute to diverse
outcomes ranging from enhanced inflammation and cardiovascular disease to impaired host defense against
chronic infections.

In addition to its direct effects on immune cells through adrenergic signaling, chronic
psychological stress also regulates immunity indirectly by altering the gut microbiota
and intestinal barrier function. The following section examines the microbiota—gut-
brain-immune axis, an interconnected pathway through which stress-induced changes
in the gut microbiome influence both systemic immune responses and central nervous
system function.

6. Microbiota—Gut-Brain-Immune Axis

The microbiota—gut-brain-immune axis is a bidirectional communication network
linking the gut microbiota, the central nervous system, and the immune system. Stud-
ies in humans and animal models have associated stress-induced alterations in gut
microbial composition (dysbiosis) with depression and other stress-related disorders
(reviewed in [132]). Stress activates neural and neuroendocrine pathways, including
vagal and sympathetic signaling, which alter microbial metabolism and the production
of bioactive metabolites.

Among the best-characterized microbial metabolites are the short-chain fatty acids
(SCFAs) acetate, propionate, and butyrate, which are generated by bacterial fermentation of
dietary fiber. SCFAs enter the circulation and can reach the central nervous system, where
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they regulate microglial maturation and function through receptors such as FFAR2 [133,134].
Beyond their effects on the brain, SCFAs also influence peripheral immunity. Macrophages
and neutrophils express FFAR2, and disruption of SCFA-FFAR2 signaling impairs host
defense against bacterial pathogens, including Klebsiella pneumoniae, Citrobacter rodentium,
and Staphylococcus aureus (reviewed in [135]). In addition, microbiota-derived tryptophan
and bile acid metabolites regulate immune homeostasis by promoting immunoregulatory
cell populations while limiting pro-inflammatory responses (reviewed in [136]). Chronic
psychological stress also disrupts intestinal barrier integrity, increasing intestinal perme-
ability and facilitating the translocation of commensal bacteria and microbial products into
the circulation. We previously demonstrated that chronic social stress induces translocation
of Lactobacillus species to the spleen, where they prime macrophages and neutrophils and
increase IL-1f3 and IL-23 expression [137]. Similar stress-induced bacterial translocation to
secondary lymphoid tissues has also been reported [138].

Under homeostatic conditions, the intestinal mucus layer, epithelial barrier, and
mucosal immune system prevent the gut microbiota from entering host tissues [139].
Psychological stress disrupts this barrier in part through corticotropin-releasing factor
(CRF), which stimulates mast cell activation and compromises epithelial integrity, al-
lowing bacterial products and microorganisms to cross the intestinal epithelium [140].
Barrier disruption also enhances mucosal immune activation, including increased IL-22
production by Th17 cells. In experimental models, IL-22 acts within the central nervous
system to reduce neuronal activation and protect against stress-induced anxiety, high-
lighting another pathway through which gut immunity influences brain function [141].
Collectively, these findings demonstrate that chronic stress alters microbial composition,
intestinal barrier function, and microbial metabolite production, thereby reshaping both
central nervous system activity and systemic immunity through the gut microbiota—
brain-immune axis.

7. Mouse Model of Chronic Stress

Chronic psychological stress is associated with an increased risk of depression, post-
traumatic stress disorder (PTSD), cardiovascular disease, diabetes, cancer, and impaired
wound healing. These effects are mediated by sustained activation of the HPA and SAM
axes, leading to neuroendocrine dysregulation, systemic inflammation, and alterations in
the gut microbiota.

7.1. Social Disruption Stress (SDR) Model

The mouse social disruption stress (SDR) model, also referred to as social defeat stress,
is a widely used model of chronic psychosocial stress. In this paradigm, a cage of three resi-
dent male mice is exposed to an aggressive CD1 intruder for 2 h daily over six consecutive
stress sessions. Repeated social defeat induces anxiety-like behavior, elevates circulating
corticosterone, norepinephrine, and epinephrine, increases serum IL-13 and IL-6, and
activates myelopoiesis and innate immune responses [142,143] (Figure 4). A related model,
chronic social defeat stress (CSDS), extends the duration of social stress. Experimental
mice are exposed to an aggressive CD1 mouse for 10 min daily over 10 consecutive days,
followed by continuous sensory contact through a perforated divider for the remaining
24 h [142]. This paradigm combines repeated physical and psychological stress and has
become a standard model for investigating the behavioral, neuroendocrine, immune, and
microbiota-related consequences of chronic stress.
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Figure 4. SDR systemic effects. Chronic social disruption stress (SDR) activates the HPA axis and
sympathetic nervous system, driving coordinated changes in hematopoietic tissues, the gut, and
brain. In the spleen and bone marrow, (3-adrenergic signaling promotes myelopoiesis, expands
glucocorticoid-resistant CD11b* Ly6Ch8h monocytes and neutrophils, and, together with microbial
translocation, primes myeloid cells toward increased IL-1f3, IL-6, TNF-«, and IL-23 production. SDR
also disrupts gut homeostasis by inducing dysbiosis, barrier dysfunction, and microbial /metabolite
leakage. In the brain, stress-primed inflammatory monocytes infiltrate stress-responsive regions and
interact with endothelial cells and microglia, contributing to neuroinflammation and stress-related
behavioral changes. Schematic illustration generated with Perplexity (Al assistant); content curated
and verified by the authors.

7.2. Effects of SDR on Immune Regulation

Social disruption stress (SDR) induces splenomegaly and markedly increases CD11b™*
monocytes and neutrophils in the spleen through enhanced splenic myelopoiesis [143-145].
Elevated monocyte numbers persist for at least 8 days after the final stress cycle, and an
expanded CD34* monocyte population remains detectable for up to 24 days, suggesting
sustained myeloid activation and the potential for enhanced responses to subsequent stres-
sors [143]. SDR also primes myeloid cells toward a glucocorticoid-resistant, pro-inflammatory
phenotype. Monocytes and neutrophils express higher levels of IL-13, and SDR monocytes
produce increased IL-1§3, IL-6, and TNF-« following LPS stimulation [137] [146,147]. CD11c*
splenic DCs similarly exhibit an activated phenotype, characterized by increased MHC class 1,
CD80 and CD44 expression, and enhanced cytokine production [148]. Importantly, these
myeloid cells become resistant to glucocorticoid-mediated suppression despite elevated corti-
costerone levels, an effect that requires IL-1 receptor and TLR4 signaling [145,149]. Because
glucocorticoid resistance occurs primarily in wounded mice, it may represent an adaptive
mechanism that preserves innate immunity during tissue injury and preserves wound-healing
capacity in the face of high corticosterone levels. Consistent with this, the spleen serves as a
monocyte reservoir that can rapidly deploy cells to inflamed tissues, including wounds [61].
We propose that sympathetic activation in response to wounding promotes both glucocorticoid
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resistance and the mobilization of monocytes, as glucocorticoid resistance can be induced via
[3-adrenergic receptor signaling [150,151] and sympathetic control of 3-adrenergic pathways
regulate Ly6CM8" monocytes recruitment to corneal epithelial wounds [63] (Figure 4).

SDR also enhances macrophage antimicrobial activity. Macrophages from stressed
mice produce more nitric oxide, superoxide, and peroxynitrite and exhibit greater TLR4-
dependent killing of Escherichia coli [151,152]. At the molecular level, SDR reprograms
monocyte gene expression toward an immature, inflammatory phenotype, with increased
expression of genes involved in myeloid differentiation, pattern-recognition receptor sig-
naling, cytokine production, reactive oxygen species generation, and antigen presenta-
tion [153,154]. The gut microbiota is required for full expression of this inflammatory
phenotype. Germ-free or antibiotic-treated mice fail to develop SDR-induced macrophage
priming, whereas microbiota reconstitution restores enhanced antibacterial activity [152].
We further showed that SDR promotes translocation of commensal Lactobacillus species
to the spleen, where bacterial abundance correlates with increased IL-13 and IL-23 ex-
pression, suggesting that microbial translocation contributes to myeloid priming during
chronic stress [137].

SDR also reprograms bone marrow hematopoiesis, increasing myelopoiesis while
suppressing lymphopoiesis and erythropoiesis through (3-adrenergic signaling [155]. Con-
sistent with this, SDR increases hepcidin expression, reduces ferroportin and circulating
iron levels, and impairs erythropoiesis, providing a potential mechanism linking chronic
psychological stress to anemia [156]. Collectively, these studies demonstrate that SDR in-
duces a persistent glucocorticoid-resistant, inflammatory myeloid phenotype characterized
by enhanced myelopoiesis, innate immune priming, and altered hematopoiesis. These
changes may improve early antimicrobial defense but also promote chronic inflammation
and increase susceptibility to inflammatory and cardiometabolic diseases (Figure 4).

7.3. Effects of SDR Stress on Pathogen Infections

Compared with extensive literature examining the effects of SDR on behavior and
neuroinflammation, relatively few studies have investigated its impact on host responses to
pathogen infections. These studies demonstrate that SDR can either enhance or impair an-
tiviral immunity depending on the pathogen and the balance between innate and adaptive
immune responses. In this section, we summarize work on viral infections with influenza
A virus (IAV), herpes simplex virus type 1 (HSV-1), and Theiler’s murine encephalomyelitis
virus (TMEV), as well as chronic lung infections with Mycobacterium tuberculosis (M.tb) and
intestinal infection with Citrobacter rodentium.

7.3.1. Viral Infections

Among the best-studied examples is influenza A virus (IAV). SDR administered before
infection enhances primary antiviral immunity by promoting dendritic cell (DC) activation
and increasing virus-specific CD8" T cell response [157,158] (Figure 5). Adoptive transfer
experiments showed that DCs isolated from SDR-exposed mice were sufficient to enhance
antiviral immunity in naive recipients, resulting in greater expansion of IAV-specific CD8*
T cells and increased antiviral cytokine production following infection [159,160]. SDR
also strengthened immunological memory, with stressed mice exhibiting larger pools of
memory CD8* T cells and more rapid viral clearance after secondary challenge [160]. These
findings indicate that SDR can enhance both primary and memory CD8" T-cell responses
to IAV. Similar enhancement of innate immunity has been reported during ocular infection
with herpes simplex virus type 1 (HSV-1). SDR increased macrophage recruitment to the
cornea and trigeminal ganglia, elevated local expression of IFN-o and TNF-«, and reduced
viral replication in nervous tissue, indicating improved early antiviral defense [161,162]
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(Figure 5). In contrast, SDR exacerbates disease in the mouse model of infection with
Theiler’s murine encephalomyelitis virus (TMEV), a model of multiple sclerosis. When
SDR was applied before infection, mice developed more severe neurological diseases
accompanied by increased IL-6 production, enhanced neuroinflammation, and higher
viral loads [163,164]. Neutralization of IL-6 largely prevented these effects, identifying
IL-6 as a key mediator of stress-induced disease exacerbation. SDR also impaired virus-
specific adaptive immunity by reducing CD4* and CD8" T-cell responses in the central
nervous system, despite increased inflammatory responses [165] (Figure 5). Interestingly;,
SDR applied concurrently with infection reduced disease severity, demonstrating that the
timing of stress exposure critically influences disease outcome [166]. Collectively, these
studies demonstrate that SDR has pathogen-dependent effects on antiviral immunity. In
IAV and HSV-1 infection, SDR enhances innate immune activation and promotes more
effective antiviral responses. In contrast, during TMEV infection, SDR increases IL-6-
dependent neuroinflammation while impairing virus-specific T-cell immunity, resulting
in more severe disease. These findings highlight that the immunological consequences of
chronic psychological stress depend on the pathogen, the timing of stress exposure, and
the relative contribution of innate versus adaptive immune responses.
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Figure 5. Chronic social disruption stress (SDR) can enhance or worsen antiviral defenses depend-
ing on the pathogen and timing. Effects of social disruption stress (SDR) on antiviral immunity are
pathogen- and context-dependent. Before influenza-A virus (IAV) infection, SDR enhances dendritic
cell immunogenicity and IAV-specific CD8" T-cell responses, increasing IFN-y /IFN-o production
and accelerating viral clearance, including during memory responses. Before HSV-1 infection, SDR
promoted macrophage recruitment, increased IFN-a and TNF-o expression, and limited viral replica-
tion. In contrast, SDR before Theiler’s murine encephalomyelitis virus (TMEV) infection enhances
IL-6—driven CNS inflammation, impairs virus-specific CD4" and CD8" T-cell responses, and worsens
disease, whereas SDR during infection can reduce disease severity. Blue/teal elements indicate
enhanced antiviral responses; red /orange elements indicate impaired immunity or increased pathol-
ogy. Schematic illustration generated with Perplexity (Al assistant); content curated and verified by
the authors.
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7.3.2. Bacterial Infections in the Lung

Tuberculosis remains a major global health threat, causing more than 10 million new
cases and approximately 1.2 million deaths annually [167]. Older adults are particularly
susceptible to progression from latent to active Mycobacterium tuberculosis (M.tb) infection,
a phenomenon that has been linked to age-associated chronic inflammation (“inflammag-
ing”) [168,169]. Consistent with this concept, aged mice initially control M.tb infection
more effectively than young mice but progressively lose control during chronic infec-
tion [170,171]. Age-associated changes in alveolar macrophages (AMs) may contribute to
this decline in immunity. We previously identified two Am populations, a predominant
CD11c* CD11b™ resident population with immunoregulatory properties and a smaller
CD11c* CD11b" subset of monocytic origin that expands with age and displays a more
inflammatory phenotype while supporting greater intracellular M.tb growth [172], which
suggests that aging remodels the pulmonary macrophage compartment in ways that favor
chronic bacterial persistence.

Using the social disruption stress (SDR) model, we next examined how chronic psy-
chological stress alters pulmonary immunity during aging [173]. Unlike the spleen, where
SDR primes monocytes for enhanced inflammatory responses, SDR suppressed pulmonary
innate immunity, particularly in aged mice. SDR reduced bronchoalveolar levels of IL-
1B, TNF-«, and CXCL2 and diminished cytokine responses of alveolar macrophages to
TLR2 stimulation, indicating impaired responsiveness to bacterial signals. This immuno-
suppressive phenotype was accompanied by elevated norepinephrine concentrations in
bronchoalveolar lavage fluid, whereas corticosterone levels were unchanged, suggesting
that local sympathetic signaling contributes to suppression of pulmonary innate immu-
nity [173]. These changes had important consequences for host defense. SDR did not
affect early control of M.tb infection but significantly impaired long-term bacterial control
in aged mice. Increased bacterial burden during chronic infection was associated with
reduced pulmonary IFN-y expression, increased IL-10 production, and expansion of IL-10-
producing CD4* T cells expressing the type 1 regulatory T-cell (Tr1) markers LAG3 and
CD49b. Together, these findings indicate that chronic stress shifts the pulmonary immune
response from protective Th1l immunity toward an immunoregulatory phenotype, thereby
compromising control of chronic M.tb infection.

Emerging evidence also suggests that respiratory infections influence the intestinal mi-
crobiota through a gut-lung axis (reviewed in [174,175]). M.tb infection alters gut microbial
composition within days of infection [176], and respiratory infection with. Streptococcus
pneumoniae similarly induces gut dysbiosis, particularly in aged mice, where bacterial
translocation accompanies increased mortality and impaired bacterial clearance [177].
Although the mechanisms underlying gut-lung communication remain incompletely un-
derstood, neural pathways linking pulmonary infection to sympathetic activation may
contribute to intestinal barrier dysfunction, microbial translocation, and systemic mobiliza-
tion of inflammatory myeloid cells. Collectively, these findings demonstrate that chronic
psychological stress has tissue-specific effects on innate immunity. Whereas SDR enhances
inflammatory responses in peripheral myeloid cells, it suppresses pulmonary immunity
in aged mice through increased local sympathetic activity, impaired alveolar macrophage
function, and enhanced regulatory T-cell responses, thereby reducing resistance to chronic
M.tb infection.

7.3.3. Bacterial Infection in the Gut

Citrobacter rodentium is a murine colonic pathogen that induces colonic inflammation
resembling human inflammatory disease [178]. Infection with C. rodentium elicits a Th1-
mediated infectious colitis characterized by accumulation of monocytes/macrophages and

https://doi.org/10.3390/ cells15151356


https://doi.org/10.3390/cells15151356

Cells 2026, 15, 1356

18 of 37

neutrophils in the colon [178].To determine how SDR affects this model, mice were exposed
to SDR during oral challenge of C. rodentium [179]. SDR significantly increased colonic
pathogen burden and promoted translocation of C. rodentium to the spleen, accompanied by
elevated colonic macrophages and inflammatory cytokines. These stress-enhanced effects
were abolished in CCL2~/~mice, demonstrating that CCL2-dependent monocyte recruit-
ment is necessary for SDR-driven exacerbation of colitis [179]. Commensal Lactobacillus spp.
is known to reduce the severity of C. rodentium-induced colitis [180]. Consistent with this,
treatment with probiotic Lactobacillus reuteri lowered colonic Ccl2 mRNA and attenuated
SDR-enhanced colitis, indicating that L. reuteri can prevent stress-exacerbated colitis at least
in part by downregulating CCL2 [179].

Galley et al. further examined how SDR shapes the colonic mucosa-associated micro-
biota during C. rodentium challenge [181]. Mice were exposed to SDR and then infected
with C. rodentium or given vehicle control. SDR alone altered the composition of mucosa-
associated microbiota; neither pathogen challenge nor vehicle exposure reversed these
SDR-induced changes, which persisted for at least 19 days after the last SDR cycle [181].
These findings indicate that SDR induces long-lasting dysbiosis of the mucosal microbiome
that is independent of, and not normalized by, subsequent enteric infection [182]. To define
the neuroendocrine pathways underlying SDR-enhanced colitis, mice were pretreated with
antagonists targeting «;- and 3-adrenergic (sympathetic) signaling or glucocorticoid and
corticotropin-releasing hormone receptor 1 (CRHR1) (HPA axis) signaling prior to SDR and
C. rodentium infection [183]. SDR upregulated expression of (Duox2), Dual oxidase matura-
tion factor 2 (Duoxa2), and inducible nitric oxide synthase 2 (Nos2) in intestinal epithelial
cells (IECs), creating a pro-oxidative, antimicrobial profile; this induction was blocked
by B-adrenergic antagonism but not by «y-adrenergic, CRH, or glucocorticoid receptor
antagonists [183]. SDR also induced microbial dysbiosis that was reversed by 3-adrenergic
blockade, implicating sympathetic 3-adrenergic signaling as a key driver of both epithelial
oxidative responses and microbiota disruption [183]. The NADPH oxidase inhibitor apoc-
ynin reduced SDR-induced ROS/RNS production, lowered colonic expression of Duox2
and related oxidative enzymes, and diminished the severity of infectious colitis, indicating
that SDR sensitizes the gut to inflammation through (3-adrenergic-receptor-dependent,
NADPH-oxidase-mediated oxidative stress [183].

7.3.4. Effects of SDR Stress on Gut Microbiota and Gut Barrier

The gut microbiota is a largely stable community comprising more than 1000 species
that has arisen through ecological successions, favoring microbes best adapted to the
intestinal niche [184]. This stability is critical for host health, as abrupt perturbations can
result in adverse outcomes such as diarrhea, opportunistic infections, and obesity [185,186].
Galley et al. used high-throughput pyrosequencing to examine the colonic microbiota
of C57BL/6 mice exposed to SDR and found that even a single SDR cycle altered the
colonic community [187]. SDR did not affect a-diversity but significantly changed -
diversity, indicating shifts in community composition rather than overall richness. At
the family level, Porphyromonadaceae were markedly reduced in SDR mice compared
with home-cage controls and, at the genus level, Lactobacillus and Parabacteroides were
significantly decreased [187]. Quantitative PCR showed that one SDR cycle reduced the
relative abundance of Lactobacillus, whereas six cycles were required to significantly lower
its absolute abundance, suggesting that SDR effects on the microbiota are cumulative;
similar patterns were observed in both inbred C57BL/6 and outbred CD-1 mice [187]. Ina
related study, the same group reported that the colonic mucosal microbiome differs from
the luminal microbiota and that restraint stress reduced Lactobacillus spp. in the colonic
mucosa but not in the lumen, underscoring compartment-specific stress effects [188].
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Our detection of Lactobacillus spp. in the spleen of SDR-stressed mice suggests that
reduced abundance of Lactobacilli in the colonic mucosa may, at least in part, reflect
translocation of these bacteria into the blood circulation and spleen [137]. In addition,
sympathetic-nervous-system-driven alterations in gut physiology are likely to influence
microbial community structure (reviewed in [189]). Intestinal epithelial cells (IECs) play
a significant role in maintaining the physical barrier between microbiota and host, relay-
ing microbial signals to the immune system, and producing factors that shape the gut
microbiota [190,191]. Allen et al. examined the impact of SDR on the colonic epithelium in
conventionally raised and germ-free mice [192]. RNA sequencing of IECs isolated from
conventionally raised SDR mice revealed a pro-inflammatory, pro-oxidative, and antimi-
crobial transcriptional profile, which coincided with bacterial adhesion to IECs [192]. By
contrast, IECs from germ-free SDR mice showed no significant transcriptional changes,
indicating that microbiota is required for SDR-induced epithelial reprograming. In con-
ventionally raised mice, SDR increased expression of ROS-generating enzymes such as
Duox2 and Nos2 in IECs, paralleling shifts in microbiome composition and suggesting that
SDR-induced oxidative stress is a key driver of gut microbiota dysbiosis [192]. In summary,
SDR-induced social stress destabilizes the gut microbiota and damages the epithelial barrier,
promoting oxidative, pro-inflammatory IEC responses and bacterial translocation, which
together create dysbiosis, leaky gut environment that fuels systemic and neuroimmune
inflammation (Figure 4).

7.3.5. Effects of SDR Stress on Brain Function

SDR induces anxiety-like behavior that coincides with increased circulation of bone-
marrow-derived CD11b* /Ly6ChM8" monocytes and accumulation of CD11bhgh CD45high
brain macrophages (Figure 4) [193]. Recruitment of these myeloid cells to the brain is
driven by IL-1p and chemokines such as CCL2 and CX3CL1 [194]. SDR increases IL-13 and
CCL2 mRNA expression in multiple brain regions, including the cortex, hypothalamus,
basal ganglia, and hippocampus [193]. Using LysM-GFP and GFP* bone marrow chimeric
mice, Wohleb et al. showed that SDR recruits GFP* macrophages into perivascular spaces
and the parenchyma of the prefrontal cortex, amygdala, and hippocampus regions, which
are implicated in fear, anxiety, and mood regulation [193]. Mice deficient in chemokine
receptors CCR2 and CX3CR1, which are required for monocyte trafficking, failed to recruit
monocytes to the brain after SDR and did not develop anxiety-like behavior, indicating
that monocyte recruitment to specific brain regions is necessary for the behavioral phe-
notype and can occur in the absence of classical neuroinflammation [193]. SDR-induced
macrophage recruitment and anxiety-like behavior persists for at least 8 days after the final
stress cycle but is no longer evident by 24 days. However, a single additional SDR cycle
administered 24 days after the initial series triggers renewed translocation of Ly6Chigh
monocytes from the spleen to the brain and re-establishes anxiety-like behavior [144].
For monocytes to enter the brain parenchyma, they must traverse the cerebrovascular
endothelium, a process regulated by endothelium adhesion molecules that mediate firm
adhesion via integrins on monocytes [195,196]. Intracellular adhesion molecules ICAM-1
and VCAM-1 are key adhesion molecules involved in monocyte-endothelium interac-
tions [197]. Sawicki et al. demonstrated that SDR upregulates VACM-1 and ICAM-1 protein
on the vasculature of brain regions that correspond to sites of macrophage trafficking and
increases mRNA expression of E-selectin and chemokines CXCL1, CXCL2, and CCL2 in
these regions [198]. These changes were localized to CD11b* microglia/macrophages rather
than astrocytes, indicating that SDR induces a region-specific neurovascular activation
program that facilitates myeloid cell recruitment [198]. Interleukin-1 (IL-1) signaling plays
a vital role in SDR-induced neuroinflammation and anxiety-like behavior. Studies using

https://doi.org/10.3390/ cells15151356


https://doi.org/10.3390/cells15151356

Cells 2026, 15, 1356

20 of 37

IL-1 receptor type-1 knockout (IL-IR1~/~) mice show that IL-1R1 expression is required
for SDR-induced increases in circulating monocytes, recruitment of bone-marrow-derived
myeloid cells to the brain, and region-specific microglial activation [199,200]. Brain en-
dothelial cells express high levels of IL-1R1 and participate in neuroimmune signaling [201].
Endothelial-specific IL-1R1 knockdown (eIL-1R1kd) preserved SDR-induced monocyto-
sis, monocyte recruitment to the brain, and microglial activation but markedly reduced
induction of IL-13, TNF-«, and IL-6 in brain CD11b"* cells and prevented development of
anxiety-like behavior [200] (Figure 4). These data indicate that IL-1 signaling in endothelial
cells transduces macrophage-derived signals to amplify neuroinflammation and promote
anxiety-like behavior. Complementary work using mice with selective deletion of IL-1R1
in glutamatergic neurons of the hippocampus (nIL-1R1~/~) showed that neuronal IL-1R1
is required for SDR-induced deficits in social interaction and working memory [202].

RNA sequencing of hippocampal tissue revealed that SDR upregulates canonical
inflammatory pathways and upstream regulators in wild-type mice, whereas these changes
are abrogated in nL-1R1~/~ mice, indicating that IL-1B signaling in neurons drives in-
flammatory transcriptional programs that modulate social behavior and cognition [202].
Increased IL1R-mediated signaling in neurons after SDR was recently reported to also
enhance neuronal reactivity and fear memory [203].

Neurons in the prefrontal cortex, amygdala, and hippocampus are involved in inter-
pretation and response to threatful stimuli induced by SDR. SDR induces unique RNA
profiles in projection neurons from the amygdala to the hippocampus and neurons that
project from the prefrontal cortex [204]. These unique RNA profiles are associated with
hippocampal dependent behavioral and cognitive deficits after SDR.

IL-6 also contributes to SDR-induced monocyte priming and anxiety-like behavior
(Figure 4). SDR elevates plasma IL-6 [159]. Niraula et al. examined SDR responses in
wild-type and IL-6 knockout mice [160]. SDR-induced anxiety and social avoidance were
absent in IL-6 knockout mice, despite normal SD-induced monocyte production in the
bone marrow, release into the circulation, and recruitment of CD11b* /CD45high monocytes
to the brain [160]. Notably, SDR-induced IL-1f3 expression in the brain was prevented in
IL-6 knockout mice, suggesting that IL-6 shapes the activation profile of stress-responsive
monocytes. nCounter NanoString analysis showed that blood CD11b*Ly6Chi8" monocytes
from SDR-exposed wild-type mice exhibited a primed transcriptional profile, which was
attenuated in IL-6 knockout mice. Monocytes recruited to the brains of SDR wild-type
mice displayed increased expression of inflammatory genes (Ager, Alox5, Ccrl, Cxcl2,
I11b, Mmp8, Myd88, and Stat3), a signature that was absent in IL-6-deficient mice [160].
These findings indicate that IL-6 induced by SDR generates a primed monocyte phenotype
that propagates IL-1-mediated neuroinflammation and anxiety and highlights two distinct
priming pathways; bacterial translocation drives IL-1(3-expressing monocytes in the spleen,
whereas IL-6 primes monocytes in the bone marrow [160].

Microglia, the resident immune cells of the brain, are critical for SDR-induced mono-
cyte recruitment and anxiety-like behavior. Depleting microglia with the CSF1R antago-
nist (PLX5622) prior to SDR abolished monocyte recruitment to the brain and prevented
anxiety-like behavior [205]. Transcriptomic profiling showed that SDR-activated microglia
up-regulated CClI2, which recruits IL-13-expressing monocytes; these monocytes then
adhere to IL-1R1" endothelial cells, activating the endothelium, a process blocked by mi-
croglial depletion [205]. Goodman et al. used single-cell RNA sequencing of hippocampal
cells to examine SDR effects in the presence or absence of microglia [206]. SDR induced
distinct microglial transcriptional profiles characterized by cytokine/chemokine signaling,
cellular stress responses, and enhanced phagocytosis, which were associated with recruited
IL-1p3-expressing monocytes, macrophages, and neutrophils [206]. Microglial depletion
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attenuated the SDR-associated transcriptional changes in leukocytes, endothelia, and as-
trocytes and prevented SDR-induced social withdrawal and cognitive impairment [206].
Hippocampal neurons exhibited robust responses to SDR that were partly microglia de-
pendent, including stress-induced CREB activation, calcium signaling, and changes in
glutamatergic receptor signaling. These findings indicate that SDR-activated microglia
orchestrate neuroimmune interactions that drive social avoidance and spatial memory
deficits [207]. Together SDR-driven chronic social stress creates a feed-forward neuroim-
mune loop in which IL-6-primed, IL-13-producing monocytes, activated microglia, and
IL-1R1* endothelial and neuronal networks cooperate to generate region-specific neu-
roinflammation that manifests as anxiety-like behavior, social withdrawal, and cognitive
impairment (Figure 4).

Epigenetic regulation of gene expression by chronic stress remains largely unexplored.
However, two recent studies have examined histone modifications in mice exposed to
chronic social defeat stress (CSDS). Na li et al. [208] reported increased expression of histone
deacetylase 5 (HDACS5) and elevated H4 acetylation in the hippocampus of C57BL/6 mice
following CSDS. Notably, hippocampal knockdown of HDACS5 reversed CSDS-induced
social avoidance and behavioral despair, whereas HDACS5 overexpression increased sus-
ceptibility to depression-like behaviors, including social avoidance. These findings identify
hippocampal HDACS as a key mediator of chronic stress-induced depressive behaviors.

A second study [209] investigated the role of histone H3 lysine 27 mono-methylation
(H3K27me) in chronic stress. The authors found that H3K27me levels were increased
in the nucleus accumbens (NAc) of male mice susceptible to both early-life stress (ELS)
and CSDS. The NAc is a critical brain region involved in reward processing, motivation,
and cognitive function. Increased H3K27mel accumulated at genes regulating neuronal
excitability and was associated with induction of SUZ12, a core component of the Polycomb
Repressive Complex 2 (PRC2) that establishes H3K27 methylation patterns. These findings
suggest that chronic social stress produces a persistent “chromatin scar” that promotes
lifelong vulnerability to subsequent stress. Importantly, these H3K27mel changes were
male-specific and were not observed in female mice exposed to CSDS.

The role of microRNAs in regulating gene expression during chronic social stress is also
poorly understood and represents an important area for future investigation. For example,
a recent study examined the role of miR-184-3p in regulating the hypothalamic—pituitary—
adrenal (HPA) axis [210]. Chronic stress induces hyperactivity of the paraventricular
nucleus (PVN), resulting in excessive release of corticotropin-releasing hormone (CRH), a
key contributor to the development of depression. CRH expression is regulated by cAMP
response element-binding protein-regulated transcription coactivator 1 (CRTC1) in the PVN.
The study demonstrated that miR-184-3p suppresses CRTC1 expression. CSDS induced
depressive-like behaviors while reducing miR-184-3p expression in the PVN. Moreover,
genetic knockdown of miR-184-3p in the PVN of naive mice induced depressive-like
behaviors, whereas overexpression of miR-184-3p significantly attenuated the behavioral
effects of CSDS. These findings identify miR-184-3p as a potential regulator of stress
susceptibility through modulation of HPA axis activity.

7.3.6. Effects of SDR Stress on Autoimmune Diseases

Patients with stress-related disorders frequently exhibit comorbid autoimmune con-
ditions, suggesting that chronic stress can promote or exacerbate autoimmunity. Shimo
et al. investigated the relationship between chronic social stress and brain-directed autoim-
munity by analyzing antibody responses in chronic social defeat stress (CSDS) mice and
in patients with major depressive disorder (MDD) [211]. In CSDS-exposed mice, serum
antibody concentrations were elevated, and T and B cell populations were expanded in the
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cervical lymph nodes that drain the brain. Sera from these socially defeated mice displayed
increased reactivity against brain tissue, and levels of brain-reactive IgG positively corre-
lated with the degree of social avoidance. Similarly, sera from MDD patients contained
higher levels of brain-reactive antibodies, which correlated with anhedonia. These findings
support a link between chronic psychosocial stress, the development of brain-directed
autoantibodies, and stress-related behavioral symptoms, and suggest that stress-induced
immune dysregulation may contribute to autoimmune processes targeting the central
nervous system.

7.4. Chronic Restrain Stress

A widely used mouse model of psychological stress is restraint stress, in which mice
are placed in well-ventilated 50 mL tubes. To induce chronic stress, mice typically undergo
2-6 h of daily restraint for 7-21 days. This paradigm activates the HPA axis, producing high
circulating corticosterone, and only raises splenic norepinephrine after prolonged exposure
(21 days) [212]. Consequently, its effects on the immune system differ markedly from those
of SDR. Rather than inducing splenomegaly, chronic restraint stress reduces spleen size and
increases glucocorticoid receptors expression in the spleen. During 7 days of restraint, splenic
immune composition shifts, with increased CD3*CD8" T cells and decreased red pulp C11b*
F4/80* macrophages and decreased CD11b*Ly6G ~Ly-6CM8" monocytic myeloid cells; these
changes are prevented by the GR antagonist RU486, indicating mediation via HPA activa-
tion [212]. In contrast to SDR, which enhances myelopoiesis and suppresses erythropoiesis,
chronic restraint stress promotes stress erythropoiesis in the spleen, accompanied by reduced
blood iron and elevated circulating erythropoietin and increased splenic c-Kit and BMP4
expression that drives BMP4-dependent erythropoiesis [213].

7.5. Social Isolation Stress

Social isolation is another important psychological stressor. In humans, it reflects a lack
of social connections (e.g., absence of spouse or limited contact with family and friends)
and is more common in older adults, contributing to increased morbidity and mortality
via higher risk of cardiovascular disease, hypertension, infections, and cognitive decline.
In mice, social isolation is modeled by single housing and compared with group housing.
Here we focus on isolation initiated in adulthood. Magalhaes et al. showed that 3 weeks of
social isolation in middle-aged male C57BL/6] mice induced depressive-like and anxiety-
like behaviors and impaired spatial memory [214]. Another study found that 12 weeks
of social isolation in middle-aged BALB/c mice produced depressive-like behavior and
elevated plasma IL-6 and IL-1f [215]. Gut microbiota were also analyzed in this study by
high-throughput sequencing of 16s RNA, which revealed significant changes in 3-diversity
and a reduced Firmicutes-to-Bacteroidetes ratio, a pattern also reported in patients with
major depressive disorder. Socially isolated mice showed expansion of disease-associated
families (Staphylococcaceae, Corynebacteriaceae, Moraxellaceae, Aerococcaceae, and Alcaligenaceae)
and reductions in putatively beneficial taxa such as Ruminococcaceae, Akkermansiaceae, and
Christensenellaceae. These findings suggest that chronic social isolation promotes overgrowth
of potentially pathogenic bacteria and loss of probiotic populations, alongside changes
in microbial metabolites that may influence the nervous system. Notably, responses to
social isolation are sex-dependent: aged female mice isolated for 1 month did not develop
depressive-like behavior or changes in IL-6, TNF-«, and IL-1f3 or hippocampal microglial
activation but instead displayed increased hyperactivity and exploratory behavior [216].
Few studies have examined immune function in adult socially isolated mice. A recent report
showed that social isolation promotes tumor progression [217]. Male C57BL/6] mice and
BALB/c mice isolated 7 days before subcutaneous tumor cell injection exhibited accelerated

https://doi.org/10.3390/ cells15151356


https://doi.org/10.3390/cells15151356

Cells 2026, 15, 1356

23 of 37

tumor growth and reduced survival relative to group-housed controls. In a B16-F10 lung
metastasis model, socially isolated mice developed more rapid metastasis and increased
tumor migration from spleen to liver. Single-cell RNA sequencing of tumor-infiltrating
CD45" cells revealed a shift in CD8 T cell subsets, with more exhausted CD8" T cells and
fewer cytotoxic and memory CD8* T cells in isolated mice, accompanied by reduced CD8*
anti-tumor activity. Pharmacological blockade of 3;-adrenergic signaling reversed this CD8T
cell dysfunction, indicating that social isolation impairs CD8 T-cell-mediated anti-tumor
immunity via sympathetic nervous system activation of 3;-adrenergic receptors.

7.6. Resilient Versus Susceptible Phenotypes of Chronic Stress

Chronic psychosocial stress does not produce uniform biological outcomes; instead,
individuals display variable susceptibility or resilience depending on the magnitude and
regulation of neuroendocrine, immune, and microbial responses. In mouse models of
chronic social stress, including social disruption stress (SDR) and chronic social defeat stress
(CSDS), a subset of animals develops persistent anxiety-like behavior, neuroinflammation,
and immune dysregulation, whereas others exhibit limited behavioral and inflammatory
changes despite equivalent stress exposure.

Stress-susceptible phenotypes are characterized by sustained sympathetic nervous
system activation, enhanced myelopoiesis, and expansion of inflammatory myeloid pop-
ulations. SDR increases splenic CD11b* monocytes and neutrophils through enhanced
myelopoiesis [143-145,218], generating Ly6CM8" monocytes with increased IL-1p expres-
sion and enhanced production of IL-1§3, IL-6, and TNF-« after stimulation [137,146,147].
Chronic stress also induces glucocorticoid resistance in inflammatory myeloid cells through
IL-1R1- and TLR4-dependent mechanisms, allowing persistent immune activation despite
elevated corticosterone levels [145,149]. Transcriptomic and epigenetic remodeling further
promotes a pro-inflammatory myeloid state, with SDR altering thousands of monocyte
genes involved in inflammatory signaling, oxidative metabolism, antigen presentation, and
myeloid differentiation [153,154].

Microbiota-dependent immune priming is an additional feature of stress susceptibility.
SDR disrupts intestinal microbial composition, reduces Lactobacillus populations, and
alters gut barrier function [187,188]. Microbiota are required for full expression of SDR-
induced immune activation, as germ-free or antibiotic-treated mice fail to develop enhanced
microbicidal activity after stress [152]. Stress-induced intestinal barrier disruption promotes
bacterial translocation to peripheral immune organs, where microbial signals contribute to
IL-13-producing myeloid cell activation [137].

Peripheral immune activation contributes directly to stress-induced behavioral
abnormalities through neuroimmune communication. SDR promotes recruitment of
CD11b*Ly6Ch8" monocytes to stress-sensitive brain regions through IL-1, CCL2, and
CX3CL1 signaling [193,194]. This process requires chemokine receptor pathways, as CCR2-
and CX3CR1-deficient mice fail to develop monocyte recruitment and anxiety-like behav-
ior [193]. IL-1R1 signaling in endothelial cells and neurons further amplifies neuroinflam-
mation and contributes to anxiety, social withdrawal, and cognitive impairment [200,202].
IL-6 also promotes stress susceptibility by inducing inflammatory programing of circulating
monocytes and enabling IL-1p3-mediated neuroimmune activation [160].

Two recent studies have investigated mechanisms underlying resilience to chronic
social defeat stress (CSDS). The first study [219] demonstrated that active exploratory and
defensive behaviors triggered coordinated activation of medial prefrontal cortex (mPFC)
neurons and corticotropin-releasing factor (CRF) signaling, promoting resilience to subse-
quent stress exposure. These findings suggest that adaptive behavioral responses during
stress actively engage neural circuits that enhance stress resilience.
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The second study [220] examined the role of circadian rhythms in the response to
CSDS. Resilience was associated with increased circadian transcriptional oscillations in
the hypothalamus, hippocampus, and liver, as well as enhanced coordination of circadian
gene expression between the brain and liver. In contrast, stress-susceptible mice exhibited
disrupted cross-tissue transcriptional coordination, suggesting that synchronized circadian
regulation across central and peripheral tissues may be an important determinant of
resilience to chronic social stress.

Stress-resilient phenotypes may also appear to reflect effective regulation of inflamma-
tory responses rather than an absence of stress-induced activation. Resilience may involve
preservation of glucocorticoid sensitivity, balanced hematopoiesis, maintenance of intesti-
nal barrier integrity, and reduced recruitment or activation of inflammatory myeloid cells.
Regulation of microglial responses may represent an additional checkpoint, as microglial
activation is required for SDR-induced monocyte recruitment, neuroinflammatory gene
expression, and behavioral deficits [205,206].

Together, these findings support a model in which stress susceptibility results from per-
sistent sympathetic activation, myeloid reprograming, microbiota-driven immune priming,
and neuroimmune amplification, whereas resilience reflects the capacity to contain these
responses and restore homeostasis. Understanding the mechanisms that determine resilient
versus susceptible phenotypes may provide new strategies to prevent stress-associated
inflammatory disorders, including depression, cardiovascular disease, metabolic disease,
autoimmune disorders, and impaired tissue repair.

7.7. Sex Differences in Chronic Social Stress

Women have a higher prevalence of stress-related psychiatric disorders, including
major depressive disorder and post-traumatic stress disorder, suggesting that responses to
chronic social stress may differ between sexes (reviewed in [221]). However, most social
defeat and social disruption stress studies have been performed in male mice because male
mice do not typically display aggression toward females. To overcome this limitation, a
DREADD-based approach was used to activate the ventrolateral ventromedial hypotha-
lamus of male aggressor mice, enabling them to attack female mice [222]. Female mice
exposed to this stress paradigm developed anxiety-like behavior, increased splenic and
brain myelopoiesis, and monocyte accumulation, responses that were comparable to those
observed in male mice [223].

A separate model induced aggression toward female mice by exposing them to male
urine before chronic social defeat stress (CSDS). After 21 days of stress, female mice
exhibited anxiety-like behavior and physiological stress responses; however, unlike male
mice, they did not develop generalized social avoidance [224]. A recent study [225] reported
that CSDS reduced microbiome diversity and caused gut dysbiosis in both male and female
mice. CDS altered the abundance of every gut bacterium phylum. Genera in the Firmicutes
phylum were reduced in both males and females, but fewer genera were reduced in females.
These findings suggest that, although females exhibit neuroimmune responses and gut
dysbiosis in response to social stress, behavioral outcomes may differ from those observed
in males. Identifying the molecular basis for sexual differences in behavioral outcomes is
an area for future research. One possible area of research is determining if differences in
epigenetic regulation of brain gene expression between males and females (discussed in
Section 7.3.6) influences behavior.

A major limitation of social defeat models is that they primarily capture physical stress
rather than emotional stress, which is a major contributor to human depression and stress-
related disorders. Emotional stressors, such as loss of social bonds, are difficult to model
in rodents. One approach is vicarious social defeat stress, in which mice experience stress

https://doi.org/10.3390/ cells15151356


https://doi.org/10.3390/cells15151356

Cells 2026, 15, 1356

25 of 37

by observing aggression toward another mouse. In this paradigm, an observer mouse is
housed adjacent to an aggressor—target pair and exposed to repeated social defeat episodes
through a transparent divider. Vicarious social defeat induces depression-like behaviors
in female mice and provides a model to investigate emotional stress responses (reviewed

in [226]). Recent studies in male mice suggest that neuroinflammatory signaling involving

ventral tegmental area dopaminergic neurons may contribute to stress-induced social

avoidance [226]. Further studies are needed to define sex-specific molecular mechanisms

underlying emotional stress responses and their effects on neuroimmune regulation.
Although SDR, restraint stress, and social isolation are all widely used models of
chronic psychological stress, they produce distinct neuroendocrine, immune, and behav-

ioral responses. The major similarities and differences among these models are summarized

in Table 2.

Table 2. Comparison of immune and neuroendocrine responses in mouse models of chronic psycho-

logical stress.

Feature

Social Disruption Stress (SDR)

Chronic Restraint Stress

Social Isolation

Primary stressor

Repeated social
defeat/subordination by
aggressive intruder

Repeated physical restraint and
loss of movement

Prolonged absence of social
interaction

Major stress pathways

Strong SNS activation; increased
norepinephrine and epinephrine;
HPA activation with elevated
corticosterone

Prominent HPA activation;
sustained corticosterone elevation;
SNS activation varies by duration

HPA and SNS dysregulation;
altered stress reactivity

HPA axis

1 Corticosterone; may promote
glucocorticoid resistance in
myeloid cells

Strong and sustained
corticosterone response;
glucocorticoid-mediated immune
suppression

Altered circadian HPA regulation
and stress hormone responses

SAM/SNS axis

Robust activation; T
norepinephrine in spleen, bone
marrow, and peripheral tissues

Increased sympathetic tone,
particularly during
acute/repeated restraint

Altered sympathetic signaling
associated with anxiety-like
behavior

Bone marrow /spleen effects

T p-adrenergic signaling — |
CXCL12 — HSPC mobilization; 1
myelopoiesis; expansion of
inflammatory monocytes and
neutrophils

Variable effects;
glucocorticoid-dependent
changes in hematopoiesis and
leukocyte distribution

Altered immune cell composition;
reduced immune surveillance
reported in some models

Myeloid cell phenotype

Priming of CD11b*Ly6C high
monocytes and neutrophils; 1
IL-13, IL-6, TNFe, IL-23
production

Often immunosuppressive;
reduced inflammatory cytokine
responses depending on duration

Dysregulated macrophage and
microglial activation

T-cell effects

Context dependent; altered CD4

T-cell polarization and impaired

antiviral/adaptive responses in
some infections

Reduced T-cell proliferation and
cytokine production through
glucocorticoid effects

Reduced T-cell function and
altered inflammatory balance

Gut microbiota effects

Dysbiosis; reduced beneficial
Lactobacillus; increased microbial
translocation; altered metabolites

Altered microbial diversity and
intestinal barrier function

Strong effects on microbiota
composition and gut-brain

signaling

Brain/neuroimmune effects

IL-1pB /IL-6—-producing monocyte
recruitment; microglial activation;
neuroinflammation

Glucocorticoid-dependent
neuronal and glial changes

Strong effects on anxiety,
depression-like behavior,
cognition, and neuroinflammation

Behavioral phenotype

Anxiety-like behavior, social
withdrawal, depression-like
behaviors

Anxiety-like behavior, reduced
exploration, stress coping changes

Depression-like behavior,
anhedonia, cognitive impairment

Major disease relevance

Cardiovascular disease, infection
susceptibility, inflammatory
disorders

Stress-related metabolic disease,
immune suppression,
inflammation

Depression, anxiety,
neurodegeneration, metabolic
dysfunction

8. Conclusions

Taken together, these models highlight that different forms of psychological stress en-

gage distinct neuroendocrine pathways, HPA-dominant restraint stress, SNS/ 3-adrenergic-
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dominant SDR stress and social isolation, thereby imprinting qualitatively different immune
phenotypes that can either bias toward myeloid inflammation, stress erythropoiesis, or
impaired CD8 T-cell-mediated tumor surveillance. This review concludes that chronic
psychosocial stress exerts profound and highly context-dependent effects on the immune
system by differentially engaging the HPA axis and sympathetic nervous system, reshaping
hematopoiesis, barrier function, microbiota, and tissue-specific immunity. Across models
such as social disruption stress, restraint stress, and social isolation, stress hormones and
catecholamines reprogram myeloid and lymphoid compartments, driving glucocorticoid-
resistant, hyperinflammatory monocytes in some settings, stress erythropoiesis, or iron
restriction in others, and impaired CD8 T-cell-mediated tumor surveillance in yet others.
The gut-brain-immune axis and organ-specific microbiomes emerge as critical amplifiers
of these effects; stress-induced dysbiosis, epithelial oxidative stress, and barrier breakdown
foster bacterial translocation and metabolite signaling that prime myeloid cells and shape T
cell differentiation, ultimately feeding forward into neuroinflammation, colitis, and altered
control of pulmonary and enteric infections. Together, these findings underscore that the
health consequences of chronic stress reflect a dynamic interplay between neuroendocrine
circuits, immune effector pathways, and microbiota, and they highlight 3-adrenergic and
IL-1/IL-6-dependent signaling, as well as probiotic and barrier-protective strategies, as
promising targets to mitigate stress-driven susceptibility to infection, autoimmunity, allergy,
and neuropsychiatric disease.

9. Future Directions

Future studies should move beyond single-axis and single-organ readouts to map the
integrated spatial and temporal dynamics of chronic social stress across HPA, SAM, and
microbiota—gut-brain-immune networks at organismal scale. Systems-level approaches
combining longitudinal multi-omics (transcriptomics, metabolomics, and microbiomics),
high-parameter immunophenotyping, and circuit-level neuromodulation in social defeat
and social isolation models will be critical to define causal pathways from stressor charac-
teristics to specific immune and disease phenotypes. A major priority is to dissect resilience
versus susceptibility, including sex, age, and genetic influences, and to identify microbiota-
and (3-adrenergic-dependent mechanisms that can be targeted to restore barrier integrity,
normalize myeloid and lymphoid function, and improve control of infection, autoimmunity,
cardiovascular disease, and cancer under chronic stress. Translation of these mechanis-
tic insights into preventive and therapeutic strategies—ranging from stress-modulating
behavioral interventions to microbiota-directed and neuroimmune drugs—represents an
important next step for reducing the health burden of chronic psychosocial stress.
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SAM Sympathetic-adrenal-medullary axis
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HSCS Hematopoietic stem cells

HSPCS  Hematopoietic progenitor cells;
TECs Thymic epithelial cells

AR Adrenergic receptor

SDR Social disruption stress

CRH Corticotropin-releasing hormone
PVN Paraventricular nucleus

ACTH  Adrenocorticotropic hormone

CRH1 Corticotropin-releasing hormone receptor 1
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GCS Glucocorticoids

GR Glucocorticoid receptor

MR Mineralocorticoids receptor

GRES Glucocorticoid response elements

MIF Macrophage migration inhibitory factor
DUPS-1  Dual-specificity phosphatase-1

GLIZ Glucocorticoid-induced leucine zipper
TP Tristetraprolin

GLUT1  Glucose Transporter 1

SCFA Short-chain fatty acids

PTSD Post-traumatic stress disorder

TMEV  Theiler’s murine encephalomyelitis virus
Duox2 Dual oxidase 2

Duoxa2 Dual oxidase maturation factor 2
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